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1 Uvod

Rostlinnd fiSe zahrnuje Siroké spektrum strukturné rozmanitych sloucenin, které
pUsobi jako hormony a vyznamné ovliviuji témér vsechny Zivotni funkce rostlin. Mezi tyto
latky patfi brassinosteroidy, polyhydroxylované steroidni slouceniny. PfestoZe prvni prace o
brassinech, latkach obsazenych v pylu fepky, byla publikovana jiz vroce 1970 [1], jejich
intenzivni vyzkum zapocal az koncem 70. let 20. stoleti, kdy se podafilo z téhoz zdroje izolovat
a nasledné charakterizovat zakladni brassinosteroidni hormon — brassinolid [2]. Jak byva u
objevl novych sloucenin obvyklé, této problematiky se ujali jak analyticky orientovani chemici,
ktefi zacali vyhleddvat pfibuzné slouceniny, tak i organicti chemici usilujici o nalezeni
syntetickych pristupl k brassinosteroidim. v pocatecni fazi vyzkumu tak bylo publikovdno
znaéné mnozstvi praci popisujicich nové prirodni brassinosteroidy, syntetické postupy jejich
ptipravy i syntézy nepfirodnich analogt.

Postupem Casu zacala ve vyzkumu prevladat biologicky orientovana ¢ast. Pozornost se
soustredila na studium fyziologickych ucink( brassinosteroidl u rostlin, identifikaci a
charakterizaci brassinosteroidnich receptorl a s nimi souvisejicich signalnich, transportnich a
biosyntetickych drah, stejné jako na vliv brassinosteroidli na genovou expresi [3,4,5].
Vyznamnou oblasti vyzkumu se rovnéZ stal tzv. cross-talk brassinosteroidd s dalSimi
rostlinnymi hormony [6]. Veskeré tyto chemicky i biologicky orientované studie pfitom
smérovaly k zodpovézeni klicové otdzky, zda je moziné brassinosteroidy prakticky vyuzit
v zemédélstvi. Zatimco chemici se tuto problematiku snazili fesit prostfednictvim syntézy
levnéjsich a biologicky ucinnéjsich analogl, biologicky orientovany vyzkum se zaméroval na
moznosti Upravy signdlnich a biosyntetickych drah vedouci ke zvyseni odolnosti rostlin a ke
zlepseni vynosu [7,8].

PfestoZe je naprosta vétSina vyzkumu brassinosteroid( tradi¢né zamérena na
rostlinnou Fisi, od pocatku 21. stoleti se zacina rozvijet také studium jejich ucinkl na Zivocisné,
resp. lidské buriky [9]. Tento smér vyzkumu vychazi mimo jiné z urcité strukturni podobnosti
brassinosteroidl s lidskymi steroidnimi hormony. Predpokladalo se, Ze by tato podobnost
mohla vést kinterakcim svybranymi bunéénymi procesy u Zivocichli, zejména v oblasti
regulace bunécného cyklu, proliferace a bunécné smrti. v poc¢atecnich fazich vyzkumu byla
proto pozornost zamérena predevsim na hodnoceni cytotoxicity a antiproliferaénich ucinku
[10,11]. Vyzkum byl nasledné ddle rozsifen napriklad o studium antiangiogennich [12],
antivirovych [13] ¢i neuroprotektivnich ucéinkl [14]. v fadé pripadl brassinosteroidy slouzily
jako strukturni predloha pro syntézu biologicky aktivnéjsich analog.

Souhrn dosavadnich poznatk( doklada, Ze brassinosteroidy predstavuji vyznamnou
skupinu biologicky aktivnich sloucenin s potencidlem jak pro zdakladni vyzkum, tak pro
praktické aplikace [15]. Zajem o jejich studium pfitom dlouhodobé nepolevuje; jen v letech
2024-2025 bylo podle databdze Web of Science publikovéno vice nez 700 védeckych praci.

Tato habilitacni prace si klade za cil ukazat, Ze chemie z(stava i pres vyrazny rozvoj
biologického vyzkumu brassinosteroidd dllezitym nastrojem jejich studia.



2 Struktura prirodnich brassinosteroid(i

Jak jiz bylo zminéno, brassinosteroidy jsou polyhydroxylované steroidy. Jejich
zakladem je tetracyklicky 5a-cholestanovy skelet substituovany zejména na kruzich A a B a
dale na postrannim fetézci. Strukturni variabilita pfirodnich brassinosteroid(i je dana
predevsim poctem, polohou a konfiguraci kyslikatych funkénich skupin, stejné jako typem
alkylového substituentu v pozici C-24, vyjimecné také v pozici C-25. Biologicka aktivita
brassinosteroid(ll je pfitom vyznamné ovlivnéna jak typem substituce steroidniho skeletu, tak
konfiguraci jednotlivych funkcnich skupin [16].

V zavislosti na pfitomnosti a typu alkylového substituentu Ize brassinosteroidy rozdélit
do tti skupin podle celkového poctu uhlik(i na C27, C28 a C29 brassinosteroidy. Prvni skupina
zahrnuje 28-norbrassinosteroidy, které nemaji v poloze C-24 Zadny alkylovy substituent.
Druhd, nejpocetnéjsi skupina, obsahujici methylovy substituent v poloze C-24, zahrnuje
biologicky nejaktivnéjsi brassinosteroidy — castasteron a brassinolid (zakladni fada), dale jejich
izomery, 24-epibrassinosteroidy a také brassinosteroidy obsahujici methylidenovou skupinu
v poloze C-24, tedy dolichosteron a dolicholid. Posledni skupinu tvofi brassinosteroidy
s ethylovym substituentem v poloze C-24, oznafované jako 28-homobrassinosteroidy.
Zakladni rozdéleni pfirodnich brassinosteroidu je uvedeno na obrdzku 1.

brassinosteroidy s 6-oxoskupinou H H % H
21 27 ", i -,
2 29 2 o ey *,
OH 2 ™ OH ™ OH

28-norcastasteron 24-epicastasteron 28-homocastasteron
j;;\( JUSNN§
W “nne vy
OH ! OH ) OH
castasteron dolichosteron 28-homodolichosteron
OH OH OH
28-norbrassinolide 24-epibrassinolid 28-homobrassinolid
/t/H/ /(E{Lf -
e e
OH " OH ™ OH
brassinolid dolicholid 28-homodolicholid

Obrazek 1: Struktury zakladnich pfirodnich brassinosteroidu s ¢islovanim skeletu.



Kromé skupiny dvanacti aktivnich derivatl vSak existuje rozsahld skupina jejich
biosyntetickych prekurzor(i [17,18]. Za brassinosteroidy jsou v tomto pfipadé povazovany az
derivaty obsahujici minimalné dvé hydroxylové skupiny v pozicich C-3 a C-22. Nékteré
prekurzory castasteronu a brassinolidu jsou zobrazeny na obrazku 2. v neposledni fadé byla
izolovana a charakterizovdna také celd ftada biologicky neaktivnich metabolitQ
brassinosteroid(, véetné jejich konjugatu, jejichz vyznam dosud neni zcela objasnén (obrazek
3) [18-21].

22-hydroxycampesterol

teasteron 3-dehydroteasteron typhasterol

Obrazek 2: Priklady brassinosteroidnich prekurzord.

V pripadé metabolitl dochazi nejéastéji k hydroxylacim a epimerizacim hydroxylovych
skupin, v mensi mirfe pak také ke stépeni C—C vazeb vedoucimu ke zkracovani postranniho
fetézce. Mezi izolovanymi konjugdty byly identifikovany jak poldrni glykosidy, tak nepoldrni
estery mastnych kyselin. Je vSak nutné zdlraznit, Ze tyto metabolity byly prevazné izolovany
vramci metabolickych studii po aplikaci aktivnich brassinosteroidli v koncentracich
prevysujicich jejich pfirozeny obsah v rostlinach. Pfitomnost pfisluSného enzymatického
apardtu a experimentdlni ddkazy jejich metabolismu nicméné umoznuji predpokladat
existenci také endogennich metabolit(. Jejich detekce vSak bude pravdépodobné vyZadovat
vyssi citlivost analytickych metod.
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HO.,

23-dehydrobrassinolid 3-epicastasteron 26-hydroxycastasteron
(cryptolid)

H OH

brassinolid-23-0-p-glukosid teasteron-3-laurat

Obrazek 3: P¥iklady struktur brassinosteroidnich metabolitd.

3 Hodnoceni biologické aktivity brassinosteroidu

Brassinosteroidy podporuji rlist a vyvojové procesy ve vsech rostlinnych pletivech a
organech, ovliviuji také kliceni semen a reprodukci rostlin. Na bunécné urovni reguluji
prodluzovani bunék, bunééné déleni a diferenciaci. [22-24]. Brassinosteroidy koordinuji a
integruji rGzné procesy nezbytné pro rlst Castecné prostrednictvim interakci s dalSimi
hormony [6]. Kromé své klicové role v ristu a vyvoji rostlin se také podileji na mechanismech
zajistujicich toleranci vaci rdznym environmentalnim stresim, véetné vysokych a nizkych
teplot, sucha, salinity, poSkozeni herbicidy a napadeni patogeny [25-27]. Nékteré dulezité
aktivity brassinosteroidl jsou uvedeny na obrazku 4.

Pro studium biologické aktivity brassinosteroid(i se vyuzivd zejména jejich vliv na
bunécné déleni a prodluzovani, vliv na rlst korene a také vliv na produkci rostlinného
hormonu ethylenu. v nasledujicich podkapitolach jsou popsany Ctyti zakladni biotesty pro
studium brassinosteroidu a jejich syntetickych derivat(, které v nasi laboratoti vyuzivame.

3.1 Ryzovy inklinacni biotest

RyZovy inklinacni test (rice lamina inclination assay) predstavuje jeden z nejcastéji
vyuzivanych biotestl pro hodnoceni biologické aktivity brassinosteroid(i [28]. Princip testu
vychazi ze schopnosti brassinosteroidd stimulovat prodluzovaci rlist bunék v lamina joint
oblasti mezi ¢epeli a pochvou listu mladych rostlin ryZze (Oryza sativa). v disledku tohoto rlstu

11



Kliceni semen,

vyvoj semenacku Diferenciace

ROS a REDOX S :
: : cévnich pletiv
signaling I S
a vyvoj korenu
2 OH
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biotického a HO Vliv na
abiotického HO,, fotosyntézu
stresu Ho™ o
(o]
Bunécné Regulace
déleni a
sdlutovan Fotomorfogeneze, 0 exp r:se .
P senescence SHOMYER BEIY

Obrazek 4: Schéma zakladnich fytohormonalnich Géinkt brassinosteroidd.

dochazi ke zvétSovani uhlu mezi listovou Cepeli a stonkem, pticemz velikost vzniklého uhlu
koreluje s biologickou aktivitou testované latky. Tento test, pivodné vyvinuty pro hodnoceni
pfirozenych brassinosteroidll, se stal standardni metodou pro studium biologické aktivity
syntetickych analogll a vztahu mezi strukturou a aktivitou [28,29]. Vyhodou ryZového
inklinaéniho testu je zejména jeho relativni jednoduchost, citlivost a dobra
reprodukovatelnost vysledkl. Soucasné umoznuje porovnavat biologickou aktivitu rGznych
derivati v0Q¢i standardim, nejcastéji 24-epibrassinolidu, 24-epicastasteron nebo
brassinosteroidy 28-homo fady. Test nicméné neposkytuje informace o mechanismu ucinku
sledovanych derivat a hodnoti predevsim vysledny fyziologicky ucinek spojeny s bunéénou
elongaci. Urcité omezeni pfedstavuje také skutecnost, Ze biologicka aktivita stanovend pomoci
ryzového inklinacniho testu nemusi vidy pfimo korelovat s ucinky pozorovanymi u jinych
biotestU. | pres tato negativa zUstava ryZovy inklinacni test dlileZzitym nastrojem pro primarni
hodnoceni fytohormonalni aktivity brassinosteroid(.

Standardni protokol dfive pouzZivany v nasi laboratofi pro méreni ryZzového
inklina¢niho testu miZe vypadat ndsledovné [30]. Semena kultivaru ryZze Bahia jsou namocena
do vody a inkubovana v ristové komofre pfi fotoperiodé 8 hodin svétla : 16 hodin tmy pfi 30 °C
po dobu 2 dnl. Naklicend semena jsou poté vysazena na povrch 0,5% vodného agarového
média a inkubovana za vySe uvedenych podminek po dobu 4 dn(. Vybranym semenackiim je
pomoci mikrostfikacky aplikovan roztok brassinosteroidu (v 95% ethanolu) na lamina joint
druhého listu. Osetfené i neoSetfené (kontrolni) semendacky jsou poté vraceny do rlstové
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komory pfi 30 °C ve tmé na dalsi 2 dny. Ndsledné je méren vnitini Uhel mezi ¢epeli druhého
listu a jeho listovou pochvou za Ucelem stanoveni aktivity testovanych brassinosteroidu
(obrazek 5). Prislusny laboratorni postup je mozné v literature nalézt v rdznych modifikacich a
s rlznymi kultivary ryze.

A B

20 mm 20 mm
—_— e

Obrazek 5: Ukazka vysledkd ryZového inklinacniho testu, A - negativni kontrola B - brassinolid
(10 nM). Pfevzato z Ferrer K., 2021 [30].

3.2 Biotest rustu druhého internodia fazolu

Fazolovy biotest zaloZzeny na prodluzovani druhého internodia semendackl (bean
second internode assay) predstavuje dalsi ¢asto vyuzivanou metodu pro hodnoceni biologické
aktivity brassinosteroidd [31]. Mechanismus tohoto testu je obdobny ryZzovému inklina¢nimu
testu, protoZe biologickd odpovéd je rovnéz zaloZena na schopnosti brassinosteroidu
ovliviiovat rUst rostlinnych bunék. v pfipadé fazolového testu je vsak vysledna reakce vyrazné
zavisla na koncentraci aplikovaného brassinosteroidu. Pfi nizkych koncentracich (cca 107° -
107" M) prevlada stimulace prodluZovaciho rlstu bunék ve druhém internodiu rostlin fazolu
obecného (Phaseolus vulgaris) [32], pficemZ mira elongace slouzi jako ukazatel biologické
aktivity testovanych latek. Se zvySujici se koncentraci brassinosteroidl se vSak charakter
odpovédi méni. Dochdzi ke stimulaci biosyntézy ethylenu, jehoZ ucéinek postupné previadne
nad pfimym rlstovym plsobenim brassinosteroid(. Vysledkem je komplexni morfologicka
odpovéd' pripominajici klasickou triple response vyvolanou ethylenem, charakterizovana
inhibici prodluZzovaciho rlstu, radidlnim ztloustnutim internodia, jeho zakfivenim a
v nékterych pfipadech i podélnym roztrienim pletiva (obrazek 6).

Jeden z protokold modifikovanych a vyuZivanych v nasi laboratofi je nasledujici [33].
Semena fazolu (napf. kultivar Pinto) jsou nechana kli¢it po dobu 2 dn(. Vybrand naklicena
semena se zasadi do kvétinacli obsahujicich perlit a modifikovany Hoaglandlv roztok.
Kvétinace jsou nasledné umistény do kultivacni prostoru s kontrolovanymi podminkami.
Skupiny 7dennich semenackl s druhymi internodii o délce 1-2 mm jsou oSetfeny testovanymi
brassinosteroidy aplikovanymi v lanolinu. Kontrolni skupina rostlin se oSetfi pouze lanolinem.
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Délka druhého internodia je stanovena po 5 dnech kultivace a rozdil mezi oSetfenymi a
kontrolnimi rostlinami predstavuje miru biologické aktivity testovanych latek.

4
z(,

K 10° 10° 10" 10" 10" 10™
24-epibrassinolide (mol)

Obrazek 6: Vysledek testu na druhém internodu fazolu po aplikaci riiznych
koncentraci 24-epibrassinolidu.

3.3 Inhibicni test rlstu korene Arabidopsis

Tento test, nékdy nazyvany jako test citlivosti ristu kofen(, vychazi z fyziologického
ucinku brassinosteroidd na rdst korene Arabidopsis thaliana [34,35]. Podobné jako u
pfedchozich testi se i vtomto pripadé biologickd aktivita projevuje ovlivnénim procesu
bunécného déleni a prodluZzovaciho rlstu bunék v kofenovych pletivech. Zatimco nizsi
koncentrace brassinosteroidd mohou ruist korfene stimulovat, pfi vys$sich koncentracich
dochazi k opacnému efektu, tedy k inhibici kofenového rlistu. Obdobny koncentracné zavisly
ucinek lze pozorovat také u auxinl. Tento jev predstavuje charakteristickou fyziologickou
odpovéd' a tvori zaklad vyuziti kofenového testu pri hodnoceni biologické aktivity téchto
rostlinnych hormon(. Vyznamnou vyhodou tohoto testu je jeho vysokd citlivost, ktera
umoznuje sledovat ucinky brassinosteroid( jiz pri velmi nizkych koncentracich. Test je proto
Casto vyuzivan nejen pro hodnoceni biologické aktivity novych analog(, ale také pfi studiu
mutantld se zménénou citlivosti k brassinosteroidiim a pfi objasiovani mechanismu jejich
signalizace [36]. Na modelu Arabidopsis 1ze také stanovovat délku hypokotylu i epikotylu.
v obou pfipadech dochazi pfi vy$si koncentraci brassinosteroid( kinhibici jejich rlstu.
Analogicky je moZno provadét tyto experimenty i na jinych rostlinach, napf. hrachu (Pisum).
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Obrazek 7: Vysledek kofenového biotestu s 24-epibrassinolidem, kofeny nenatazeny.

Struéné lze experimentalni usporadani popsat nasledovné [37]. Semena Arabidopsis
thaliana L. (ekotyp Columbia, Col-0) jsou po dobu 2 dn( stratifikovana pfi 4 °C a nasledné
klicena na vertikalné orientovaném agarovém médiu obsahujicim polovi¢ni koncentraci
Murashigeho—Skoogova média doplnéného o 1 % (w/v) sachardzy. Rostliny jsou kultivovany
pfi konstantni teploté a za jasné danych podminek stfidani svétla a tmy. Kultivaéni média
obsahuji 24-epibrassinolid jako pozitivni kontrolu (obrazek 7) a testované derivaty
brassinosteroidli. Po 7 dnech kultivace jsou kofeny narovnany na povrchu pevného média,
naskenovany pomoci vysokorozliSovaciho skeneru a ndasledné je stanovena jejich celkova
délka.

3.4 Stanoveni produkce ethylenu

Je jiz znamo, Ze brassinosteroidy ovliviiuji produkci ethylenu v rlznych rostlinnych
pletivech. Jednim z hlavnich mechanismU je stabilizace ACC syntdzy, klicového enzymu
biosyntézy ethylenu [38]. U&inek brassinosteroidd na tvorbu ethylenu viak zavisi na jejich
koncentraci — nizké koncentrace mohou produkci ethylenu potlacovat, zatimco vyssi
koncentrace ji vyrazné zvysuji. Tento proces souvisi s plisobenim transkripc¢nich faktord BES1
a BZR1, které reguluji expresi gend pro ACC syntazu [39]. Za fyziologickych podminek BR
biosyntézu ethylenu tlumi, zatimco pfi vysSich koncentracich spolecné s auxiny podporuji jeho
tvorbu. ztohoto dlvodu predstavuje méreni produkce ethylenu vhodnou metodu pro
hodnoceni biologické aktivity novych brassinosteroidi a jejich analogl. Ve srovnani
s klasickymi BR bioesejemi, jako je test druhého internodia fazole, ryZzovy inklinac¢ni test nebo
inhibi¢ni test na kofenech Arabidopsis, poskytuje tato metoda nejen informaci o fenotypové
odpovédi rostliny, ale také umoZniuje propojit pozorovany ucinek s molekuldrnimi
mechanismy BR signalizace [40].

Bézny protokol pro stanoveni produkce ethylenu v nasi laboratofi [40] spociva v tom,
Ze semenacky hrachu osetfené testovanymi brassinosteroidy (BR) jsou umistény na 24 hodin
ve tmé do uzaviené sklenéné nadoby. Nasledné je odebran vzorek plynu z prostoru nad
rostlinami a analyzovdn pomoci plynové chromatografie s plamenoioniza¢ni detekci (GC-FID).
Alternativné Ize obsah ethylenu stanovit také pomoci fotoakustického detektoru ethylenu,
napfiklad pristrojem ETD-300.
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4 Chemické pristupy ke studiu brassinosteroidu

Zatimco struktura prirodnich brassinosteroidl podléha pomérné presné definovanym
pravidlim vychazejicim z dosud izolovanych slouéenin [15], u syntetickych derivata je
zpravidla nutné zachovat pouze urcitou strukturni podobnost s pfirodnimi brassinosteroidy.
VZdy vsak zaleZi na ucelu, pro ktery jsou dané derivaty pfipravovany. v pfipadé vyvoje novych
analogl a testovani jejich biologické aktivity muize byt strukturni podobnost s pfirodnimi
brassinosteroidy vyrazné mensi nez v pfipadech, kdy jsou syntetické derivaty vyuzivany
k ziskavani novych poznatkd o prirodnich brassinosteroidech. Mezi syntetické derivaty lze
zaradit také izotopicky znacené slouceniny, napt. deuterované brassinosteroidy pro analytické
experimenty [41].

4.1 Syntetické analogy brassinosteroid( a jejich fytohormonalni aktivita

Hledani novych analogt s cilem ziskat vyssi fytohormonalni aktivitu provazi vyzkum
brassinosteroidll jiZz od urceni jejich struktury na konci 70. let minulého stoleti. Vzhledem
k jejich chemické strukture byly modifikace smérovadny predevsim na postranni fetézec a
v mensi mife také na kruhy A a B. Takto pfipravené analogy byly nasledné testovany pomoci
rostlinnych biotest(, zejména z hlediska jejich prorlistovych ucinkd a uplatnéni v zemédélstvi.
v mensi mife byly pfipravovdny také derivaty urcené k inhibici brassinosteroidnich receptoru.
s ohledem na rozsah téchto strukturnich modifikaci budou v této kapitole predstaveny pouze
vybrané slouceniny pripravené v Laboratofi rlistovych reguldtord, na jejichZ syntéze jsem se
podilel j& nebo moji studenti.

4.1.1 Modifikace na postrannim retézci

Modifikace postranniho fetézce pfedstavuji nejrozsahlejsi oblast strukturnich Uprav
brassinosteroidd, jelikoz pravé tato ¢ast molekuly vyznamné ovliviiuje jejich biologickou
aktivitu a soucasné poskytuje Siroké mozZnosti chemickych modifikaci. Pozornost byla
vénovana zejména konfiguraci chiralnich center postranniho fetézce, pritomnosti riznych
kyslikatych funkcnich skupin v pozicich C-22 a C-23 a také inkorporaci dalSich funkénich skupin
¢i heteroatomU [42-49]. Vedle jednodussich modifikaci byly pfipravovany také derivaty se
zkracenym, prodlouzenym, zcela odstranénym ¢i nové vystavénym postrannim fetézcem
s cilem objasnit vztah mezi strukturou a fytohormonalni aktivitou [50-54]. Bylo prokdzano, ze
i relativné malé zmény v usporadani postranniho retézce mohou vést k vyraznym zménam
biologické aktivity.
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Z chemického hlediska lze pti ptipravé derivati s modifikovanym postrannim retézcem
uplatnit dva pfistupy. Prvni, relativné jednodussi, pfistup spociva ve vyuziti jiz existujiciho
postranniho rfetézce vychoziho steroidu a chemickych upravach omezenych pouze na kruhy A
a B. Vyhodou tohoto postupu je predevsim snadna dostupnost fady pfirodnich steroidnich
prekurzortd a mensi synteticka naro¢nost. Timto zplsobem byla pfipravena brassinosteroidni
analoga odvozend od rlznych steroidnich skeletll, naptiklad androstanového [50,52,53],
pregnanového [51], cholestanového [55] ¢i spirostanového [56]. Druhy pfistup zahrnuje
vybudovani nového postranniho fetézce, coz je vhodné zejména pro pfipravu steroidd
s atypickymi postrannimi rfetézci, napriklad obsahujicimi aromaticky kruh, heterocyklus nebo
inkorporovany heteroatom (obrazek 8) [47,57-59]. Tento pfistup umoznuje cilené ménit
strukturni vlastnosti molekuly a soucasné poskytuje SirS§i mozZnosti studia vztahu mezi
strukturou a biologickou aktivitou.
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Obrazek 8: Priklady syntetickych brassinosteroidi s riznymi postrannimi Fetézci.
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Na uvedeny koncept navazovaly i naSe prace zamérfené na pfipravu novych
brassinosteroidnich analogl s aromaticky modifikovanym postrannim retézcem [58,59].
Hlavnim cilem bylo ovéfit, jak zavedeni fenylové skupiny a jejich substituentl ovlivni
prostorové usporadani molekuly, jeji interakci s receptorem BRI1 a nasledné biologickou
aktivitu pripravenych latek. Navrh téchto sloucenin vychdzel ze znalosti krystalovych struktur
receptoru BRI1 a predpokladu, Ze hydrofobni aromatickd skupina mlze vhodné interagovat
s nepolarni oblasti vazebného mista receptoru. Tyto prace tak predstavuji racionalni pfistup
k ndvrhu novych brassinosteroidnich analogl zaloZeny na propojeni strukturnich poznatkd,
molekularniho modelovani a experimentalniho ovéreni biologické aktivity.

V prvni sérii nasich praci byla pfipravena nova skupina analogl obsahujicich para-
substituovanou fenylovou skupinu v postrannim fetézci. Pro syntézu téchto derivatQ byla
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vyuzZita Hornerova—Wadsworthova—_Emmonsova (HWE) reakce, kterd umoZnila cilené
vybudovani nového postranniho fetézce a zavedeni riznych aromatickych substituentd [58].
Nasledné transformacni kroky zahrnovaly Sharplessovu asymetrickou dihydroxylaci a
Baeyerovu-Villigerovu oxidaci vedouci k pfipravé dvou typ( derivati — 6-keto sloucenin

a odpovidajicich B-laktonU (schéma 1). Tento pfistup umoznil sledovat vliv i obou modifikaci
B-kruhu.
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10e: R =Cl 16e: R = CH{CH,), 10f: R=Cl 16f: R = CH{CH;),
11e:R=Br 17e:R=CN 1M R=Br 17 R=CN

Schéma 1: Syntéza fenyl analogli pomoci HWE reakce: (a) benzyltrifenylfosfonium bromid nebo diethyl
arylphosphonat, n-BuLi/THF; (b) 5% HCI/THF; (c) OsO4, CH3SO,NH,, K3[Fe(CN)s], K3CO,, DHQD CLB/t-BuOH,

H;0; (d) Ac,0/pyridin; (e) trifluorperoxyoctova kyselina/CH,Cl,; (f) NaOH/THF, H,0. Pfevzato a upraveno dle
Kvasnica M., 2016 [58].

Na tuto studii nasledné navazala dalsi prace, kterd rozsifila rozsah pfipravovanych
aromatickych derivatll a soucasné vyuzila odliSnou syntetickou strategii zaloZenou na
alkenové zkfizené metatezi neboli cross-metatezi (schéma 2) [59]. Tato metoda predstavovala
efektivni alternativu k pfedchozimu pfistupu a umoznila konstrukci novych postrannich
retézcll reakci steroidniho dienového prekurzoru s komeréné dostupnymi substituovanymi
styreny (tabulka 1). Vyhodou této metodiky byla zejména synteticka flexibilita a mozZnost
pripravit Sirsi spektrum derivat( lisicich se nejen povahou substituentu, ale také jeho polohou
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na aromatickém jadre. Tim se podatilo vyznamné rozsifit soubor studovanych slouéenin a
podrobnéji analyzovat vztahy mezi strukturou a biologickou aktivitou. v rdmci této prace byly

pfipraveny jen 6-keto derivaty.

-,
o,
“,

a—? 050, K5[Fe(CN)g]
—_—
HG2, (CH,CI), K,COs, MeSO,NH, HO™
o o DHQD CLB,

t-BuOH, H,0

HO,,

Schéma 2: Syntéza fenylovych analoglti pomoci cross-metateze.

Entry Ar Yield (%) Entry Ar Yield (%)

a \(\j N 81 1 \f‘ 69
b \;:é 65 m \fg 71

c \;©/F 73 n \;6 57

32

Tabulka 1: Seznam fenyl derivata pfipravenych metatezi podle
schématu 2 s uvedenim vytézku. (na — sloucenina neizolovana)
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Biologické hodnoceni pfipravenych latek spole¢né s molekularnim modelovanim
ukazalo, Ze charakter a prostorové usporadani substituentl v aromatickém postrannim fetézci
vyznamné ovlivAuji interakce s receptorem BRI1 a ndslednou biologickou odpovéd. Primarni
biologickd aktivita byla provedena pomoci standardnich rostlinnych bioeseji, zejména
inhibi¢niho testu na etiolovanych hrachovych rostlinach a testa citlivosti kofend a hypokotyld
modelové rostliny Arabidopsis thaliana. Mérena byla také produkce ethylenu (obrazek 9). Tyto
experimenty umoznily porovnat ucinky jednotlivych derivat( s pfirozenymi brassinosteroidy a
identifikovat nejaktivnéjsi slouceniny. Nékteré z pripravenych analogl vykazovaly biologickou
aktivitu srovnatelnou nebo dokonce vyssi nez pfirozeny brassinolid.
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Obrazek 9: Grafy znazornujici ucinek fenylovych analogl pfipravenych pomoci HWE reakce na délku
epikotylu Arabidopsis thaliana (A) a produkci ethylenu (B). Pfevzato z Kvasnica M., 2016 [58].
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U nejaktivnéjSich derivatli vSak hodnoceni nebylo omezeno pouze na fenotypové
projevy pozorované v zakladnich bioesejich. Za Ucelem ovéreni, zda pfipravené slouceniny
skutecné ovliviuji brassinosteroidni signdlni drahu na molekularni drovni, byly provedeny také
experimenty sledujici aktivaci intraceluldrni signalizace. k tomu byla vyuzZita Western blot
analyza transkripéniho faktoru BES1, ktery predstavuje jeden z kli¢ovych regulacnich prvku
brassinosteroidni signaliza¢ni drahy [60]. Bylo sledovano relativni zastoupeni fosforylované a
defosforylované formy proteinu BES1, pficemz aktivace signalizacni drahy vede k akumulaci
jeho aktivni defosforylované formy (obrazek 10). U nejaktivnéjsich latek, tj. Cisty fenyl analog
brassinolidu a castasteronu a p-fluorfenyl analog castasteronu, bylo prokdzano zvyseni podilu
defosforylovaného BES1, coZ poskytlo pfimy dikaz, Ze pozorované fenotypové zmény nejsou
pouze sekundarnim ucinkem, ale souviseji s aktivaci vlastni brassinosteroidni signalizacni
kaskady. Toto zjisténi vyznamné rozsifilo interpretaci biologickych vysledk(i a umoznilo hlubsi
mechanistické pochopeni Ucinku pfipravenych analogu.
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Obrazek 10: (A) Imunoblotova analyza proteinu BES1 u semenackt Arabidopsis thaliana znazornujici
defosforylaci BES1 po oSetfeni brassinosteroidy. (B) Graf podilu defosforylovaného BES1 z celkového
mnozstvi BES1 v Arabidopsis (2 biologické replikaty, S.E.M.). Pfevzato z Kvasnica M., 2016 [58].

V dalsi ¢asti vyzkumu byla pozornost zamérena na analogy brassinosteroidd obsahuijici
dusik v postrannim fetézci [37]. Na rozdil od dfive studovanych fenylovych derivata byly
pfipraveny série latek nesouci amidové, aminové a amoniové funkéni skupiny, a to jak
v kratkém, tak dlouhém postrannim retézci. Syntéza vychdzela zbéinych steroidnich
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prekurzord a zahrnovala vicestupriové transformace vedouci k dusikatym derivatiim (schéma
3). Soudasti studie bylo také molekuldrni modelovani pomoci dockingu, které umoznilo
odhadnout mozné usporadani pfipravenych derivat(i ve vazebné kapse receptoru BRI1 a jejich
predpokladanou vazebnou energii.

Biologicka aktivita byla ndsledné hodnocena pomoci testu citlivosti rlstu kofend u
Arabidopsis thaliana. PrestoZe nékteré derivaty vykazovaly v in silico srovnatelné vazebné
energie jako brassinolid, experimentalni vysledky tuto predikci nepotvrdily a dusikaté analogy
vykazovaly pouze slabou nebo Zadnou inhibi¢ni aktivitu. U nékolika latek byl pfi nizkych
koncentracich pozorovan mirny stimulacéni Gcinek na prodluzovani korenu, avsak celkové byla
jejich aktivita vyrazné nizsi nez u prirozenych brassinosteroidl. Vysledky tak ukazaly, Ze
samotny docking neni pro odhad biologické aktivity brassinosteroidnich analogli dostacujici,
protoze vysledny ucinek nezdvisi pouze na predpokladané afinité k receptoru, ale také na
schopnosti latky pronikat a transportovat se v rostlinnych pletivech az k mistu pUlsobeni.
Soucasné se ukazalo, Ze zatimco pfitomnost nepolarnich aromatickych substituentll maze
biologickou aktivitu podporovat, zavedeni polarnéjsich funkénich skupin, jako jsou aminy,

amidy nebo amoniové soli, je z hlediska biologického ucinku méné pftiznivé.

R (for 19,20,21) R (for 22)

N— HN—
a / /

N\ HN N\
" « {

N— H
c (>

HO.,,
M ’N HN ”\

e i
K.’O 0 .4

Schéma 3: Syntéza dusikatych analogi s delSim postrannim fetézcem: (i) KOH, MeOH, H,O0, reflux, pak HCI;
(ii) amin, HOBt, EDC, DMF, 40 °C; (iii) HCI, THF, H,0, 45 °C, pak NaHCOjs; (iv) LiAlH,4, dioxan, reflux; (v) HCI,
THF, H,0, 45 °C.
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Jako vyznamny pfispévek k pochopeni vztahl mezi strukturou a biologickou aktivitou
postranniho retézce lze uvést také praci Wendeborna a kol. [47], ktefi provedli systematické
srovnani Siroké série znamych i novych analogt brassinosteroid( s rizné modifikovanym C-17
postrannim retézcem. Na zdkladé krystalografickych dat receptorového komplexu BRI1-
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SERK1 autofi predpokladali, Ze tato ¢ast molekuly poskytuje vétsi prostor pro strukturni
variace nez samotné steroidni jadro. Experimentalné bylo potvrzeno, Ze malé substituenty,
jako napriklad cyklopropylova skupina, vedou ke ztraté biologické aktivity, pravdépodobné
v disledku nedostatecnych hydrofobnich interakci s vazebnou kapsou receptoru. Naproti
tomu nékteré heteroaromatické derivaty, zejména thiofenové analogy, vykazovaly
vyznamnou biologickou aktivitu, zatimco poldrnéjsi oxazolové derivaty byly prakticky
neaktivni.

Nejzajimavéjsi vysledky byly ziskany opét u aromaticky substituovanych derivat(.
Fenylové analogy a jejich para-halogenované derivaty si zachovaly vysokou biologickou
aktivitu, kterd byla v nékterych ptipadech srovnatelnd s pfirozenymi brassinosteroidy. Naopak
zavedeni polarnich karboxylovych skupin do aromatického jadra vedlo k vyraznému poklesu
nebo Uplné ztraté aktivity. Obdobné se negativné projevil také pfilis velky objem substituentu,
jak ukazaly naftylové derivaty. Tyto vysledky potvrdily, Ze biologicka aktivita je v této &asti
molekuly Uzce spojena se zachovanim vhodnych hydrofobnich interakci a optimalnich
sterickych parametra.

Vysledky publikované Wendebornem a kol. [47] ddle podporuji zavéry vyplyvajici
z nasich studii aromaticky modifikovanych brassinosteroid(i, zejména pokud jde o schopnost
aromatickych substituent( zachovat vysokou biologickou aktivitu pti modifikaci postranniho
fetézce. vobou pripadech se ukazalo, Ze receptor BRI1 toleruje nahrazeni pfirozeného
alkylového zakonceni postranniho retézce aromatickymi substituenty, coz je vsouladu
s existenci volného prostoru v hydrofobni ¢asti vazebné kapsy receptoru. Soucasné vsak obé
studie naznacily existenci sterickych limitl, protoze pfiliS objemné substituenty vedly ke
snizeni biologické aktivity. Pfestoze ve Wendebornové praci vykazoval p-chlorfenylovy derivat
mirné vyssi aktivitu nez odpovidajici p-fluorfenylovy analog, zatimco v naSem souboru latek
byl trend opacny, nelze tento rozdil povaZzovat za obecny strukturné-aktivitni vztah. v obou
studiich totiz mezi nejaktivnéjsi derivaty patfil nesubstituovany fenylovy analog, coZ
naznacuje, Zze rozhodujici je pfedevsim pfitomnost aromatického systému schopného vhodné
vyplnit hydrofobni oblast vazebné kapsy receptoru. Pozorované rozdily mohou navic souviset
s odliSnou strukturou hodnocenych analogl i pouzitymi biologickymi testy, které sledovaly
razné aspekty brassinosteroidni odpovédi — od elongac¢niho Ucinku aZ po aktivaci vlastni
signaliza¢ni drahy prostfednictvim BES1. Soucasné je vsak tfeba zdlraznit, Ze aromaticka
modifikace postranniho fetézce nevedla kjednoznaénému prekondni biologické aktivity
pfirozenych brassinosteroid(i, zejména brassinolidu a castasteronu.

4.1.2 Modifikace na steroidnich kruzich

Vedle rozsahlych studii zamérenych na modifikace postranniho fetézce byla pozornost
vénovana také zménam ve steroidnim jadre [61-68]. Modifikace A a B kruhu predstavuji dalsi
vyznamny nastroj pro studium vztahu mezi chemickou strukturou brassinosteroidl a jejich
biologickou aktivitou. vjiz zminované praci Wendeborna a kol. [47] byly kromé zmén
v postrannim fetézci systematicky hodnoceny také zmény v oblasti A- a B-kruhu steroidniho
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skeletu. Ziskané vysledky poskytly podrobnéjsi pohled na vyznam jednotlivych funkénich
skupin steroidniho jadra pro biologickou aktivitu brassinosteroidl a jejich interakce
s receptorovym komplexem BRI1-SERK1. Nejvétsi pozornost byla vénovana hydroxylovym
skupindm v polohdch C-2 a C-3, které patfi mezi charakteristické strukturni prvky biologicky
aktivnich brassinosteroidld. Systematické srovndni pripravenych analogl ukazalo, Ze
odstranéni obou hydroxylovych skupin vedlo prakticky k uplné ztraté biologické aktivity, coz
potvrdilo jejich zasadni vyznam pro rozpoznani ligandu receptorem. Zajimavé vysledky vsak
prineslo hodnoceni derivatd obsahujicich pouze jednu z téchto hydroxylovych skupin. Zatimco
analog nesouci pouze hydroxyl v poloze C-3 vykazoval pouze stfedni biologickou aktivitu,
derivat obsahujici vyhradné hydroxylovou skupinu v poloze C-2 si zachoval prekvapivé
vysokou ucinnost [47]. Tento vysledek byl v souladu s krystalovou strukturou receptorového
komplexu, ktera ukazala, Ze hydroxylova skupina v poloze C-2 vytvari pfimé interakce
s koreceptorem SERK1 a vyznamné prispiva ke stabilizaci aktivniho receptorového komplexu.
Naopak methylace hydroxylovych skupin nebo jejich nahrada objemnéjsimi substituenty vedly
k vyraznému snizeni biologické aktivity. Vyznamnou ¢ast studie predstavovaly také modifikace
B-kruhu. Autofi zkoumali zejména vliv fluorace v poloze C-5 a methylace v poloze C-7, tedy
zmén, které zachovavaji zakladni usporadani steroidniho skeletu, avsak méni jeho elektronové
a sterické vlastnosti. Fluorované derivaty vykazovaly ve srovnani s odpovidajicimi
nefluorovanymi analogy nizsi biologickou aktivitu. Podobné byla aktivita snizena také u
derivatli nesoucich methylovou skupinu v poloze C-7, pricemz rozsah tohoto poklesu zavisel
na struktute konkrétniho analogu.

Vysledky tak ukazaly, Ze i relativné malé zmény v oblasti B-kruhu mohou vyznamné
ovlivnit biologické vlastnosti brassinosteroidd. Soubor ziskanych dat dale rozsifil poznatky o
vztazich mezi strukturou a biologickou aktivitou brassinosteroidll. Zatimco vysledky
diskutované v predchozi kapitole ukdzaly, Ze vysokou biologickou aktivitu lze v nékterych
pfipadech zachovat i po rozsahlejsich modifikacich postranniho rfetézce, studie zmén v oblasti
A- a B-kruhu potvrdila mimofadny vyznam spravného usporadani funkénich skupin
steroidniho jadra pro biologické plsobeni téchto rostlinnych hormond.

Na poznatky ziskané studiem modifikaci hydroxylovych skupin na A-kruhu navazala
nase prace zamérena na pripravu 2,3-seco analogl brassinosteroidli [69]. Zakladni myslenkou
bylo ovéfit, zda je pro biologickou aktivitu rozhodujici samotna pfitomnost hydroxylovych
skupin v polohach C-2 a C-3, nebo zda je nezbytné také jejich presné prostorové usporadani
dané rigidni strukturou A-kruhu. Roz$tépenim vazby mezi atomy C-2 a C-3 mél vzniknout
flexibilnéjsi systém, ve kterém by se obé hydroxylové skupiny mohly orientovat nezavisleji nez
u pfirozenych brassinosteroidu. v pribéhu syntetickych studii se vsak ukazalo, Ze otevieni A-
kruhu vyznamné ovliviiuje chemické vlastnosti pfipravovanych slouc¢enin. Pokusy o pfipravu
odpovidajicich 2,3-seco-2,3-dihydroxy-6-ketoni opakované vedly kintramolekuldrnim
cyklizaénim reakcim a vzniku termodynamicky stabilnéjsSich produktl. U cholestanové fady
byly pozorovany pfemény vedouci nejprve ke vzniku cyklického enoletheru 5a a nasledné
intramolekularniho ketalu obsahujiciho nové vytvorené péti- a Sesticlenné kruhy 5b (schéma
4). Obdobné chovani bylo zaznamenano také u stigmastanovych analogl, pficemZ pouze
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v pfipadé 2,3-seco-28-homocastasteronu se podafilo izolovat odpovidajici dihydroxyketon, a
to pouze vomezeném vytézku a Cistoté. Ani pfiprava B-laktonovych analogl nevedla
k Uplnému odstranéni téchto komplikaci. U nékterych derivatl byly pozorovany dalsi
intramolekularni pfemény vedouci ke vzniku strukturalné odlisnych laktond, které byly zrejmé
termodynamicky stabilnéjsi nez plvodné ocekavané produkty, viz derivat 6 (schéma 4). Tyto
vysledky ukdzaly, Ze rozstépeni A-kruhu vytvafi predpoklady pro vznik novych
intramolekularnich interakci a vyrazné ovliviuje stabilitu vznikajicich struktur.

Biologické hodnoceni pfipravenych seco derivatli neprokazalo ocekavané zachovani
biologické aktivity vyplyvajici z vétsi konformacni volnosti hydroxylovych skupin. Interpretace
téchto vysledk( vSak neni jednoznacnad, protoze syntetické studie soucasné odhalily vyraznou
tendenci otevienych 2,3-seco struktur k intramolekularni cyklizaci. Nelze proto vyloucit, Ze
k obdobnym preméndm dochdazelo alespon ¢astecné i béhem biologickych experimentu a Ze
pozorovand aktivita nebo jeji absence byla ovlivnéna pfitomnosti cyklickych produktt
vznikajicich z plvodné zamyslenych seco derivatl. Ziskané vysledky tak neumoZnuji
jednoznacné posoudit vliv samotné flexibility hydroxylovych skupin na biologickou aktivitu
brassinosteroid(l. Soucasné vsak ukazaly, Ze zachovani integrity A-kruhu je dulezZité nejen
z hlediska biologické funkce, ale také z pohledu chemické stability molekuly.

R S o o N o Y :t?

- OHC
HO \\ AcO \ \

4

AcO AcO
lvn

HO \\ \\ AcO \

viii  A© . viii.  §
HO [o] AcO [o] AcO [o]

o o

Schéma 4: Syntéza 2,3-secocholestanovych derivatut: (i) (CH,OH),, TsOH, PhMe, reflux; (ii) OsO;, NMO, THF,
aceton; (iii) NalQ,, silikagel, CH,Cly; (iv) LiAlH4, THF, reflux; (v) HCI, THF, H,0, 40 °C; (vi) Ac,0, pyridin; (vii)
CF3CO3H, CH,Cly; (viii) MeONa, MeOH, THF.
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Studium biologické aktivity syntetickych analogl vyznamné rozsifilo poznatky o
vztazich mezi strukturou a ucinkem brassinosteroidll. Ziskané vysledky soucasné ukazaly, ze
samotné hodnoceni fytohormonalni aktivity neumoziuje vidy jednoznacné vysvétlit
molekuldrni podstatu pozorovanych rozdili mezi jednotlivymi derivaty. Pro hlubsi pochopeni
téchto vztah(l je proto nezbytné zohlednit také jejich interakce s brassinosteroidnimi
receptory.

4.2 Chemicka biologie brassinosteroidnich receptort

4.2.1 Brassinosteroidni receptorové kinazy

Brassinosteroidni receptor BRI1 (BRASSINOSTEROID INSENSITIVE 1) predstavuje
dllezity prvek brassinosteroidni signalizace a jeden z nejlépe charakterizovanych receptor(
rostlinnych hormon( [70,71]. Jeho identifikace poskytla prvni dlkaz, Ze percepce steroidnich
hormon u rostlin probiha prostrednictvim membranové lokalizovanych receptorovych kinaz
[72-74]. BRI1 naleZi do rozsahlé rodiny leucinem bohatych receptor-like kindz (LRR-RLK) a je
tvofen extraceluldarni doménou obsahujici na leucin bohaté repetice, jednou
transmembranovou oblasti a intraceluldrni serin/threoninovou kindzovou doménou.
Charakteristickym strukturnim prvkem receptoru je pfitomnost tzv. ostrovni (island) domény
vloZzené mezi repetice extracelularni ¢asti, ktera spolecné s LRR doménou vytvafi vazebnou
kapsu pro brassinosteroidni ligandy.

Pozdéjsi studie odhalily existenci dalSich ¢lenl receptorové rodiny BRI1, ozna¢ovanych
jako BRL1, BRL2 a BRL3 (BRI1-LIKE 1-3) [75]. Receptory BRL1 a BRL3 vykazuji vysokou
sekvencni i strukturni podobnost s BRI1 a jsou exprimovany prevainé ve vaskularnich
pletivech. Strukturalni analyzy ukdazaly, Ze jejich vazebné kapsy jsou témér identické
s receptorem BRI1, coZ se odrazi také v podobném spektru vazanych brassinosteroidnich
ligandu [75,76]. Funk¢ni studie navic prokdzaly, Ze oba receptory jsou za urcitych podminek
schopny ¢aste¢né komplementovat defekty vznikajici pfi naruseni funkce BRI1, coZz svédéi o
znacné mife funkéni redundance v ramci této receptorové rodiny [75,76].

Odlisné postaveni zaujima receptor BRL2, zndmy rovnéz pod oznacenim VASCULAR
HIGHWAY 1 (VH1) [75]. PfestoZe byl dlouhou dobu povazovan za receptor bez pfimé ucasti na
percepci brassinosteroid(, recentni strukturni a biochemické studie prokazaly pfitomnost
zachovalé steroid-vazebné kapsy schopné interagovat s vybranymi brassinosteroidy [77]. Ve
srovnani s BRI1, BRL1 a BRL3 vsak vykazuje nizsi afinitu k testovanym ligandim a jeho
fyziologickd funkce zlistava predmétem dalsSiho vyzkumu. Soudasné poznatky naznacuji, ze
evoluéni diverzifikace receptorové rodiny neni spojena pouze se zménami ligandové
specificity, ale také s odliShou tkanovou expresi a regulaci naslednych signalizacnich procesu.

Klicovym krokem aktivace brassinosteroidni signalizace je vytvofeni receptorového
komplexu zahrnujiciho kromé receptoru také koreceptor ze skupiny SOMATIC
EMBRYOGENESIS RECEPTOR KINASE (SERK), zejména SERK1 a SERK3/BAK1 [78-80]. Vazba
brassinosteroidu do extracelularni kapsy receptoru umoznuje asociaci obou proteint a vznik

26



aktivniho komplexu receptor—ligand—koreceptor. Brassinosteroid zde funguje jako tzv.
,molekularni lepidlo” stabilizujici interakci mezi obéma receptory (obrazek 11). Nésledna
trans-fosforylace intraceluldrnich kindzovych domén vede k aktivaci signalizacni kaskady
zakoncéené transkripénimi faktory BES1 a BZR1, které predstavuji hlavni prvky
brassinosteroidni odpovédi.

Obrazek 11: Receptor BRI1 (modrozelend) s navazanym brassinolidem a nasledna tvorba receptorového
komplexu BRI1-SERK1 (oranZovad). Vytvoreno dle Santiago J. et al., 2013 [78].

4.2.2 Brassinosteroidni signalni draha

Vazba brassinosteroidu na receptorovy komplex predstavuje pouze pocatecni krok
rozsahlé signalni kaskady, kterd prevadi extraceluldrni signdl na zmény genové exprese
v bunécném jadre. Bez pritomnosti brassinosteroidl je receptor BRI1 udrZovan v neaktivnim
stavu prostfednictvim proteinu BKI1 (BRI1 KINASE INHIBITOR 1), ktery se vaZe na jeho
cytoplazmatickou doménu a omezuje aktivaci receptorového komplexu [81]. Po navazani
brassinosteroidu dochazi k fosforylaci BKI1 receptorem BRI1 a jeho disociaci od plazmatické
membrany a samotného receptoru. Fosforylovany BKI1 ndsledné interaguje s proteiny rodiny
14-3-3, ¢imzZ prispiva k efektivni aktivaci brassinosteroidni signaliza¢ni drahy. Aktivovany
receptorovy komplex soucasné fosforyluje ¢asné cytoplazmatické komponenty signalizace,
mezi které patfi predevSim receptor-like cytoplazmatické kindzy BSK1 (BR-SIGNALING
KINASE 1) [82] a CDG1 (CONSTITUTIVE DIFFERENTIAL GROWTH 1) [83]. Zatimco BSK1
interaguje s fosfatdzou BSU1 (BRI1 SUPPRESSOR 1), CDG1 ji pfimo fosforyluje a podporuje jeji
aktivaci [84].

Klicovym regulacnim uzlem celé signaliza¢ni drahy je serin/threoninova kindza BIN2
(BRASSINOSTEROID INSENSITIVE 2), kterd v neptritomnosti brassinosteroidi funguje jako
hlavni negativni regulator odpovédi na tyto fytohormony [85]. Aktivni BIN2 fosforyluje
transkripéni reguldatory BES1 (BRI1-EMS-SUPPRESSOR 1) [60,86] a BZR1 (BRASSINAZOLE
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RESISTANT 1) [87,88], ¢imZ omezuje jejich schopnost regulovat expresi cilovych genu.
Fosforylované formy BES1 a BZR1 navic interaguji s proteiny rodiny 14-3-3, které podporuji
jejich retenci vcytoplazmé nebo export zjaddra [89]. Tim je zabranéno aktivaci
brassinosteroidy regulovanych gena a signaliza¢ni draha zUstava utlumena.

Aktivace receptorového komplexu postupné vede k odstranéni represivniho vlivu
BIN2. Podle klasického modelu brassinosteroidni signalizace se na tomto procesu podili
fosfataza BSU1, ktera defosforyluje tyrosinovy zbytek Tyr200 v molekule BIN2 [90]. Tento krok
je spojovan se snizenim aktivity kindzy a soucasné umozniuje interakci BIN2 s E3 ubikvitin
ligdzou KIB1 (KINK SUPPRESSED IN BZR1-1D). KIB1 ndasledné zprostifedkovava polyubikvitinaci
BIN2 a jeji degradaci prostfednictvim 26S proteazomu, coZ vede kdalSimu omezeni
represivniho plsobeni této kindzy [91]. PrestoZe je role KIB1 v degradaci BIN2 dobre
experimentdlné podloZena, presny vyznam defosforylace Tyr200 pro regulaci aktivity BIN2
zUstava predmétem vyzkumu.

Potlaceni aktivity BIN2 posouvad rovnovahu ve prospéch defosforylovanych forem
transkrip¢nich reguldtord BES1 a BZR1. Na jejich aktivaci se podili protein fosfataza PP2A
(PROTEIN PHOSPHATASE 2A), ktera oba proteiny pfimo defosforyluje [92]. Defosforylované
formy BES1 a BZR1 ztraceji schopnost vazat proteiny 14-3-3, akumuluji se v bunééném jadre a
reguluji expresi velkého poctu brassinosteroidy responzivnich gent. Vysledkem je aktivace
fyziologickych procesli spojenych selongaci bunék, diferenciaci pletiv, vyvojem cévnich
svazkUl, reprodukénim vyvojem a dalSimi rdstovymi odpovédmi rostlin na brassinosteroidy.

PfestoZe zakladni usporaddni brassinosteroidni signalizacni drahy je dnes dobre
popsdno, nékteré jeji Casti zUstavaji predmétem intenzivniho vyzkumu. Zejména neni dosud
zcela objasnén presny mechanismus, kterym fosfatdza BSU1 reguluje aktivitu BIN2, ani
vyznam jednotlivych krokd navrzeného modelu zahrnujiciho defosforylaci Tyr200 a naslednou
degradaci BIN2 zprostiedkovanou ligdzou KIB1. Uréité nejasnosti pretrvavaji rovnéz v pripadé
proteinu BSK1, jehoZ presnd molekularni funkce v prenosu signalu od receptorového
komplexu k downstream komponentdm nebyla dosud plné objasnéna. Naproti tomu role
CDG1 jako kindzy fosforylujici BSU1, stejné jako funkce BIN2, PP2A a transkrip¢nich reguldtor(
BES1/BZR1 patfi mezi nejlépe experimentdlné podloZené casti celé brassinosteroidni
signalizacni drédhy. Zjednodusené schéma celé drahy je na obrazku 12.
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Obrazek 12: Zjednodusené schéma brassinosteroidni signalni drahy (popis viz text). Schéma navrieno ChatGPT a upraveno autorem.



4.2.3 Vliv struktury brassinosteroidd na afinitu k receptoru BRI1

Prestoze je brassinolid tradicné povazovan za hlavni ligand receptoru BRI1, rostliny
obsahuji celou fadu dalSich brassinosteroidu, které se od sebe lisi strukturou steroidniho jadra
i postranniho tetézce. Teprve systematicka studie zamérend na vazbu jednotlivych
brassinosteroidll k receptoru BRI1 umoznila podrobnéji urcit, které strukturni prvky molekuly
jsou pro vysokou afinitu k receptoru skutecné dulezité [77]. vramci této studii jsme ve
spolupraci s tymem profesora Michaela Hothorna z Univerzity v Zenevé zjistili, Ze receptor
BRI1 je schopen vazat pomérné Siroké spektrum pfrirozenych brassinosteroid(i a Ze jeho
ligandova specificita je méné striktni, nez se plvodné predpokladalo. Pomoci metody GClI
(Grating-Coupled Interferometry) [93-94] jsme stanovili rovnovazné disociacni konstanty (Kd)
komplexd receptoru BRI1 sjednotlivymi ligandy (obrdzek 13). Hodnota této konstanty
vyjadfuje afinitu ligandu k receptoru, pfi¢emz nizSi hodnota Kd odpovidd vyssi afinité.
z namérenych hodnot vyplynulo, Ze ze vSech testovanych brassinosteroid( vykazoval nejvyssi
afinitu k BRI1 receptoru 2-deoxybrassinolid, jehoZz rovnovdina disocia¢ni konstanta byla
pfiblizné dvakrat nizSi nez v pfipadé prirozeného ligandu brassinolidu. Pfiprava mnou

pfipravenych testovanych analogl je zndzornéna ve schématech 5 a 6.
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¢ervend — zména snizuje afinitu, modra — zména ma maly vliv. Kinetika vazby ligandt byla analyzovana
metodou GCl. Pfevzato z Caregato A. et al., 2026 [77].

Nejvyznamnéjsi vliv na afinitu k receptoru ma struktura postranniho rfetézce. Klicovou
roli hraje predevsim hydroxylovd skupina na uhliku C23, jejiz odstranéni vede k vyraznému
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poklesu afinity. Strukturni analyzy ukazaly, Ze prdvé tato hydroxylova skupina vytvafti silnou
vodikovou vazbu s island doménou receptoru a podili se na stabilizaci receptor—ligandového
komplexu. Naproti tomu hydroxylova skupina na uhliku C22 se jevi jako méné duleZitd, protoze
jeji absence snizuje afinitu pouze ¢astecné (obrazek 14). Vyznamna je rovnéz stereochemie na
uhliku C24. Epimery brassinolidu a castasteronu nesouci opac¢nou konfiguraci v této pozici se
vazou podstatné hlre neZ prirozené ligandy. Podobny ucinek byl pozorovan také u C29
brassinosteroid(i s prodlouzenym postrannim fetézcem, coZ naznacuje, Ze receptor citlivé
reaguje nejen na konfiguraci, ale i na velikost této ¢asti molekuly.

BRI1

-~
brassinolide””

LRR core

Obrazek 14: Interakce brassinolidu s receptorem BRI1. Pfevzato z Caregato A. et al., 2026 [77].

Naopak zmény ve steroidnim jadfe ovliviiuji vazbu k receptoru vyrazné méné. Bylo
napfiklad zjiSténo, Ze pfitomnost sedmiclenného laktonu v B-kruhu neni pro vazbu nezbytn3,
protoze brassinolid a castasteron vykazuji srovnatelnou afinitu. Podobné je receptorem dobre
tolerovana absence ketoskupiny na uhliku C6 i nékterych hydroxylovych skupin na A-kruhu.
Vysokou afinitu si tak zachovavaji i nékteré biosyntetické intermediaty, napfiklad typhasterol
nebo 6-deoxycastasteron. Tyto vysledky naznacuji, Ze z hlediska samotného rozpoznani
ligandu hraje steroidni skelet spiSe podpUrnou ulohu.

Souhrnné lze fici, Ze afinitu brassinosteroidd kreceptoru BRI1 urcuji predevsim
strukturni vlastnosti postranniho fetézce, zejména pritomnost hydroxylové skupiny na C23 a
spravnd konfigurace substituentu na uhliku C24. Naproti tomu receptor vykazuje pomérné
vysokou toleranci vici modifikacim steroidniho jadra. Tato kombinace selektivity a sou¢asné
urcité flexibility pravdépodobné umoznuje BRI1 rozpoznavat vice pfirozené se vyskytujicich
brassinosteroidd, které se mohou podilet na regulaci signalizace v raznych pletivech a
vyvojovych stadiich rostlin.
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Schéma 5: Syntéza 3-deoxycastasteronu (7), typhasterolu (8) a 2-deoxybrassinolidu (11). a: (S)-2-(3-methylbutan-2-yl)-1,3-dithian/n-BuLi/THF, r.t. pak -78 °C, 1h;
b: NaH,P0,/2-methyl-2-buten/ NaClO,/H,0/ethanol, 0 °C, 10 min; c: TBSOTf/2,6-lutidin/CH,Cl,, 0 °C, 1 h; d: DIBAL-H/toluen, -78 °C, 1h; e: TBAF/THF, r.t., 1h;
f: 1, BH3/THF, r.t., 6h; 2, NaOH/H,0,/H,0/THF, r.t., 12h; g: MCPBA/EtOAC, r.t., 4h; h: LiAlH4/THF/Et,0, 40 °C, 3h; i: HCI/H,O/THF, 40 °C, 4h; j: TFPAA/CH,Cl,, r.t., 4h.
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22-deoxycastasteron

Schéma 6: Syntéza 23-deoxycastasteronu (15) a 22-deoxycastateronu (20). a: Ra-Ni/EtOH, r.t., 6h; b: HCI/H,O/THF, 40 °C, 4h; c: 0s04/K,CO3/K;[Fe(CN)s]/CHsSO,NH,/
HQ-4-CIBz/t-BuOH/H;0, r.t., 10 h; d: p-TsCl/pyridin, r.t., 3 dny; e: LiAlH;/THF/Et,0, r.t., 3h; f: HCI/H,O/THF, 40 °C, 2h; g: 0s0,4/K,CO3/K,[Fe(CN)s]/CH3:SO,NH,/HQ-4-CIBz/
t-BuOH/H;O0, r.t., 10 h.



4.2.4 Vliv struktury brassinosteroidd na afinitu ke koreceptorim SERK

Schopnost brassinosteroidu navdzat se na receptor BRI1 vSak sama o sobé nezarucuje
aktivaci signalizace. Po navazani ligandu dochazi ke konformaénim zméndm extracelularni
Casti receptoru, které umozniuji vytvoreni aktivniho receptorového komplexu s ¢leny rodiny
SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK) [78,79]. U modelové rostliny Arabidopsis
thaliana bylo pro signalizaci brassinosteroid(i popsano nékolik ¢lenl této rodiny, predevsim
SERK1, SERK3/BAK1 (BRI1-ASSOCIATED RECEPTOR KINASE 1) a SERK4/BKK1 (BAK1-LIKE 1),
které funguji jako koreceptory a po vytvoreni komplexu s BRI1 iniciuji fosforylaéni kaskadu
vedouci k aktivaci BR signalizace. z tohoto dlvodu je vedle samotné afinity k BRI1 nezbytné
zohlednit také schopnost ligandu podporovat vznik receptor—koreceptorového komplexu.

Obrazek 15: Interakce brassinolidu s koreceptorem SERK1. Pfevzato z Caregato A. et al., 2026 [77].

Ve spolupraci se skupinou profesora Michaela Hothorna z Univerzity v Zenevé jsme se
z tohoto dlvodu zabyvali také otazkou, které strukturni prvky brassinosteroidl jsou nezbytné
pro vytvoreni aktivniho receptorového komplexu [77]. Zatimco naSe predchozi vysledky
ukdzaly, Ze receptor BRI1 je schopen vazat pomérné Siroké spektrum pfirozenych
brassinosteroidli, ukazalo se, Ze poZadavky na naslednou interakci s koreceptorem jsou
podstatné specifi¢téjsi.

Podrobnéjsi strukturni a biochemické studie ukdzaly, Ze poZadavky na vazbu
koreceptoru jsou v nékterych ohledech odlisné od pozadavkd na samotnou vazbu k BRI1.
Zatimco vysokou afinitu k receptoru urcuji pfedevsim vlastnosti postranniho fetézce, pro
efektivni interakci se SERK proteiny jsou dulezité nékteré strukturni prvky steroidniho jadra.
Klicovou roli zde hraje hydroxylova skupina na uhliku C2, ktera vytvari primy kontakt
s histidinem His62 v extracelularni doméné SERK proteind. Ligandy postradajici tuto
hydroxylovou skupinu si mohou zachovavat vysokou afinitu k BRI1, avsak jejich schopnost
podporovat tvorbu aktivniho receptorového komplexu je vyrazné snizena (obrazek 15).
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Typickym ptikladem je typhasterol nebo 2-deoxybrassinolid. Obé slou¢eniny se vazou
na BRI1 s relativné vysokou afinitou, avSak ve srovnani s brassinolidem nebo castasteronem
podstatné hlre podporuji vazbu SERK koreceptor(. Tyto vysledky ukdzaly, Ze vazbu ligandu
k receptoru a naslednou aktivaci signalizace nelze povaZovat za totozné procesy. Nékteré
brassinosteroidy jsou schopny obsadit vazebnou kapsu BRI1, aniz by sou¢asné zajistily spravné
prostorové usporadani nezbytné pro asociaci se SERK proteiny.

Vyznam spravné orientace ligandu v receptorové kapse déle potvrzuji nase vysledky
ziskané pro secasteron a 6-deoxycastasteron. PfestozZe se oba ligandy vdzou k BRI1 pomérné
ucinné, zmény ve strukture steroidniho jadra vedou ke zhorSené tvorbé receptor—
koreceptorového komplexu. Ukazuje se tedy, Ze nékteré funkéni skupiny, které nejsou
nezbytné pro samotnou vazbu k receptoru, mohou byt dilezité pro presné usporadani ligandu
na rozhrani mezi BRI1 a SERK proteiny. Pravé toto rozhrani vytvari aktivni signalni jednotku
schopnou prenaset informaci do cytoplazmy. Funkéni skupiny dulezité pro receptor Ci
koreceptor jsou zndzornény na obrazku 16.

BRIL ¢

SERK1

 Extracellular

S 5pa<\:e
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cascade

Obrazek 16: Schéma receptorového komplexu BRI1 (Seda) — SERK1 (modra) a klicovych interakci brassinolidu
ve vazebné kapse. Klicové funkéni skupiny brassinolidu znazornény cervené. Pfevzato z Caregato A. et al., 2026
[77].

Tyto poznatky vyznamné rozsifily soucasné chapani mechanismu percepce
brassinosteroidd. Ukazalo se totiz, Ze biologickd aktivita jednotlivych brassinosteroidd neni
dédna pouze jejich afinitou kreceptoru BRI1, ale také schopnosti stabilizovat komplex
s koreceptory rodiny SERK (obrazek 17). Nékteré prirozené se vyskytujici biosyntetické
intermediaty tak mohou pUsobit jako slabi agonisté nebo dokonce antagonisté signalizace,
protoZe obsazuji vazebné misto receptoru, avsak neumoznuji efektivni ndbor koreceptora.
Tvorba aktivniho komplexu BRI1-SERK se tak jevi jako druhy stupen molekuldrni selekce, ktery
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spolecné s afinitou ligandu kreceptoru urcuje vyslednou intenzitu brassinosteroidni
odpovédi.

BRI1-6dCS vs. SERK1 BRI1-SEC vs. SERK1 BRI1-2dBL vs. SERK1
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Obrazek 17: GClI senzorgramy znazornujici stabilitu komplexu BRI1-SERK1 a nékolika brassinosteroid( jako
ligandt. v tabulce rovnovaziné disociaéni konstanty komplexi. Pfevzato z Caregato A. et al., 2026 [77].

4.2.5 Vliv struktury brassinosteroid( na afinitu k receptordm BRL1-3

PfestoZe jsou receptory BRL1 a BRL3 exprimovany v odliSnych pletivech nez BRI1, jejich
extracelularni domény vykazuji vysoky stupen sekvenéni i strukturni podobnosti. Tomu
odpovidaji také vysledky naSich vazebnych studii [77], které ukazaly, Ze oba receptory
rozpoznavaji prakticky stejné spektrum brassinosteroidi jako BRI1. BRL1 i BRL3 vazou
brassinolid s vysokou afinitou a obdobné hodnoty byly pozorovany také pro castasteron,
typhasterol,  secasteron, 6-deoxycastasteron nebo  28-norbrassinolid. = Naopak
brassinosteroidy s modifikovanou konfiguraci postranniho fetézce, napfiklad 24-
epibrassinolid, 24-epicastasteron nebo C29 derivaty nesouci dodatec¢nou ethylovou skupinu
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v poloze C24, vykazuji vyrazné nizsi afinitu. Stejné jako u BRI1 se tedy ukazuje, Ze rozhodujici
roli pfi rozpoznani ligandu hraji pfedevsim vlastnosti postranniho fetézce, zatimco zmény ve
steroidnim jadre jsou receptorem tolerovany podstatné Iépe.

Tato podobnost byla ndsledné potvrzena i krystalografickymi studiemi receptoru BRL3.
Struktury komplex( s brassinolidem, castasteronem a typhasterolem ukazaly prakticky
totozné usporadani vazebné kapsy jako v pripadé BRI1. Zachovany zlstdvaji i klicové interakce
mezi ligandem a island doménou receptoru, zejména konzervovana vazba zahrnujici
hydroxylovou skupinu na uhliku C23. z dostupnych dat proto vyplyvd, Ze BRL1 a BRL3
predstavuji funkéné velmi blizké homologické receptory BRI1, které se od néj lisi pfedevsim
svym expresnim profilem, nikoliv mechanismem rozpoznani brassinosteroidl. Tento zavér je
navic v souladu s dfivéjSimi genetickymi studiemi, které ukazaly, Ze pfi vhodné expresi jsou
BRL1 a BRL3 schopny alespon ¢astecné nahradit funkci BRI1.

OdliSnou pozici v rdmci této receptorové rodiny zaujima receptor BRL2. Na rozdil od
BRL1 a BRL3 nebyl dlouhou dobu povaZovan za receptor brassinosteroidl a byl spojovan
predevsim s regulaci vyvoje cévnich svazk(. PrestoZe jeho extracelularni doména vykazuje
znacnou podobnost s ostatnimi ¢leny rodiny BRI1, nase vazebné experimenty odhalily vyrazné
odlisny profil ligandové specificity. BRL2 je schopen vazat nékteré brassinosteroidy, avsak
s podstatné nizsi afinitou. Brassinolid a castasteron se vazou pfiblizné o jeden fad slabé&ji nez
k receptoru BRI1 a jesté vyraznéjsi rozdily byly pozorovany u dalSich ligand(. Napftiklad
typhasterol nebo 28-norbrassinolid, které patfi mezi silné ligandy BRI1, vykazuji vici BRL2
pouze slabou vazbu. U nékterych sloucenin, naptiklad 24-epibrassinolidu, 24-epicastasteronu
nebo 28-homocastasteronu, nebyla vazba za pouZitych experimentdlnich podminek
detekovdna vibec.

Ziskané vysledky tak naznacuji, Ze BRL2 nelze povaZovat za klasicky brassinosteroidni
receptor ve stejném smyslu jako BRI1, BRL1 nebo BRL3. PfestozZe si zachovava strukturalné
podobnou vazebnou kapsu a je schopen interagovat s vybranymi brassinosteroidy, jeho
ligandova specificita i afinita jsou vyrazné odliSné. Navic vykazuje podstatné slabsi schopnost
vytvaret komplex s koreceptory rodiny SERK (obrazek 18). Fyziologicky vyznam téchto
interakci proto zatim zUstavd nejasny a nelze vyloudit, Ze BRL2 v rostliné rozpoznavd dosud
neidentifikovany ligand nebo plni specifickou regulaéni funkci odliSnou od klasické
brassinosteroidni signalizace.
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Obrazek 18: GCl sensorgram stability komplext brassinosteroidnich receptori s brassinolidem a SERK1
s uvedenim vyrazného rozdilu Kd u BRL2 receptoru. Pfevzato z Caregato A. et al., 2026 [77].

Zajimavym vysledkem studie bylo zjisténi, Ze vysokou afinitu k receptoriim BRI1, BRL1
a BRL3 nevykazuje pouze brassinolid, ale také nékolik dalSich pfirozené se vyskytujicich
brassinosteroid(i. Mezi nimi vynika zejména castasteron, ktery se vaze s afinitou srovnatelnou
s brassinolidem a zdroven ucinné podporuje tvorbu receptorového komplexu s koreceptory
SERK. v kombinaci
pozorovani podporuji hypotézu, Ze castasteron predstavuje vedle brassinolidu dalsi

svyrazné vysSimi endogennimi koncentracemi castasteronu tato
fyziologicky vyznamny ligand brassinosteroidnich receptora.

Prestoze studium receptorl vyznamné prispélo k objasnéni mechanism( percepce a
signalizace brassinosteroidl, samo o sobé neposkytuje uUplny obraz o jejich plsobeni
v rostliné. Pro vyslednou fyziologickou odpovéd' je totiz dlleZita nejen schopnost ligandu
navazat se na receptor, ale také jeho prostorova a ¢asova distribuce v rostlinnych pletivech.
k objasnéni téchto procesl zacaly byt v poslednich letech vyuzivany specidlné navriené
chemické sondy umoznujici sledovat lokalizaci a transport brassinosteroidl pfimo v Zivych

rostlinach.

4.3 Chemické sondy pro studium transportu brassinosteroidU

DuleZitym aspektem regulace hormonalni signalizace je také zpuUsob distribuce
hormon v rostlinném organismu. U fady fytohormonu, napfiklad auxinQ, cytokinini nebo
kyseliny abscisové, hraje transport mezi jednotlivymi organy a pletivy zasadni ulohu pfi
koordinaci rlstu a vyvoje rostlin [95,96]. v pfipadé brassinosteroidl je vSak situace odlisna. Jiz
drivéjsi studie [97] ukdzala, Ze brassinosteroidy nepodléhaji vyznamnému dalkovému
transportu mezi organy rostliny a jejich Gcinek je proto povazovdan za prevaziné lokdalni. Pfesto
vSak dlouhou dobu chybély experimentalni nastroje, které by umozZnily sledovat pohyb
brassinosteroid(i pfimo v Zivych rostlinnych bunkach a objasnit mechanismy odpovédné za
jejich distribuci.

Vyznamny metodicky pokrok pfinesla prace Irani a kol. [98], ve které byl pfipraven
fluorescenéné znaleny derivat castasteronu oznaceny jako AFCS (Alexa Fluor 647-
castasterone, obrazek 19). Tato molekula si zachovala biologickou aktivitu a umoznila poprvé
pfimo sledovat osud brassinosteroidu, v tomto pripadé castasteronu, po navazani na receptor
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BRI1 v Zivych bunkach. Pomoci konfokdlni mikroskopie bylo prokazano, Ze komplex receptor—
ligand podléhd endocytdze a ndsledné putuje az do vakuoly. Soucasné bylo ukazano, Ze hlavni
¢ast brassinosteroidni signalizace probihd na plazmatické membrdné a Ze endocytdza
receptorového komplexu slouzi predevsim k utlumeni signalu (obrazek 20). Tato studie
pfedstavovala jeden z prvnich pfikladd vyuZiti chemické biologie v oblasti brassinosteroidniho
vyzkumu a ukdzala, Ze vhodné navrzené chemické sondy mohou poskytnout pfimy pohled na
pohyb hormon a receptorovych komplexu v rostlinnych burikach.

BRIN-GFP AFCS

Vs Y P
B . A
-~ g i

Obrazek 20: Mikroskopické snimky epidermalnich bunék korenové Spicky exprimujicich BRI1-GFP po
15minutové expozici 20 uM AFCS. AFCS (Cervené) kolokalizuje s BRI1-GFP (zelené) na plazmatické membrané

a v endozomech (oznacenych Sipkami), pficemz se soucasné akumuluje ve vakuolach. Méfitko: 5 um. Pfrevzato
zIrani N. G., 2012 [98].

Pouziti fluorescencné znacenych hormonl vsak pfindsi i urcité komplikace.
Fluorescencni znacky predstavuji ve srovnani s molekulou brassinosteroidu objemné
substituenty, které mohou ovliviiovat prinik bunéénymi membranami, vazbu k receptordm i
nasledny intracelularni transport. Nelze proto vyloucit, Ze sledované chovani takto
oznacenych derivatl nemusi vidy plné odpovidat vlastnostem pfirozenych hormonut. Snahou
obejit tato omezeni byl rozvoj bioortogonalnich pfistup(, pfi nichZz je do molekuly hormonu
zabudovana pouze mala reaktivni skupina a samotnd fluorescencni znacka je pfipojena az
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nasledné pfimo v biologickém systému (schéma 7). Diky tomu je mozné sledovat distribuci
hormonu s podstatné mensim rizikem, Ze jeho transport nebo biologicka aktivita budou
ovlivnény pfitomnosti objemného fluoroforu.

HO

\ -
N=N=N

GSA Azid-BDP-FL CS-BDP-FL

Schéma 7: Bioorthogonalni reakce pro visualizaci brassinosteroidti v burikach.

Dalsi vyznamny posun prinesla nase spolec¢na studie s tymem dr. Jenny Russinové z VIB
Ghent [99] zaméfend na prostorovou organizaci biosyntézy brassinosteroidl v koreni
modelové rostliny Arabidopsis thaliana. Pomoci transgennich linii exprimujicich fluorescenéné
znacené biosyntetické enzymy bylo prokdzano, Ze vétSina bunék neobsahuje kompletni
soubor enzym( potrebnych ksyntéze biologicky aktivniho hormonu. Jednotlivé kroky
biosyntetické drahy jsou rozdéleny mezi rizné bunécné vrstvy a dokonceni biosyntézy proto
vyZzaduje pohyb meziproduktl mezi sousednimi burikami. Soucasné bylo zjisténo, Ze exprese
biosyntetickych enzym( dosahuje maxima v elongacni z6né kotene, kde se prekryva
s maximem brassinosteroidni signalizace. Tyto vysledky vedly k formulaci modelu, podle
kterého je distribuce brassinosteroidi uréovana predevsim lokalni biosyntézou a omezenym
pohybem biosyntetickych prekurzorli mezi sousednimi burikami.
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Obrazek 21: Schéma ulohy plasmodesmat v transportu prekurzord brassinosteroidii a regulaci jejich
signalizace. Zvysena hladina brassinosteroid( sniZuje propustnost plasmodesmat ukladanim kaldzy a pfispiva
k udrzovani hormonalni homeostazy. Pfevzato z Wang Y., 2023 [100].
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Pfesto vSak zlstdvala nezodpovézena otdzka, jakym zplsobem ktomuto
mezibunécnému transportu dochazi. Odpovéd prinesla az nase dalsi spolecna prace [100] s dr.
Russinovou vyuZivajici kombinaci genetickych pfistupl, chemické biologie a jiz zmifiované
bioortogonalni chemie. Pro studii jsme pfipravili bioaktivni alkynylovany derivat castasteronu
(CSA, schéma 7), ktery umoznioval naslednou fluorescencni detekci pomoci click chemie. Diky
této sondé bylo moiné pfimo sledovat pohyb brassinosteroidnich molekul mezi burfikami.
Experimenty ukdzaly, Ze brassinosteroidy a jejich prekurzory (napf. v praci pouzity 21-
hydroxycampesterol) mohou prechazet mezi sousednimi burikami prostfednictvim
plasmodesmat (obrdzek 21). Soucasné bylo prokdzano, Ze omezeni propustnosti
plasmodesmat vede ke sniZeni brassinosteroidni signalizace a k naruseni rlstu kofrene.
Zajimavé bylo také zjiSténi, Ze samotna hladina brassinosteroidl ovliviiuje propustnost
plasmodesmat, ¢imz vznikd regulacni mechanismus propojujici transport hormonu s jeho
biosyntézou a signalizaci (obrazek 22). Podobné ucinkuje i chemicky inhibitor kindzy BIN2,
bikinin, coz vede ke zvySené aktivité brassinosteroidnich transkripénich faktor(i [101]. Tato
prace tak poprvé poskytla prfimy dikaz, Ze plasmodesmata predstavuji hlavni cestu
kratkodobého mezibunééného transportu brassinosteroid(.

Dalsi dlouhodobé otevienou otazkou bylo, jak se biologicky aktivni brassinosteroidy
dostdvaji z mista své syntézy kreceptoru BRI1. VétSina enzymu biosyntetické drahy je
lokalizovana v membranach endoplazmatického retikula, zatimco percepce hormonu probiha
prostifednictvim extraceluldrni domény receptorového komplexu lokalizovaného na
plazmatické membrané. Pfestoze byly brassinosteroidy dlouho povaZovany za dostatecné
lipofilni molekuly schopné prosté difuze pres membranu, jejich vysoky stupen hydroxylace
naznacoval, Ze tento proces nemusi byt dostatecné efektivni.

DMSO BL (200 nM) BIK (30 pM)
Azide-BDP-FL CS-BDP-FL Azide-BDP-FL (CS-BDP-FL Azide-BDP-FL (CS-BD

Obrazek 22: Snizeni transportu CSA pfes plasmodesmata po oSetieni kofene Arabidopsis thaliana
brassinolidem (BL) nebo bikininem (BIK). Pétidenni semenacky byly inkubovany 24 hodin v pfitomnosti BL (200
nM), BIK (30 pM) nebo DMSO (kontrola), nasledné byla pomoci bioortogonalni reakce pfipravena
fluorescencné znacena sonda CS—BDP-FL. MéFitko: 100 um. Pfevzato z Wang Y., 2023 [100].
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Zasadni pralom pfinesla naSe spolecna prace stymy dr. Russinové a dr. Suna
publikovand vroce 2024 [102], kterd identifikovala transportér ABCB19 (ATP-BINDING
CASSETTE SUBFAMILY B MEMBER 19) jako prvni specificky exportni systém pro
brassinosteroidy. Tento protein byl pfitom po dlouhou dobu studovan témér vyhradné
v souvislosti s transportem auxinu a patftil mezi nejlépe charakterizované ¢leny rodiny ABC
transportér(i zapojenych do regulace jeho distribuce v rostliné [103,104]. Pomoci kombinace
biochemickych metod, transportnich experimentl v proteolipozomech, analyz v rostlinnych
protoplastech (obrazek 23) a kryoelektronové mikroskopie bylo prokazano, ze ABCB19 vaze
biologicky aktivni brassinosteroidy a aktivné je transportuje pres plazmatickou membranu za
vyuZiti energie ziskané hydrolyzou ATP. Strukturdlni studie navic umozZnila popsat vazebné
misto hormonu uvnitf transportéru a objasnit molekuldrni princip rozpoznavani
brassinosteroid(i. Tento objev nejen poskytl prvni pfimy dikaz existence specializovaného
membranového systému zajistujiciho export brassinosteroidd z buriky, ale soucasné
vyznamné rozsifil dosavadni predstavy o substratové specificité transportéru ABCB19.

Azide-BDP-FL CS-BDP-FL  CS-BDP-FL+INC

ABCB19 H20

ABCB19 (F59A)

Obrazek 23: Zrychleny export CSA v Arabidopsis protoplastech exprimujicich GFP-ABCB19, nikoli vSak
v protoplastech exprimujicich mutantni variantu GFP-ABCB19 (F59A). Fluorescencni signal byl detekovan po
bioortogonalni reakci s azid-BDP-FL. INC — po 4h inkubaci. Méfitko: 10 um. Pfevzato Ying W., 2024 [102].

Na tuto praci poté navazala dalsi nase studie [105] zaméfena na homologni transportér
ABCB1 (ATP-BINDING CASSETTE SUBFAMILY B MEMBER 1). Vyuzitim obdobného souboru
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metod, zahrnujiciho méfeni ATPazové aktivity, transportni experimenty schemicky
modifikovanymi brassinosteroidy, click chemii a kryoelektronovou mikroskopii, bylo
prokazano, Zze také ABCB1 funguje jako transportér biologicky aktivnich brassinosteroida.
Strukturdini analyzy odhalily vazbu brassinolidu do hydrofobni kapsy transmembrénové
domény a popsaly konformacni zmény doprovazejici transport hormonu. Tyto vysledky
ukazaly, Ze export brassinosteroidli neni zajistovan jedinym transportérem, ale
pravdépodobné skupinou pribuznych ABC transportérd, které spolecné prispivaji k regulaci
brassinosteroidni signalizace.

Soucasné poznatky tedy ukazuji, Ze ackoli brassinosteroidy nepodléhaji vyznamnému
dalkovému transportu mezi organy rostliny, jejich lokdalni distribuce je regulovana komplexnim
souborem mechanismd zahrnujicich prostorové organizovanou biosyntézu, mezibunécny
transport prostfednictvim plasmodesmat a aktivni export biologicky aktivnich hormonu
pomoci ABC transportéri. Vyznamnou roli pfi objasfiovani téchto procesli sehraly také
pristupy chemické biologie, zejména vyuZiti fluorescencné znacenych ligand(, bioortogonalné
modifikovanych brassinosteroidnich derivatd, click chemie a modernich strukturné-
biologickych metod. Diky témto ndstrojim bylo moiné poprvé pfimo sledovat pohyb
brassinosteroid( v rostlinnych burnkach a detailné popsat mechanismy odpovédné za jejich
transport, distribuci a percepci.
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5 Zavér

Vyzkum brassinosteroidd prosel béhem poslednich desetileti vyraznym vyvojem.
Zatimco v pocatecnich fazich byla pozornost soustfedéna predevsim na izolaci novych
prirodnich brassinosteroidd a hledani moznosti jejich syntézy, soucasny vyzkum se zaméruje
zejména na objasfovani jejich biologickych funkci, signalizace a transportu. PrestoZe by se
mohlo zdat, Ze vyznam chemie v této oblasti postupné ustupuje do pozadi, vysledky shrnuté
v této praci ukazuji, Ze tomu tak neni. Chemie brassinosteroidd zlistava dlleZitym nastrojem
nejen pro pripravu novych sloucenin, ale také pro ziskavani novych poznatkd o jejich ptisobeni
v rostlinach.

Studium syntetickych analogl pfineslo fadu informaci o vztahu mezi strukturou
brassinosteroid(i a jejich biologickou aktivitou. Ukazalo se, Ze nékteré c¢asti molekuly lze
pomérné vyrazné modifikovat, aniz by doslo k Uplné ztraté aktivity, zatimco zmény v jinych
oblastech maji na biologické ucinky zasadni vliv. Vysledky ziskané pfi studiu nejrdznéjsich
syntetickych analogli pomohly |épe pochopit vyznam jednotlivych strukturnich prvki
molekuly a ukdzaly, které Upravy jsou z hlediska biologické aktivity prijatelné a které nikoliv.
Soucasné se ukazalo, Ze biologicka aktivita latky neni ddna pouze jeji schopnosti navazat se na
receptor, ale také jejimi fyzikalné-chemickymi vlastnostmi a schopnosti dostat se v rostliné na
misto svého pusobeni. Vyznamnou oblast predstavovalo také vyuZziti syntetickych derivatd pfi
studiu brassinosteroidnich receptori. Kombinace chemicky modifikovanych ligand( a
vazebnych experimentl umoznila podrobnéji popsat, které strukturni prvky jsou dllezité pro
rozpoznani hormonu receptorem BRI1 i pfibuznymi receptory BRL1-3. Tyto studie soucasné
ukazaly, Ze biologicky vyznamnou roli nemusi hrat pouze brassinolid, ale také dalsi pfirozené
se vyskytujici brassinosteroidy a nékteré jejich biosyntetické prekurzory. Chemické pristupy
tak vyznamné prispély k lepSimu pochopeni toho, jak rostliny brassinosteroidy rozpoznavaji a
jakym zplsobem je receptorovy systém vyuziva k regulaci rlistu a vyvoje.

Vyznam chemie se vyrazné projevil také pfi studiu lokalizace a transportu
brassinosteroid(i. Pfiprava fluorescenéné znacenych a bioortogonalné modifikovanych
derivati umoznila poprvé pfimo sledovat pohyb brassinosteroidnich molekul v Zivych
rostlinnych bunkach. Diky témto pfistupim bylo mozné objasnit osud receptorového
komplexu po navazani ligandu, prokazat mezibunécny transport brassinosteroidd
prostfednictvim plasmodesmat a identifikovat transportéry zajistujici jejich aktivni prenos
pres plazmatickou membranu. Tyto vysledky vyznamné rozsifily dosavadni predstavy o
distribuci brassinosteroidl v rostlinnych pletivech a ukazaly, Ze regulace jejich koncentrace je

Lze tedy konstatovat, Ze chemie brassinosteroidd dnes nepredstavuje pouze
prostfedek pro pripravu novych sloucenin. Moderni chemické a chemicko-biologické pristupy
se staly nedilnou soucasti vyzkumu téchto rostlinnych hormon( a vyznamné pfispély
k objasnéni jejich biologické aktivity, mechanismu plsobeni i transportu. Chemie tak z(stava

vvvvvv

molekularni drovni.
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Abstract Brassinosteroids (BRs) are a relatively
recently discovered group of phytohormones that are
essential for normal plant growth and development.
They participate in regulation of numerous wital
physiological processes in plants, such as elongation,
germination, photomorphogenesis, immunity and
reproductive organ development. Structurally they
are very similar to animal steroid hormones and
include about 70 polyhydroxylated sterol derivatives.
They are found at low levels in practically all plant
organs. Recent studies have indicated that BRs have
antiproliferative, anticancer, antiangiogenic, antiviral
and antibacterial properties in animal cell systems, and
thus have potential medical applications. Among
others, BRs can inhibit replication of viruses in
confluent human cell cultures, sometimes with high
selectivity indexes, inducing cytotoxic effects in
various types of cancer cells but not normal human
cells. Thus, they include promising leads for develop-
ing potent new anticancer drugs. The aims of this
article are to overview chemical characteristics, bio-
logical activities and the potential medical applica-
tions of natural BRs.
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Introduction

Brassinosteroids (BRs) are a class of plant-specific
steroid hormones characterized by polyhydroxylated
sterol structures with significant growth-promoting
activities (Clouse and Sasse 1998). They were initially
reported at the start of the 1970s, when Mitchell et al.
(1970, 1971) showed that ether extracts of Brassica
napus (rape) pollen, designated “brassin”™, promote
stem elongation and cell division in the bean internode
assay. The first BR to be isolated, from 40 kg of bee-
collected rape pollen was named brassinolide (2)
(Grove et al. 1979). All BRs have a 5a-cholestane
skeleton, with functional variations due to differences
in orientations of oxygenated functions on the skeleton
(Bajguz and Tretyn 2003).

BRs are distributed throughout the plant kingdom
and have been isolated, to date, from 64 plant species
including 53 angiosperms, one pteridophyte, one
bryophyte and three algae (Bajguz 2011). They have
been detected in all examined plant organs, including
pollen, seeds, leaves, stems, roots, flowers and grains.
They are also present in insect and crown galls.
However, pollen and seeds are the richest sources of
BRs. with contents in the 1-100 ng g~' FW range,
while shoots and leaves usually have much lower
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amounts, 0.01-0.1 ng g_J FW (Bajguz 2011). BRs are
involved in the regulation of many vital plant phys-
iological activities, such as cell expansion. cell
division, vegetative growth, reproduction, senescence,
seed germination and stress tolerance (Clouse 2002;
Bhardwayj et al. 2006; Krishna 2003). Recent studies
have shown that BRs also have potent antiviral,
antifungal, antiproliferative, antibacterial, neuropro-
tective and antiangiogenic activities in animal and
human systems (Wachsman et al. 2000, 2002; Miche-
lini etal. 2004, 2008; Malikovd et al. 2008; Steigerovd
et al. 2010; Rarova et al. 2012).

An array of brassinosteroids with variations in C-24
alkyl substituents are synthesized from campesterol,
sitosterol, and cholesterol. All three sterols are con-
verted to large numbers of metabolites in plant cells,
but only a few of the metabolites have biological
activity and biosynthetic pathways starting from
campesterol seem to be the most important in planta
(Hartmann 1998). Three major pathways of BR
biosynthesis starting from this precursor are known.
In two of these pathways the intermediate campestanol
is converted via either an “early” or “late” C-6
oxidation route, in which C-6 oxidation occurs before
and after introduction of C22 and C23 vicinal
hydroxyls, respectively (Fujioka and Yokota 2003).
These parallel pathways converge at castasterone (1),
the immediate precursor of BL. Late C-6 oxidation is
more prevalent in a number of species, including
Arabidopsis and pea (Nomura et al. 2001). The third
pathway, proposed by Ohnishi et al. (2006) following
analysis of BR biosynthesis in Arabidopsis, involves
direct {campestanol-independent) conversion of early
C22-hydroxylated 3-dehydro-6-
deoxoteasterone and 6-deoxotyhpasterol via C-23
hydroxylation. Proteins involved in BR signal trans-
duction pathways have also been identified. In
Arabidopsis BRs are perceived by the BR INTEN-
SIVEI (BRII) plasma-membrane receptor kinase and
activation of BRII/BRII-ASSOCIATED RECEP-
TOR KINASE 1 (BAKI) kinase complexes by
transphosphorylation.  Subsequently, BRASSINOS-
TEROID INSENSITIVE 2 (BIN2) kinase is dephos-
phorylated and inactivated, resulting in the
accumulation of unphosphorylated BRASSINAZOLE
RESISTANT (BZR) transcription factors in the
nucleus (Kim and Wang 2010; Li and Chory 1997,
Wang et al. 2001). In this review we summarize

intermediates to
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current knowledge about BRs® chemistry and biolog-
ical activities in plant and animal systems (Fig. 1).

Chemistry

The first svntheses of BRs were described shortly after
their isolation and structural determination, when
Thompson et al. (1979) published syntheses of
24-epicastasterone (24-epiCS. 3) and 24-epibrassino-
lide (24-epiBl, 4). Starting from commercially avail-
able ergosterol (7), these BRs were respectively
obtained after nine and 12 steps, as shown in
Scheme . The most important reactions in this
scheme are isomerization and formation of i-ergos-
terol (9), oxidation to i-sterone (10), reduction of the
7-double bond, formation of 2,3-olefin 14, cis-dihy-
droxylation, and Baeyer—Villiger oxidation. This is
still a standard strategy for preparation of 24-epi-
brassinosteroids and few improvements have been
published. However. McMorris and Patil (1993)
improved synthesis of 24-epibrassinolide (4), reducing
the number of reaction steps to seven. This was done
by catalyzing isomerization of i-sterone (5) to 2,3-
olefin (14) wsing pyridinium hydrochloride and
lithium bromide in one step, and performing the
Baeyer—Villiger oxidation of 24-epicastasterone (3)
using trifluoroperoxyacetic acid solution without prior
acetylation of hydroxyl groups (in both cases with
80 % wield). If the starting material is brassicasterol
24-epibrassinolide (4) can be prepared in just five
steps (Takatsuto and Ikekawa 1984). However, low
availability and high price of brassicasterol limit its
use as a starting material.

28-homobrassinolide (6) is prepared in a similar
fashion to the synthesis of 24-epibrassinolide (4)
already described. The starting material is usually
commercially available stigmasterol (16), from which
28-homobrassinolide (6) can be obtained after six
reaction steps (McMorris et al. 1994). Another
synthetic approach, published by Sakakibara and Mori
(1982), also starts from stigmasterol (16), but involves
epoxidation of the 22,23-double bond in 17, followed
by cleavage of the epoxide ring of I8 with hydro-
bromic acid and formation of bromohydrin (19).
Acetylation of bromohydrin (19) and hydrolysis of
bromide followed by saponification of tetraacetate
(21) affords 24-homocastasterone (5) (Scheme 2).
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Fig. 1 Structures of representative natural brassinosteroids

24-Homobrassinolide (6) is then obtained by standard
Baeyer—Villiger oxidation.

The syntheses described thus far are straightfor-
ward, but a crucial reaction that significantly influ-
ences overall yields is osmium tetroxide-catalyzed
asymmetric dihydroxylation of double bonds. While
dihydroxylation of the double bond on the A-ring
leads only to the 2x.30-diol, dihydroxylation of the
side chain double bond can afford both 22R,23R-diol
(natural) and 225.235-diol (unnatural). The stereose-
lectivity of dihydroxylation mostly depends on the
C-24 configuration and chiral ligand used in the
reaction. It was proved that 9-0-(9'-phenanthryl)-
dihydroquinidine is so far the best chiral ligand for
Sharpless dihydroxylation (OsOy + K;[Fe(CN)g] + -
chiral ligand) of 22-ene steroids (Huang et al. 1993).
The effect was most evident in case of (22F,245)-24-
ethyl substituted side chain when the ratio of R.R- and
§.,5-diol was increased up to 8: 1. Without chiral ligand
this dihydroxylation gave only S.5-diol. In the case of
(22E,24R)-24-methyl substituted side chain the same
dihydroxylation procedure favors R.R-diol in a much
higher ratio (13:1). Slow dihydroxylation of the side
chain double bond can be accelerated by adding
methansulfonamide (McMorris and Patil 1993),

A completely different strategy has been developed
for synthesis of the first discovered BR, brassinolide
(2), and castasterone (1). This is mainly due to low

24-epicastasterone (3)

24-epibrassinolide (4)
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availability of starting material for the strategy used to
synthesize 24-epibrassinolide (4) and 28-homobrassi-
nolide (6). For example, crinosterol could potentially
be used, but only analytical amounts that cannot be
used for multistep procedures are available, although
its synthesis has been described (Anastasia et al.
1983). Thus, efforts have mainly focused on prepara-
tion of a new side chain with a 24S-methyl group.
There are many approaches for building a chain with
the desired methyl group configuration. The first,
published shortly after isolation of brassinolide (Fung
and Siddall 1980), was based on the reaction of
aldehyde 22 with lithium butyldimethyl-(E)-2,3-
dimethylbutenylalanate as a carbon—carbon formation
reagent with 46 % yield. Subsequent epoxidation of
olefin 23 and cleavage of epoxide 24 affords the
desired side chain (Scheme 3).

A similar procedure has also been described for
preparation of 28-homobrassinolide (6) and dolicho-
lide (Mori et al. 1984). Compound 23 can also be
obtained from 20-formyl derivative 22 via three-step
synthesis using 3-methyl-2-oxobutyl(triphenyl)arson-
ium bromide as a carbon—carbon bond formation
reagent (Shen and Zhou 1990},

Another synthetic strategy is based on formation of
alkyne side chain (e.g. 23) as a key intermediate for
further modification. The main reagent used for its
synthesis is 3-methylbut-1-ynyl lithium, prepared

@ Springer



1056

Phytochem Rev (2015) 14:1053-1072

%,

TsCl
—_—
pyridine

HO' TsO

pyr.HC1
LiBr

AcO,,

AcO™

fo] 15

1) MCPBA/CHCI,
-

2) saponification

o

1) H,S0,/AcOH TsCl
_—

—_—
2) saponification p ey pyridine
o 12
AcyO
0s0, HO,,
pyridine
banzene

HO"

Scheme 1 Synthesis of 24-epicastasterone (3) and 24-epibrassinolide (4) from ergosterol (7) (double arrows indicate improved and

shortened synthesis)

in situ from 1,1-dibromo-3-methyl-but-1-ene. Ishig-
uro et al. (1980) published the first alkyne side chain
synthesis using this reagent.

However, such a synthesis of brassinolide (2}
involves 22 steps and thus is very inefficient, in large
part because reduction of the cyano group of 31 to
methyl alone requires eight steps (Scheme 4). The
same group also used this procedure for synthesizing
typhasterol and several 28-norbrassinosteroids (Takat-
suto et al. 1984). More efficient way was published
few years later (Sakakibara and Mori 1983; Mori et al.
1984; Aburatani et al. 1985). The improvement that
allowed significant reduction of reaction steps is based
on opening of epoxide ring of 29 with trimethylalu-
minium directly to 245 methyl group (Scheme 4).
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Although this strategy is more efficient in number of
reaction steps, the overall yield is affected by non-
stereoselectivity of the alkyne formation: both isomers
of 22-hydroxy alkynes (27R and 27S) are obtained in
1:1 ratio. This problem was subsequently solved via
stereoselective  sulfenate-sulfoxide transformation
(Zhou and Shen 1991). The mixture of both hydroxy
alkynes (27S and 27R) can be hydrogenated to olefins
288 and 28R, which are then subjected to reaction with
benzenesulfenylchloride to form sulfoxides 338 and
33R. Methylation with iodomethane in the presence of
lithium diisopropylamide followed by cleavage of
sulfoxide 34 with trimethyl phosphite affords the 22R-
hydroxy-24-methyl olefin 35 and its 228 isomer in a
8.4:1 ratio with 53 % overall yield (Scheme 5).
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Another approach to build the side chain of brassino- (McMorris et al. 1996). Its reaction with lithium
lide (2} is Julia-Lythgoe olefination with chiral sulfone diisopropylamide followed by addition of aldehyde 26
(Sakakibara et al. 1982). Starting with aldehyde 26 and gave hydroxybutenolide 39. Such a lactone is hydro-

chiral (5)-2,3-dimethylbutyl-phenylsulfone this olefi- genated and then reduced with lithium aluminum
nation can afford the side chain with desired 245 con- hydride to afford the side chain with desired config-
figuration (crinosterol side chain). Further reduction of urations on all chiral carbons. Oxidation of primary
sulfone 37 by sodium amalgam in methanol and ethyl alcohol 42 and further decarbonylation of aldehyde 43
acetate gives olefin 38, which can be oxidized by with Wilkinson’s catalyst removes oxygen from
osmium tetroxide (Scheme 6). Efficient and stereo- position 28 (Scheme 7). The overall yield of this
controlled preparation of brassinolide (2) can be procedure is 32 %. A shorter and more efficient way of
achieved by using of 3-isopropylbut-2-enolide constructing the side chain involves a similar sequence
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Scheme 5 Efficient construction of brassinolide side chain 30 via sulfoxide

of reactions but starts with 3,4-dimethylbut-2-enolide by standard reactions for this purpose; mesylation and
(Donaubauer et al. 1984). In this case, the key reduction of mesylate 49 with lithium aluminum
intermediate is 26-hydroxy derivative 47. The hydro- hydride. The overall yield of this sequence is 70 %
xyl group 1s removed to obtain brassinolide side chain (Scheme 8).
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Scheme 7 Construction of brassinolide side chain using 3-isopropylbut-2-enolide

Another option for controlling the side chain chain) is afforded by presence of the bulky -
stereochemistry is to use furan-2-yl hthium as a butyldimethylsilyloxy group on neighboring carbon.
reagent (Kametani et al. 1989: Honda et al. 1990; Moreover, this synthesis can also afford other BR
Tsubuki et al. 1992). Stereoselective hydride reduc- biosynthetic precursors and metabolites (e.g. cathas-
tion of 52 and subsequent | 4-addition of the terone 59 and cryptolide 58).
24-methyl group to the pyranone derivative 55 are The above mentioned approaches are landmark
the key reaction steps of this side chain (Scheme 9). examples of BR syntheses during the last ca. 40 years.

Nucleophilic addition to aldehyde 26 has also been Many other published procedures have been patterned
exploited, in the most recently published construction on them and others are probably awaiting publication,
of the brassinolide side chain (Hurski et al. 2013, highlighting the intense interest among organic che-
2015), which can provide brassinolide (2) in a few mists working on plant hormones in finding simple
steps via use of chiral thioacetal (Scheme 10). Selec- procedures for synthesizing BRs and their natural
tive reduction of 23-oxoderivate 60 (cryptolide side analogues. Reasons for this interest are described below.
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Biological activities of BRs on plants

BRs promote growth and developmental processes in
all plant tissues and organs. At cellular levels, they
regulate cell elongation, cell division and differenti-
ation. At whole-plant levels, they participate in control
of root and shoot development, seed germination and
fertility (Kvasnica et al. 2014; Sasse 2003; Yang et al.
2011). BRs apparently co-ordinate and integrate
diverse processes required for growth, partly via
interactions with other hormones (Miissig 2005). In
addition to their pivotal roles in plant growth and
development, they appear to participate in mecha-
nisms conferring tolerance to diverse environmental
stresses, including high and low temperatures,
drought, salinity, herbicidal injury, and pathogen
attack (Krishna 2003).

Effects of BRs on cell elongation and division

Brassinosteroids participate in plant growth regulation
by acting on both cell expansion and division. Genetic
studies have confirmed that these processes are
severely retarded in most BR-deficient and BR-insen-
sitive mutants (Clouse et al. 1996). BR-deficient
mutants display severe leaf phenotypic perturbations,
including production of small, round leaves and short
petioles (Szekeres et al. 1996; Li et al. 2001). Feeding
these mutants with BRs restores the normal leaf size,
by increasing both sizes and numbers of mesophyll
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cells, implying that BRs promote leaf growth by
enhancing both cell expansion and cell division
(Nakaya et al. 2002). In rice the abaxial sclerenchyma
cell number of lamina joints is closely related to leaf
erectness and BR signaling tightly regulates their
proliferation. Sun and co-workers identified a rice
U-type cyclin CYC U4;1 that plays a positive role in
promoting leaf erectness by controlling the abaxial
sclerenchyma cell proliferation (Sun et al. 2015). A
rice dwarfl mutant, which lacks BR C-6 oxidase
activity, exhibits abnormal organization and polar
clongation of leaf and stem cells, leading to dramatic
defects in development of many organs (Hong et al.
2002). Conversely, BR-insensitive (BRI{) mutants
have larger and longer leaf blades, and longer petioles,
than wild-type counterparts, due to increases in
epidermal cell numbers, suggesting that BRs solely
promote cell division during leaf growth (Gonzalez
etal. 2010: Oh et al. 2011). However, Zhiponova et al.
(2013) found that stimulating BR signaling and BR
biosynthesis respectively promoted cell proliferation
and cell differentiation. Hence, while enhancing BRII
activity led to increased numbers of dividing cells
(Gonzalez et al. 2010; Oh et al. 2011), continuous
exposure to the hormone resulted in a lower proportion
of mitotic cells and enhanced cell expansion (Zhipo-
nova et al. 2013; Singh and Savaldi-Goldstein 2015)
Early studies with Zinnia elegans L. mesophyll cell
cultures showed that BRs also play an important role in
promoting xvlem differentiation (Yamamato et al.
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1997). Notably, the BR synthesis inhibitors unicona-
zole and brassinazole prevent xylem differentiation in
Zinnia cell cultures, which can be restored by treatment
with BL or 28-homoBL (Iwasaki and Shibaoka 1991).
BL is essential for entry into the final stage of tracheary
element differentiation, where secondary wall forma-
tion and cell death occur (Iwasaki and Shibaoka 1991).

BRs regulate root growth

Several recent studies have demonstrated the presence
of BRs in maize and tomato roots (Kim et al. 2000;
Yokota et al. 2001). The effects of BRs on root growth
are strongly dependent on the BR concentration used:
low (nM) concentrations can stimulate primary root
growth, while higher concentrations (uM) can inhibit
it (Haubrick and Assmann 2006). 24-EpiBl (4)
reportedly has inhibitory effects on root formation in
mung bean (Vigna radiata), wheat (Triticum aes-
tiviem), maize (Zea mays), tomato (Solanum Iycoper-
sicum) and Arabidopsis seedlings (Roddick and
Ikekawa 1992; Clouse et al. 1993; Guan and Roddick
1988). Two recent studies on the role of BRs in root
growth have shown that BRs play a regulatory role in
the control of cell-cycle progression and differentia-
tion in the Arabidopsis root meristem (Gonzalez-
Garcia etal. 201 1; Hacham et al. 2011; Vragovic et al.
2015; Chaiwanon and Wang 2015). More specifically,
analyses of BRI loss of-function (brif-116 null) and
gain-of-function (bes/-D) Arabidopsis mutants by
Gonzalez-Garcia et al. (2011) showed that balanced
BR signaling is needed to maintain meristem size and
overall root growth, and that BR signaling is required
for cell cycle progression. Hacham et al. (2011)
showed that the size of the root meristem is controlled
by BRII activity in the epidermis and the signal from
the epidermis is probably transmitted by a component
that differs from BZR1 and BES1/BZR2. Further,
BRs" activity in regulation of root meristem size is
integrated with the action of PIN auxin efflux carriers
(Hacham et al. 2012), as bri/ mutants and plants
treated with the BR biosynthesis inhibitor brassina-
zole. had lower than wild-type PIN2 levels. Moreover,
restricting BRI activity in the epidermis restored
PIN2 expression while BRI activity in the inner cells
had weaker effects. In addition, levels of transcripts
encoding endogenous PIN2 and transgenic PIN2-GFP
slightly changed in response to short BR treatment, in
opposite directions to PIN2 protein levels. Thus, PIN2
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appears to be regulated by BRs post-transcriptionally.
Interestingly, BRs had similar effects on PIN4 accu-
mulation in the columella, although Hacham et al.
(2012) detected no apparent transcriptional perturba-
tion of PIN 1, 3 and 7 genes in BR-deficient plants.

Effects of BRs on shoot growth

BRs have particularly strong growth-promoting
effects in stems of seedlings and young plants
(providing the basis for one of the most widely used
BR bioassays, the second bean internode bioassay),
mainly via promotion of expression of genes involved
in cell elongation and wall extensibility (Horvath et al.
2003; Yang et al. 201 1). Expression of the BR receptor
BRIl or a BR biosynthetic enzyme (CPD) in the
epidermis, but not the vasculature. can rescue the
dwarf phenotype of null mutants. BR signaling from
the epidermis is not sufficient to establish normal
vascular organization. Moreover, shoot growth is
restricted when the epidermis is depleted of BRs and
BRs act locally within a leaf (Savaldi-Goldstein et al.
2007). Ibanes et al. (2009) showed that BR signaling is
required to set the number and arrangement of
vascular bundles in Arabidopsis shoots, as BR-
deficient and BR-insensitive mutants have fewer
bundles, while BR signaling mutants have more than
wild type stems. In Arabidopsis, BRLI and BRL3 (but
not BRL2) are functional genes involved in vascular
tissue development (Cano-Delgado et al. 2004),
Growth 1s also associated with increased carbohydrate
demand for biosynthetic metabolism, and Goetz et al.
(2000) provided evidence for a role of BR in
carbohydrate allocation in hypocotyls, showing that
expression of the tomato Lin6 gene is specifically
induced by BR in the 10 mm section immediately
below the hypocotyl hook. Furthermore, Tanaka et al.
(2003) found that BR treatment can dramatically
increase the length of hypocotyl cells in light-grown
plants, while application of the BR-biosynthesis
mhibitor brasinazole (Brz) reduces their average
length.

BRs act interactively with other plant hormones in
the regulation of plant elongation, notably they have
essentially additive effects with gibberellins (GA) and
synergistic effects with auxin (IAA) on stem segment
elongation (Unterholzner et al. 2015; Tong et al.
2014). More specifically. Katsumi (1985) showed that
treating cucumber hypocotyl sections with 28-homoBI
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(6) followed by IAA resulted in synergistic enhance-
ment of auxin-induced elongation, but when the order
of treatment was reversed. 28-homoBl (6) was inac-
tive, suggesting that BRs modulate stem tissues’
capacity to respond to IAA. Effects of various
combinations of GAs, IAA and brassinolide (2) on
the development and leaf anatomy of Tabebuia alba
(Cham.) seedlings have also been evaluated (Ono et al.
2000). GA plus brassinolide (2) induced the highest
stem and petiole growth rates of the tested combina-
tions, accompanied by significant development of
lateral buds, while Bl (2) application alone stimulated
petiole growth but not stem growth. The effects of
varying concentrations of [AA alone or in combina-
tion with Bl (2) or the cytokinin 6-benzylaminopurine
(BAP), on ethylene production in Arabidopsis inflo-
rescences have also been evaluated (Arteca and Arteca
2008). The cited authors found that treating inflores-
cences with Bl (2) alone had no effect on ethylene
production. However, application of Bl (2) in combi-
nation with [AA increased ethylene production dra-
matically more than IAA alone, so co-application of
these hormones had a synergistic effect on ethylene
production. In addition, Bl (2) reportedly promotes
stomatal closure and inhibits stomatal opening in Vicia
faba L., by inhibiting inwardly rectifying K™ currents
of guard cell protoplasts in a similar manner to ABA
(Haubrick et al. 2006). However, effects of applying
B1(2) and ABA together were not additive, suggesting
that these two hormones may function in interacting
pathways that regulate stomatal and guard cell
physiology.

Roles of BRs in reproductive organ development

Very high BR levels are found in pollen and seeds, and
extensive studies have demonstrated that BR plays a
significant role in regulation of reproductive develop-
ment in Arabidopsis (Chory et al. 1991; Li et al. 2010).
On the female side, BRs influence numbers of ovule
primordia and, thus, numbers of seeds produced (Huang
et al. 2013), while dwarf BR Arabidopsis mutants
display male sterility, due to abnormal tapetum devel-
opment and reductions in pollen number (Ye et al.
2010). Conversely, exogenous application of 24-epiBL
can stimulate Arabidopsis pollen germination and
pollen tube growth rates, and increase final pollen tube
lengths, in vitro (Vogler et al. 2014). BRs may also
influence branching and flower formation through
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modulation of metabolic pathways and nutrient alloca-
tion patterns, then subsequently promote fertilization by
stimulating filament and pollen growth (Miissig 2005).
Numerous other factors are, of course, interactively
influential. For example, Kesy et al. (2003) found that
the short-day plant Pharbitis nil Choisy treated with Bl
(2) and CS (1) formed fewer flowers than control plants,
but the degree of inhibition depended on the concen-
tration applied, the application method and length of the
inductive dark period. Nevertheless, spraying BR at
flowering generally leads to a significant increase in the
production of various crops (Vriet et al. 2012). For
example, Symons et al. (2006) found that exogenous
application of 24-epiBl (4) and brassinazole respec-
tively promoted and delayed ripening of grape (Vitis
vinifera L.) fruits. Similarly, Vardhinm and Rao (2002)
found that applying 24-epiBl (4) and 28-homoBI (6) to
tomatoe pericarp discs promoted ripening-associated
changes, including increases in lycopene and carbohy-
drate contents, accompanied by increases in ethylene
production and reductions in chlorophyll and ascorbic
acid contents.

Roles of BRs in seed development and germination

Little is known about effects of BRs on seeds’
composition (protein, fat, mineral and carbohydrate
contents). However, results of exogenous 24-epiBl (4)
application on wheat and soybean (Glycine max)
plants and seeds suggest that BRs significantly
increase [J-carotene and tocopherol contents, to vary-
ing degrees depending on the treatment method
(Janeczko et al. 2009, 2010). Hayat and Ahmad
(2003) found that 28-homoBL (6} treatment increased
catalase, o-amylase and peroxidase levels of wheat
seedlings. They also found that soaking Lens culinaris
Medik seeds in 28-homoBl solutions resulted in
seedlings with reduced root lengths and numbers of
nodules, but higher than control nitrate reductase
activities (Hayat and Ahmad 2003). In addition,
analysis of seed development, and effects of BR on
genes known to control various aspect of seed
development, in BR-deficient (der2) and BR-insensi-
tive (bril-5) mutants by Jiang et al. (2013) demon-
strated that BRs play crucial roles in regulation of the
size, mass, and shape of Arabidopsis seeds. Their
results indicate that BR increased seed size by
affecting the integument, endosperm, and embryo
development, and that BR-activated BZRI directly
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regulated several genes known to control seed size.
They further showed that the seed shape was deter-
mined largely by BR signals from maternal tissues,
while BRs produced by the embryo and endosperm
seemed sufhcient to increase seed size, providing
evidence for a localized mode of BR action in seed
development. BR applications also reportedly enhance
germination of the seeds of certain parasitic angios-
perms and cereals (Yamaguchi et al. 1987; Takeuchi
et al. 1995).

Leubner-Metzger (2001) extended these findings by
showing that BR and the gibberellin GA4 and Bl both
promote germination of Nicotiana tabacum L. cv. Havana
425 seeds. but by distinct signal transduction pathways.
GAs and light release photodormancy via a common
pathway, but BRs do not release photodormancy. Further-
more, induction of f§ GLU I, a molecular marker for
endosperm rupture, is associated with the GAJlight
pathway, but not BR signaling. Instead, the BR pathway
seems to promote rupture of non-dormant seeds’ endo-
sperm by enhancing the growth potential of the embryo
(Leubner-Metzger 2001). Additional insights have been
provided by Nomura et al. (2004, 2007), who found that a
severely BR-deficient mutant of pea, Ik, produces irregu-
larly shaped seeds, and that Bl and CS levels peaked,
together with levels of transcripts of two BR C-6-oxidase
genes (CYP85A 1, CYPS3A6), when pea seeds were rapidly
growing. In early germination stages they also observed
increases in levels of CS (but not B) in the growing tissues,
accompanied by high levels of CYPS85AT and CYPS5A6
transcripts. However, the level of 6-deoxocathasterone
decreased while levels of downstream intermediates
increased. These results suggest that during germination
and early growth stages CS plays a significant role, while
6-deoxocathasterone is the major BR for storage and
utilization (Nomura et al. 2004). The transgenic rice plants
expressing maize, rice or Arabidopsis genes encoding
sterol C-22 hydroxylases that control BR hormone levels
using a promoter that is active in only the stems, leaves and
roots were created by Wu and co-workers. These plants
produced more tillers and more seed than wild-type plants.
The phenotypic changes brought about 15-44 9% increases
in grain yield per plant relative to wild-types in greenhouse
and field trial (Wu et al. 2008).

Roles of BRs in stress tolerance

BRs play important roles in tolerance to diverse
biotic and abiotic stresses, including drought, salt,
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heat, cold, hypoxia, pesticides, heavy metals and
disease (Bajguz and Hayat 2009). Drought, salinity
and freeze-induced dehydration constitute direct
osmotic stresses, and thus share some effects with
chilling and hypoxia, which can indirectly induce
osmotic stress by impairing water uptake and
increasing water losses. BR can reportedly increase
Indian mustard plants’ tolerance of water stress, as
both foliar sprays of 28-homoBl (6) and exposure to
drought can raise their levels of antioxidant systems
(Fariduddin et al. 2009). Application of 28-HomoB]
(6) can also stimulate growth of wheat (Triticum
aestivum L.) under drought stress, through increasing
relative water contents, nitrate reductase activity,
chlorophyll contents and photosynthesis rates
(Sairam 1994), and these effects are stronger n
drought-tolerant varieties. Further studies demon-
strated that 24-epiBl (4) confers cucumber plants
with hypoxia tolerance, probably by enhancing sugar
supplies to hypoxic roots and shifting hypoxic
metabolism from lactate fermentation to alcohol
fermentation (Kang et al. 2009). Furthermore, treat-
ment with Bl (2) enhances increases in superoxide
dismutase, catalase, ascorbate peroxidase. ascorbic
acid and carotenoid contents in maize seedlings
subjected to water stress (Li et al. 1998). Similarly,
the Arabidopsis det2 mutant is insensitive to the
negative growth effects of very low oxygen concen-
trations, and its enhanced oxidative stress resistance
has been associated with constitutive increases in
superoxide dismutase activity and catalase transcript
levels, suggesting that long-term BR deficiency
results in a constant in vivo physiological stress in
this mutant (Cao et al. 2005). Treating tomato and
rape seedlings with 24-epiBl (4) increases thermo-
tolerance, which is associated with higher synthesis
of heat shock proteins (HSPs) and expression of
mitochondrial small HSPs in the leaves (Dhaubhadel
et al. 2002; Kagale et al. 2007). Finally, cultures of
Chlorella vulgaris BELJERNICK treated with BRs
and heavy metals show lower bioaccumulation of the
heavy metals zinc, cadmium, lead and copper than
cultures treated with the metals alone (with effects
declining in the presented order of metals). Hence,
BRs reduce the impact of heavy metals stress on
growth of these cultures, by decreasing chlorophyll,
sugar and protein losses and increasing synthesis of
phytochelatins (Bajguz and Hayat 2009; Bajguz
2000, 2002).
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Roles of BRs in plant immunity

Exogenously applied BRs can induce resistance to a
broad spectrum of pathogens. For example, Bl (2) can
protect rice against blast and bacterial blight diseases,
and enhance resistance of tobacco to the bacterial
pathogen Pseudomonas syringe and fungal pathogen
Oidium (Nakashita et al. 2003). Similarly, Kripach
et al. (2000) found that cultivation in medium
containing Bl (2), 24-epiBl (4) and 28-homoBl (6)
increased potato cuttings’ resistance to viral infection
during all developmental stages. 24-EpiBl can also
protect barley against Fusariwm diseases: in the
absence of BR, 31 % of spikelets inoculated with F.
crtlmorum by Shahin et al. (2013) displayed typical
Fusarium head blight bleaching symptoms. In con-
trast, just 4 % of spikelets treated with 24-epiBl -
showed such symptoms and they had substantially
lower losses in grain number and weight. Other
authors have shown that Bl treatment can increase
Cucumber mosaic virus resistance in Arabidopsis by
enhancing antioxidative enzyme activities and expres-
sion of defense-associated genes (Zhang et al. 2015).
Furthermore, numerous studies have indicated that BR.
signaling components play essential roles in innate
immunity, particularly BAK1, which besides partici-
pating in BR signaling is involved in regulation of
microbe-induced cell death and interacts with various
pattern recognition receptors (Kemmerling et al. 2007;
Albrecht et al. 2012; Belkhadir et al. 2012).

Biological activities of BRs in human cells

Roles of BRs in plant cells and plants have been
intensively examined. Much less is known about their
effects on human cells. However, as reviewed in the
following sections, various studies have shown that
natural BRs have potentially valuable activities for
medical applications, including antiviral (Wachsman
etal. 2000; Wachsman and Castilla 2012), immunomod-
ulatory and neuroprotecting activity (Michelini et al.
2008, 2013), antioxidant and neuroprotective activities
in a mammalian neuronal cell line (Carange et al. 201 1),
and antiproliferative effects in animal cells in vitro
(Franek et al. 2003; Malikova et al. 2008; Obakan et al.
20144, b; Rédrovd et al. 2012; Steigerovd et al. 2010,
2012; Wu and Lou 2007).
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Antiviral effects of BRs

Antiviral activities of various natural BRs have been
reported recently, including in vitro activities of
28-homoCS (5) and 28-homoBl (6) against herpes
virus, measles and arenaviruses (Wachsman et al.
2000, 2002). Brassinolide (2) and 28-homoCS (5) also
have broad antiviral activities at pM levels, against
both RNA and DNA viruses, including poliovirus,
HSV-1 and HSV-2. measles virus, vesicular stomatitis
virus (and the arenaviruses Junin, Tacaribe and
Pichinde), mediated by interference with virus protein
synthesis and maturation of viral particles (Wachsman
and Castilla 2012). Several series of synthetic BR
analogues have also been tested for antiherpetic and
other antiviral activities, and ranked in terms of
inhibitory effects on viral replication in confluent,
non-growing Vero cell cultures (Michelini et al. 2004;
Ramirez et al. 2000; Wachsman et al. 2004). Many of
the BR derivatives were active against different
viruses. The compounds were also usually cytotoxic,
with varying selectivity indexes, and only a few
exhibited medium cytotoxicity towards Vero cells
(IC 5y values between 20 and 60 pM).

Antiproliferative activities of BRs

To date, more than 70 anticancer molecules have been
derived from natural products (Newman and Cragg
2007), and many other natural products have been
identified as potential sources of new anticancer drugs.
The first published indications of relevant activities
were stimulatory effects of 24-epiBl (4) on cultured
hybridoma mouse cells, including increases in mito-
chondrial membrane potential and proportions of cells
in the G/G, phase, and reductions in intracellular
antibody levels and proportions of cells in S phase
(Franek et al. 2003). Subsequently, the natural BRs
24-epiBl (4) and 28-homoCS (5) were shown to have
inhibitory effects on the growth and viability of
various cancer cell lines (Malikova et al. 2008).
Promisingly, these BR substances affected the viabil-
ity of human cancer cell lines (including CEM
T-lymphoblastic leukemia, MCF7 breast carcinoma,
AS549 lung carcinoma, K562 chronic myeloid leuke-
mia, RPMI 8226 multiple myeloma, HelLa cervical
carcinoma, G361 malignant melanoma and HOS
osteosarcoma lines) without affecting growth of
normal human cells (BJ fibroblasts). Treatments with
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28-homoCS (5) and 24-epiBl (4) resulted in potent,
dose-dependent reductions in the viability of CEM and
RPMI 8226 cells, with ICs; levels ranging from 13 to
50 pM., 28-HomoCS (5) was the most active com-
pound agamnst CEM cells (ICs, 13 pM), inducing
approximately three times stronger responses than
28-homoB1 (6), indicating that transformation of
6-oxo-T-oxalactone to 6-oxo functionality substan-
tially increases the growth inhibitory activity of BRs.
The presence of a 24R side chain strongly reduces BR
cytotoxicity. The 24R side chain in 24-epicastasterone
also reduced anticancer activity compared to castas-
terone. 28-HomoCS (5) and 28-homoBl (6) have an
ethyl group in their side chains at C24 and are more
effective than the corresponding analogues with C24
methyl groups. Since [-ecdysone, which contains
23,3p.220—functionality, showed no detectable activ-
ity, the most important groups for strong cytotoxic BR
effect could be a 3o-hydroxy group, 22,3a-vicinal diol
or 32, 44-vicinal diol (Malikova et al. 2008). The cited
authors also found that natural BRs had varying effects
on estrogen- and androgen-sensitive and insensitive
breast and prostate cancer cell lines, but they were
more potent towards the hormone-sensitive cell lines,
possibly due to their modulation of steroid receptors.
Flow cytometry-based analysis revealed that the BRs
can disturb the cell cycle in breast and prostate cancer
cell lines. More specifically, 28-homoCS (5) and
24-epiBl (4) blocked the cell cycle in the G, phase
with concomitant reductions in percentages of cells in
the S phase (Malikovd et al. 2008). These are typical
growth inhibitory effects of antiestrogens on MCF7
cells (Parl 2000). More recently, Hamdy et al. (2009)
isolated a new natural BR-related metabolite, 3-keto-
22-epi-28-norcastasterone, from Cystosefra myrica
that exhibited anticancer activity against human liver
(HAPG-2) and colon cancer (HCT116) cells with [Cs,
values of 5.63 and 1.16 pM, respectively.
Furthermore. 24-epiB1 (4) can induce apoptosis by
activating a polyamine catabolic pathway in LNCaP
and DUI45 prostate cancer cells, thereby inducing
accumulation of cytotoxic hydrogen peroxide and
aldehydes, and LNCaP cells expressing androgen
receptor (AR) are more sensitive than cells lacking
functional AR (Obakan et al. 2014a). The same authors
also showed that 24-epiBl (4) can induce mitochondria-
mediated and caspase-dependent apoptosis, regardless
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of p53 expression, in androgen-insensitive PC3 prostate
cancer cells. Biosynthetic precursors of natural 24-nor-
brassinolide phytohormones containing low-polarity
groups in the cyclic moiety of the molecule also have
antiproliferative  and  apoptosis-inducing  activities
towards LNCaP human prostate adenocarcinoma cells,
mediated by blockage of the cell cycle (Khripach et al.
2012).

BRs' effects in wound healing and angiogenesis

The growth of new blood vessels in animals, angiogen-
esis, is essential for organ growth, growth of solid
tumors, and establishment of metastasis (Folkman
1974), to meet the organs’ or tumors’ oxygen and
nutrient supply requirements. The most important
components of angiogenic tissues, the endothelial cells,
could be targets for antiangiogenic therapy because they
are not transformed, and easily accessible to antiangio-
genic agents. Furthermore, tumor angiogenesis could be
potentially targeted by novel generations of drugs (of
natural or synthetic origin) that inhibit proteolytic
enzymes which break down the extracellular matrix
surrounding existing capillaries, and/or inhibit endothe-
lial cell proliferation and migration. and/or enhance
apoptosis of tumors’ endothelial cells (Kesisis et al.
2007; Bhat and Singh 2008). Such candidate leads
include various steroids with known antiangiogenic
activity, among others 2-methoxyestradiol, progestin,
medroxyprogesterone acetate, and glucocorticoids such
as dexamethasone and cortisone (Pietras and Weinberg
2005). Several natural BRs also have effects on
endothelial cells, including potential antiangiogenic
activity (Rarova et al. 2012). Furthermore, two natural
BRs, 24-epiBl (4) and 28-homoCS (5), reportedly
inhibit growth of Human Microvascular Endothelial
Cells (HMEC-1) in a dose-dependent manner, and
reduce migration of Human Umbilical Vein Endothelial
Cells (HUVEC). Treatment with these agents slightly
reduced numbers of tubes that formed, as well as
numbers of nodes, one of the parameters usually used to
assess antiangiogenic activity. This antiangiogenic
activity of BRs, along with their antiproliferative
activity, suggests that these plant hormones and new
synthetic derivatives with stronger antiangiogenic
activities are potentially important leads for new
anticancer drugs (Rérovd et al. 2012).
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BR effects on neuronal cells

Oxidative stress and apoptosis are frequently impli-
cated in the neuronal cell damage associated with
various neurodegenerative disorders, such as Parkin-
son’s disease. BRs are known to promote stress
tolerance in plants via modulation of the antioxidative
enzyme cascade. Their antioxidative effects on mam-
malian neuronal cells have not yet been examined in
detail. However, Carange et al. (2011) analyzed the
ability of 24-epiBl to protect PC12 neuronal cells from
oxidative stress induced by 1-methyl-4-phenylpyri-
dinium, MPP(+), and consequent apoptosis in
dopaminergic neurons. They found that 24-epiBl
reduced levels of intracellular reactive oxygen species,
and modulated superoxide dismutase, catalase, and
glutathione peroxidase activities. The observed
antioxidative properties of 24-epiBl led to the inhibi-
tion of MPP(-)-induced apoptosis by reducing DNA
fragmentation, the Bax/Bel-2 protein ratio and cas-
pase-3 cleavage. This was the first demonstration of
the potent antioxidant and neuroprotective effects of
24-epiBl in a mammalian neuronal cell line (Carange
et al. 2011).

Molecular mechanism of BR action in human cells

Signaling in plants by BRs, and the resulting genomic
responses, are initiated by a BR molecule binding to a
receptor kinase, brassinosteroid-insensitive 1 (BRI11),
localized in the plasma membrane (Kim and Wang
2010). However, there are differences between
steroids’ actions in animal and plant cells. In animal
models, lipophilic steroids bind to steroid receptors
located in either the cytosol or nucleus that diffuse
through the plasma membrane. Ligand binding
induces a conformational change and dimerization
with another receptor that allows the ligand/receptor
complex to bind to target DNA sequences and directly
modify gene expression over hours or even days
(Losel and Wehling 2003).

Because of the similarity between BRs and human
steroids, we have studied interactions of BRs with
human steroid receptors using reporter assays and a
competitive binding assay. Reporter assays showed
that 24-epiBl (4) is a weak antagonist of estrogen-
receptor-a (ER-2). However, we found no evidence
that 24-epiBl (4) and 28-homoCS (5) directly bind to
ER-o and ER-p in competitive binding assays.
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24-EpiBl and 28-homoCS were also found to modu-
late levels of PR in a dose-response manner by
western blotting, although we did not observe any
interaction in the cellular reporter assay for PR
response. Treatment with 24-epiBl increased protein
levels of PR, while 28-homoCS led to downregulation
of PR protein expression using western blotting. It
seems possible that there are other mode of actions,
both steroid receptor-dependent and independent,
similarly to what is considered for 2-methoxyestra-
diol, which binds to estrogen receptors. Furthermore,
the action mechanism of the antiangiogenic response
is probably unrelated to the receptor pathway (Rarovi
et al. 2012).

BR treatment has been shown to affect ER-ot and
ER-p localization patterns in MCF7 breast adenocar-
cinoma cells by Steigerovi et al. (2010), who observed
strong and uniform ER-2 immuno-nuclear labelling in
untreated MCF7 cells, and cytoplasmic speckles of
ER-a immunofluorescence in MCF7 cells treated with
28-homoCS (5) or 24-epiBl (4). In contrast to ER-u,
ER- was predominantly found in the cytoplasm of
untreated MCF7 cells. However, ER-3 was notably re-
located to the nuclei after 28-homoCS (5) treatment,
whereas it was predominantly present at the periphery
of the nuclei, in 24-epiBl (4)-treated cells. These
changes were accompanied by down-regulation of the
ERs following BR treatment (Steigerovi et al. 2010).
As mentioned above, these natural BRs inhibited cell
growth and blocked the cell cycle at Gy phase, with
concomitant reductions in percentages of cells in the S
phase. Concomitant reductions in expression of key
cycling proteins—including cyclin-dependent kinases
(CDKs) 2/4/6 and cyclins D; and E—and pRb
phosphorylation were also detected during cell cycle
arrest, accompanied by up-regulation of the cyclin-
dependent kinase inhibitors p21 WPt gpd pa7*iP!
which inhibit cyelin/CDK complexes. BRs also
induced apoptosis in both estrogen-sensitive and
estrogen-insensitive breast cancer cell lines, by dis-
tinct modulation of the expression of apoptosis-related
proteins (Steigerova et al. 2010). Induction of apop-
tosis after the treatment with BRs was confirmed by
TUNEL staining and double staining with propidium
iodide and acridine orange in both MCF7 and MDA-
MB-468 breast cancer cell lines, but the changes in
expression profiles of apoptosis-related proteins trig-
gered by the BRs differed between the lines. In MCF7

cells, the BR treatments induced expression of the
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antiapoptotic Bel-2 and Bel-X|, proteins, and slightly
affected levels of p53 and MDM-2 proteins. In MDA-
MB-468 cells cleavage of caspase-3 into fragments
(part of the apoptotic cascade) 24 h after the BR
treatment was followed by G, phase arrest and
increases in the subG, fraction, representing apoptotic
bodies. The mechanism of action of BRs in human
cells is still largely unknown, but it seems that BRs
may interact with one or more of the numerous steroid-
binding proteins. Moreover, BRs could also induce
multiple effects, both steroid receptor-dependent and
independent (Steigerové et al. 2010).

Both BRs also inhibited cell growth. induced G,
blocks and reduced expression of cyclin Dy, CDK4/6
and pRb in LNCaP androgen-sensitive prostate cancer
cells, while in androgen-insensitive DU-145 prostate
cancer cells they increased proportions of cells in the
G2/M phase, and down-regulated cyclins A and B,.
Changes in AR localization patterns in LNCaP cells
treated with BRs were also detected immunofluores-
cently. Apoptosis caused by BRs was detected in both
prostate cancer cell lines, but (as observed following
BR treatment of breast cancer cells) changes in their
expression profiles of apoptosis-related proteins dif-
fered (Steigerovd et al. 2012). Effects of 24-epiBI (4)
in androgen-sensitive LNCaP prostate cancer cells,
androgen-insensitive DU145 prostate cancer cells and
PNTla normal prostate epithelial cells were also
examined to probe possible mechanisms of apoptotic
cell death and related changes in polyamine biosyn-
thetic and catabolic pathways. 24-EpiB1 (4) decreased
intracellular polyamine levels and significantly down-
regulated ornithine decarboxylase in both prostate
cancer cell lines, and also modulated antizyme and
antizyme inhibitor expression levels in LNCaP cells.
In both cell lines, it also up-regulated expression of the
catabolic enzymes spermidine/spermine N'-acetyl-
transferase and polyamine oxidase. Adding specific
inhibitors of these enzymes and co-treatment with
24-epiBl (4) for 24 h decreased formation of cleaved
PARP fragments in LNCaP cells (Obakan et al.
20144a). In conclusion, BRs seem o have extremely
potent activities indicating that they may be valuable
natural leads for novel anticancer drugs.
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Abstract: The metabolism of brassinosteroid leads to structural modifications in the ring skeleton
or the side alkyl chain. The esterification and glycosylation at C-3 are the most common metabolic
pathways, and it has been suggested that conjugate brassinosteroids are less active or inactive.
In this way, plants regulate the content of active brassinosteroids. In this work, the synthesis of
brassinosteroid 24-norcholane type analogs conjugated at C-3 with benzoate groups, carrying electron
donor and electron attractant substituents on the aromatic ring, is described. Additionally, their
growth-promoting activities were evaluated using the Rice Lamina Inclination Test (RLIT) and
compared with that exhibited by brassinolide (used as positive control) and non-conjugated analogs.
The results indicate that at the lowest tested concentrations (10"3—10'7 M), all analogs conjugated at
C-3 exhibit similar or higher activities than brassinolide, and the diasteroisomers with 5 configuration
at C-22 are the more active ones. Increasing concentration (1 0" M) reduces the biological activities
of analogs as compared to brassinolide.

Keywords: synthesis; brassinosteroids; analogs; 24-norcholane; benzoate esters; Rice Lamina Inclina-
tion Test; conjugated in C-3

1. Introduction

Brassinosteroids (BRs) are an important group of polyhydroxylated sterol plant growth
regulators in multiple developmental processes, at nanomolar to micromolar concentration,
including cell division, cell elongation, vascular differentiation, reproductive development,
and modulation of gene expression [1]. BRs also influence various other developmental
processes such as the germination of seeds, rhizogenesis, flowering, senescence, abscission,
and maturation. They also confer resistance to plants against various abiotic and biotic
stresses [2-5].

Since the discovery of brassinolide (1) (Figure 1) [6], 70 BRs, among them 65 uncon-
jugated (free) and 5 conjugated BRs, have been isolated from 60 plant species including
51 angiosperms (12 monocotyledons and 39 dicotyledons), 6 gymnosperms, 1 pterido-
phyte (Equisetum arvense), 1 bryophyte (Marchantia polymorpha), and chlorophyte, the
alga (Hydrodictyon reticulatum). Thus, BRs are widely distributed in the plant kingdom,
including higher and lower plants [7].
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Figure 1. Structure of natural occurring brassinolide (1), 24-epibrasinolide (2), metabolites conjugated in C-3 formed by

esterification {compounds 3-8), and metabolites conjugated in C-2 and C-3 formed by glycosylation (compounds 9-12).

On the other hand, a study of the miscellaneous pathways of BRs metabolism in plants
reported the existence of around 19 coniugated metabolites in positions C-2, C-3, C-23,
C-25, or C-26 [8]. Eight out of nineteen correspond to conjugates formed by esterification
in C-3 [9-14]. The other eleven conjugated metabolites are formed by glycosylation at C-2,
C-3, C-23, C-25, or C-26 [8,12-20]. Some examples of these structures are shown in Figure 1.
It seems that conjugated compounds are used by plants to store inactive BRs that can be
converted to active forms by de-conjugation reactions. Additionally, the natural conjugates
3, 4 (Figure 1) were synthesized from 24-epibrassinolide (2) [21].

On the other hand, a series of C-3 esterified derivatives of 24-epibrassinolide (13-15)
and synthetic BRs analogs (16-19) (Figure 2) have been reported [21,22].

13.|<-(,,,H23 _ 16: R = CH, 18a: R = p-CH,, C-22(R) 20a; €-22 (R)
14: R = C 3H,, 17: R = OCH, 18b: R = p-CH,, C-22(S) 20b: C-22 ()
15:R=C;sH,, 19a: R = o-F, C-22(R)

19b: R = 0-F, C-22(5)
Figure 2. Structure of synthetic brassinosteroids (BRs) analogs conjugated in C-3 (compounds 13-19b) and free synthetic

analogs 20a and 20b.

However, biological evaluations in the Bean Second-Internode Bioassay (BSIB) for com-
pounds 16 and 17 indicated that these analogs are less active than 24-epibrassinolide [22].
These results are in line with previously established structure-activity relationships ob-
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tained for natural BRs. These structure-activity relationship (SAR) studies have been made
using BSIB and the Rice Lamina Inclination Test (RLIT) [23-25], and their main goal is to
define general structural requirements for the growth-promoting activity of BRs [24,26-29].
These results have been used to guide the synthesis of BRs analogs with a variety of
structural modifications but keeping those considered essential for biological activity.

Several studies have proved that synthetic BRs analogs with significant structural
changes and different substituents, both in the ring and the alkyl chain, can induce similar
or even higher biological effects in plants as compared to natural BRs [30-36]. Some recent
reviews of the growth-promoting activity of BRs and their analogs have established novel
structural requirements for the existence of biological activity [23,37-39]. For example, it
has been shown that methyl ethers at C-3 are more active than 1 in the RLIT [40], whereas
benzoate esters in the C-3 position were found to be less active than 24-epibrassinolide in
the BSIB test [22].

In a previous in silico study, we have assessed the effect on activity of different groups
attached to position C-3 of BRs analogs. The results suggest that bulky groups reduce the
activity, whereas functionalization with electronegative and hydrophobic groups would
increase it [29]. Thus, in this work, we present the synthesis of four new BR 24-norcholane
type analogs conjugated with benzoate groups in C-3 (Figure 2, compounds 18a, 18b, 19a,
and 19b). The aromatic ring of the benzoate group contains electron-donor and electron-
withdrawing substituents. Their growth-promoting activities were evaluated using RLIT,
and the results were compared with those reported for other structurally similar analogs
(Figure 2, compounds 20a and 20b) [25,41,42].

The synthesis and evaluation of biological activity of these BRs analogs, conjugated in
C-3 with benzylic esters, are studied either to get new active molecules or to elucidate if
esterification could be a metabolic path for exogenous BRs.

2. Results and Discussion
2.1. Chemistry

To obtain the new BR analogs conjugated in C-3 (18a, 18b, 19a, and 19b, Figure 2), the
synthetic strategy shown in Scheme 1 was developed. The synthesis of the key interme-
diate alkene 28 has been previously reported [43], but herein, we have introduced some
modifications in the synthesis steps to increase the yields of reactions. In addition, more
clear spectroscopic evidence (*H- and '*C-NMR) is provided [43-45].

The standard acetylation (Ac;O/N,N-dimethylaminopyridine(DMAT) /CH>Cl) of
hyodeoxycholic acid (21) leads to known diacetylated derivative (22) in 91.1% yield (ref.
80% vield, [44,45]). In the "H-NMR spectrum of compound 22 (Figure S1, Supplementary
Materials), the protons of both acetate groups appear at 8y = 2.02 ppm (3H, 5, CH5CO;-C6}
and 1.99 ppm (3H, s, CH3CO-C3) [44,45]. While in the *C-NMR spectrum (Figure S1,
Supplementary Materials), the observed signals at &¢ = 170.56 ppm (CH3CO;-Cé6), 170.52
ppm (CH;CO0,-C3), 21.36 ppm (CH3CO,-C6), and 21.32 ppm (CH3CO,-C3) confirm the
presence of both acetate groups.

Oxidative decarboxylation of the side chain of compound 22, with the PhI{OAc):/
Cu(OAc), system [44,45], leads to olefin 23 in 99.6% yield (vield data were not reported
by other authors). In the 'H-NMR of compound 23 (Figure 52, Supplementary Materials),
the protons H-22, Hy,4.-23, and H;,-23 appear at &y = 5.65 ppm (ddd, [ = 17.1, 10.2 and
8.4 Hz), 4.90 ppm (dd, | = 17.1 and 2.0 Hz), and 4.81 ppm (dd, | = 10.2 and 2.0 Hz),
respectively [44,45]. Meanwhile, in the 13c.NMR (Figure 52, Supplementary Materials), the
carbons C-22 and C-23 appear at 8¢ = 145.06 and 111.69 ppm, respectively. These signals
confirm the presence of terminal alkene.
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Scheme 1. Synthesis of hyodeoxycholic acid derivatives 22-30 and C-3 conjugated brassinosteroid analogues 18a, 18b, 19a,
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050y /(CH3)3COH/H,0, tt, 5 h, 18a/18b (1.0:1.0), 91.6% yield; 19a/19b (1.0:1.0), 80.8% yield.

The saponification of diacetate 23 with the system K2CO; /acetone /methanol / reflux
leads to diol 24 in 97.1% yield (ref. 98% vield, [43]). Although compound 24 was previously
reported, no NMR spectroscopic data were reported [43,45]. So, the observed signals in the
TH-NMR spectrum (Figure S3, Supplementary Materials) at 8 = 4.02-3.96 ppm (1H, m)
and 3.48-3.42 ppm (1H, m) were assigned to carbinolic hydrogens H-6 and H-3, respectively
(Table 1). While in the 3C-NMR {Figure 53, Supplementary Materials), the carbons C-6
and C-3 appear at dc = 67.63 and 71.72 ppm, respectively (Table 1). The assignments for
the H-6 and H-3 signals were confirmed by the 2D HSQC spectrum of compound 24.

Table 1. Differences in 'H- and 1*C-NMR chemical shifts for H-3, H-6, C-3, and C-6 observed for
compounds 24-27.

Compound H-3 (8y ppm) H-6 (5 ppm) C-3 (3¢ ppm) C-6 (&¢ ppm)
24 348-3.42 4.02-3.96 71.72 67.63
25 - 4.15-4.10 212,63 67.73
26 = = 208.65 210.82
27 3.70-3.62 - 70.18 213.89

The subsequent oxidation of compound 24 with the PCC/CH,Cl, system produces
a mixture of three oxidation products (Scheme 1), which were efficiently separated by
flash chromatographic column. Sa, the least polar product was identified as diketone
26 (19.1% yield), a product of intermediate polarity identified as monoketone 25 (2.4%
yield), and the most polar product identified as the desired monoketone 27 (40.2% vyield).
Diketone 26 was previously obtained by the oxidation of glycol with Jones reagent in
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95% yield [45]. Meanwhile, diketone 26 and monoketone 27 were obtained by oxidation
with the PDC/CH;Cl; system, with 21% and 61.7% yields, respectively [43]. The IR and
'H-NMR spectroscopic data for compounds 26 and 27 were consistent with those reported
(Figures S5 and 56, Supplementary Materials) [43,45]. However, none of these previous
works reported obtaining monoketone 25. In the 'H-NMR spectrum of this compound
(Figure 54, Supplementary Materials), the observed signal at oy = 4.15-4.10 ppm (1H, m)
was assigned to carbinolic hydrogen H-6, whereas in the *C-NMR spectrum (Figure 54,
Supplementary Materials), the observed signal at ¢ = 67.73 ppm corresponds to C-6.

Table 1 shows the differences detected for the main signals observed in the 'H- and
BC-NMR spectra of compounds 24 to 27. All this information was confirmed by the 2D
HSQC correlation spectra of compounds 25-27.

Diketone 26 was conveniently converted to the desired monoketone 27 by selective
reduction with NaBHy /MeOH [43] at low temperature (0-5 “C) with 76.3% yield (step ¢,
Scheme 1). The spectroscopic data of this compound and 27, which was obtained by direct
oxidation from 24 (step d, Scheme 1), were identical.

Then, compound 27 was easily isomerized under acid condition (2.5% v/t HCl/MeOLH)
to give the derivative 28 possessing 5a-cholestan-6-one skeleton (74.8% yield) [43,44,46—49].
The IR, 'H- and *C-NMR spectroscopic data registered for compound 28 were consistent
with those reported (Figure 57, Supplementary Materials) [43,46].

The C-3 benzoylation reactions of 28 were carried out according to the methodology
reported for other steroidal nuclei [41,50,51]. So, treatment of 28 with 4-methylbenzoyl
chloride/DMAP in CH2Clz and pyridine led to 4-metylbenzoate derivative 29 with 87.9%.
Similarly, the reaction of 28 with 2-fluorobenzoyl chloride led to 2-fluorobenzoate derivative
30 with 56.0%. The structures of both derivatives were mainly characterized by 'H and
BC spectroscopy. For derivative 29, the presence of aromatic signals at 8y = 8.00 ppm
(2H, d, ] = 9.0 Hz) and 6.93 ppm (2H, d, | = 9.0 Hz) were assigned to the hydrogens HAr-2'
and HAr-3/, respectively, whereas the signals appearing at &c = 163.36, 131.58, 123.35,
and 113.70 ppm were assigned to the aromatic carbons C4', C2'/C¢’, C1’, and C3'/C¥
(Figure S8, Supplementary Materials). For derivative 30, the presence of the aromatic
signals at 6y =7.92 ppm (1H, td, | = 7.6 and 1.8 Hz); 7.54-7.48 ppm (1H, m}); 7.21 ppm (1H,
td, J = 7.6 and 1.2 Hz), and 7.13 ppm (1H, ddd, | = 10.7, 7.6 and 0.9 Hz) were assigned to the
hydrogens HAr-6', HAr-4', HAr-3/, and HAr-5', respectively (Figure 59, Supplementary
Materials). In the *C-NMR spectrum (Figure 59, Supplementary Materials), the observed
signals at 8¢ = 161.92 ppm (d, /¢y = 259.1 Hz); 134.44 ppm (d, *Jcy = 8.4 Hz); 132.32 ppm
(d, 3Jcr = 0.9 Hz); 124.11 ppm (d, */cp = 3.6 Hz); 119.38 (d, 2Jcr = 9.6 Hz); and 117.05 (d,
%Jcr = 21.6 Hz) were assigned to the aromatic carbons C2/, C4', Cé', C5', C1/, and C3',
respectively (Figure 3).

‘_/2'5.;%_,_.-' 0

o 53',,.})

H,C

Figure 3. Structures of derivatives 29 and 30 and numbering of aromatic carbon atoms used in
this study.

Recently, the synthesis of glycols C22,/C23 in steroids with the shortest side chain of
24-nor-5x-cholane type by a Sharpless dihydroxylation reaction has been reported [42].
The results showed that this type of hydroxylation leads to a mixture of C-22 glycols (R/5)
with an approximate 1:1 ratio of both diastereomers [42]. Thus, both olefins 29 and 30
were dihydroxylated following this method and using dihydroquinidine p-chlorobenzoate
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(DHQD-CLB) as a chiral ligand (Scheme 1) [32,42]. The Sharpless dihydroxylation of
derivative 29 produced the 18a/18b diastereoisomer mixture with a total 91.6% yield. The
diastereomeric ratio of each glycol in the mixture can be established by the integration of 'H-
NMR signals assigned to the C-21 methyl group, which appear at dy = 0.921 and 0.953 ppm
in 18a and 18b diastereoisomers, respectively. Based on these NMR measurements, the
relative ratio of 18a:18b was determined as 1.0:1.0. Subsequently, the diastereoisomers
mixture was separated by a semi-preparative HPLC system, allowing obtaining the analogs
18a and 18b.

The structure and stereochemistry at C-22 of compounds 18a and 18b was established
by a simple comparison of 'H- and '*C-NMR specira obtained for derivatives 20a and 20b,
which were previously reported [41,42]. These comparisons considered chemical shifts (8),
coupling constants (J), and multiplicities of signals corresponding to H-22, H-23a, H-23b,
and CHz-21 ("H-NMR) and chemical shifts () in 13C.NMR of both epimers, The main
differences in these spectroscopic parameters are listed in Table 2.

Table 2. Comparison between signals of *H- (500.1 MHz, CDCl5) and 13C. (125.8 MHz, CDCl;) NMR
for H/C21, H/C22, and H/C23a-b, for the epimers 18a and 18b.

H/C Signal Compound 18a Compound 18b
H-21 0,921 ppm (3H, d, | = 6.7 Hz) 0.953 ppm (3H, d, [ =7.0 Hz)
H-22 3.66-3.61 ppm (1H, m) 3.51 ppm (1H, t, [ =10.2 Hz)
H-23a 3.80 ppm (1H, ddd, | = 89, 3.3 and 1.2 Hz) 3.83-3.76 ppm (1H, m)
H-23b 3.52 ppm (1H, dd, [ = 10.8 and 3.3 Hz) 3.69-3.57 ppm (1H, m)
21 12.73 ppm 13.15 ppm
C22 74.14 ppm 73.92 ppm
C23 66.16 ppm 62.54 ppm

Similarly, a Sharpless dihydroxylation of derivative 30 produced the 19a/19b di-
astereoisomers mixture with a total 80.8% yield. The diastereomeric ratio of each glycol in
the mixture was 1.0:1.0 (established by the integration of 'H-NMR signals assigned to the
C-21 methyl group, which appear at 5y = 0.917 and 0.954 ppm in 19a and 19b diastereociso-
mers, respectively). The diasterecisomers mixture was separated by semi-preparative
HPLC system, allowing obtaining analogs 1%9a and 19b. Similar to the above, the main
differences in spectroscopic parameters of epimers are listed in Table 3.

Table 3. Comparison between signals of 'H- (500.1 MHz, CDCly) and *C- (125.8 MHz, CDCl3) NMR
for H/C21, H/C22, and H/C23a-b, for the epimers 19a and 19b.

HJC Signal Compound 19a Compound 19b

H-21 0.917 ppm (3H, d, =64 Hz) 0954 ppm (3H, d, [ =6.7 Hz)
H-22 3.75-3.39 ppm (1H, m) 351 ppm (1H, t, | = 10.2 Hz)
H-23a 3.87-3.76 ppm (1H, m) 3.84-3.76 ppm (1H, m)
H-23b 3.75-3.39 ppm (1H, m) 3.71-3.59 ppm (1H, m)

21 12,73 ppm 13.13 ppm

c22 75.56 ppm 73.90 ppm

c23 61.15 ppm 62.52 ppm

In summary, four new BRs 24-norcholane type analogs conjugated at the C-3 position
with benzoate groups substituted with electron donor and electron-withdrawing groups in
the p-position (compounds 18a, 18b, 19a and 19b) have been synthesized and characterized.

2.2. Biological

In this work, the activity of new BR 24-norcholane type analogs conjugated at the C-3
position was evaluated using the Rice Lamina Inclination Test. The results of this test were
compared with those obtained for other free analogs of 24-norcholane type (analogs 20a
and 20b [38]) and with brassinolide. This assay was used because of its specificity and high
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sensitivity for 1 and their analogs [31,52,53]. The bending angles were measured as the
difference between the induced angle produced by treatment with each compound and
that found for the negative control. Results obtained for 1, which was used as positive
control, and BR analogs 18a, 18b, 19a, 19b, 20a, and 20b are listed in Table 4.

Table 4. Comparison between BRs C-3 conjugated 24-norcholane and free 24-norcholane type analogs
on lamina inclination of rice seedlings.

Bending Angle between Laminae and Sheaths
(Degrees + SD)

Compounds 1x10-%M 1x107M 1x10-5M
1{C+) 31+11 41+ 45 70+76
18a 614 63% 68 96" 46+ 75"
18b 64+ 33" 48 +29 14+ 48*
19a 43 £ 50 5B L24% 68 +9.6
19b 68 50" 61 +25" 30+00*
20a* 45495 31450 244 58*
20b t 35+ 3.0 60 +3.04 62+ 12
Control (C—) 7+50

T Data previously obtained and reported in reference [38]. Brassinolide (1) was used as positive control, The
negative control only contained sterile distilled water. These values represent the mean + standard deviation
of two independent experiments with at least six replicates each (n = 12). (") Represents experiments with a
significant difference between positive control (1) and analog treatments at p < (.05 significance level (least square
differences (1L.5D) t-test).

Interestingly, these data clearly indicate that 24-nor-5x-cholane type analogs con-
jugated at C-3 exhibit interesting growth-promoting activity. These results are in line
with previous studies for other analogs of 24-norcholane type [38,48]. All C-3 conjugated
analogs exhibit higher activity than brassinolide at the lowest concentrations (1 x 10 -8
and 1 x 1077 M) (Figure 4 and Table 4).

To simplify the data analysis, we will consider the data obtained at 1 x 10 % and
1%107 Mto analyze the correlation between chemical structure and biological activity.
The results indicate that at these concentrations, 18b and 19b are the most active in the
series of conjugated analogs (19b was the most active at the concentration of 1 x 10° 4
M, whereas 18a was the most active at the concentration of 1 x 107 M) (see Table 3),
and they were more active than the free analogs 20a and 20b. Another important effect
to consider is related to the configuration on the C-22 carbon of the side chain. Thus, at
the concentration of 1 x 1078, analogs 18a and 19a with C-22(R) configuration are less
active than analogs 18b and 19b with C-22(S) configuration. However, an opposite effect is
observed for analogs 20a and 20b. Similarly, at the concentration of 1 x 10 7 M, the analogs
19b and 20b with C-22(5) configuration are more active that analogs 19a and 20a with C-
22(R) configuration. However, an opposite effect is observed for analogs 18a and 18b. The
results observed for the pairs 18a/18b (at 1 x 107 M) and 20a/20b (at 1 x 10~® M) would
be aligned with those reported for natural occurring BRs with an intact side chain, which
indicates that glycol function with C-22(R) and C-23(R) configuration appears essential
for a high biological activity and are more active than those with C-22(S) and C-23(5)
configuration [3,54]. However, these apparently contradictory structural effects of BRs
analogs could be explained in attributed to the shorter side chains. This structural feature
could give a greater rotational freedom degree.
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Figure 4. Rice-lamina assays using the second leaf lamina joints of excised leaf segments treated with
BR analogs (18b, 19b, and 20a) at 1 x 108 M. Brassinolide (1) was used as positive control at the
same concentrations, The negative control only contained sterile distilled water.

3. Materials and Methods
3.1. Chemistry

All reagents were purchased from commercial suppliers and used without further
purification. Melting points were measured on a SMP3 apparatus (Stuart-Scientific, now
Merck KGaA, Darmstadt, Germany) and are uncorrected. 'H-, C-, *C-DEPT-135, gs
2D H5QC, and gs 2D HMBC NMR spectra were recorded in CDCl; and MeOD solutions,
and they are referenced to the residual peaks of CHCl; at 6 = 7.26 ppm and & = 77.00 ppm
for "H and '3C, respectively and CD;0D at § = 3.30 ppm and § = 49.00 ppm for 'H
and 13C, on an Avance 400 Digital NMR spectrometer (Bruker, Rheinstetten, Germany)
operating at 400.1 MHz for 'H and 100.6 MHz for '*C, and JEOL JNM-ECA 500 NMR
spectrometer (JEOL, Tokyo, Japan) operating at 500.16 MHz for 'H, 125.77 MHz for *C,
and 470.62 MHz for 'F. Chemical shifts are reported in ppm and coupling constants (]}
are given in Hz; multiplicities are reported as follows: singlet (s), doublet (d), doublet
of doublets (dd), doublet of triplets (dt), triplet (t), quartet (q), multiplet (m}, and broad
singlet (bs). IR spectra were recorded as KBr disks in a Fourier Transform Infrared (FT-IR}
6700 spectrometer (Nicolet, Thermo Scientific, 5an Jose, CA, USA) and frequencies are
reported incm L. High-resolution mass spectra (HRMS) were recorded in an APl HRMS
instrument, and the samples were dissolved in chloroform (or chloroform: methanol; 1:1;
v/v, in the case of hydroxylated compounds) to a concentration of 10 ug mL~ I, The ASAP
(Atmospheric Solids Analysis Probe) was dipped into the sample solution, placed into
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the ion source, and analyzed in full scan mode. The source of the Synapt G2-5i mass
spectrometer (Waters, Manchester, UK) was operated in positive ionization mode (ASAP?),
if not stated otherwise, at a source temperature of 120 “C. The corona needle current was
kept at 5 uA and the collision energy was kept at 4 V. The probe temperature was ramped
up from 50 to 600 “C in 3 min. Data were acquired from 50 to 1000 Da with 1.0 s scan
time in high-resolution mode. The data were processed using the Masslynx 4.1 software
(Waters, Milford, MA, USA). A mass accuracy of 1 ppm or less was achieved with the
described instrumentation for all compounds. For analytical TLC, silica gel 60 in a 0.25 mm
layer was used, and TLC spots were detected by heating after spraying with 10% H,50;
in H;O. Chromatographic separations were carried out by conventional column on silica
gel 60 (230-400 mesh) using EtOAc-hexane gradients of increasing polarity. All organic
extracts were dried over anhydrous magnesium sulfate and evaporated under reduced
pressure, below 40 °C. The HPLC system consisted of a Waters semi-preparative HPLC
system including a quaternary pump, a liquid handler, and UV-Vis and Evaporative Light
Scattering Detector (ELSD) detectors. The semi-preparative column was filled with silica gel.

3.1.1. Synthesis
3u,6a-Diacetoxy-55-cholan-24-oic acid (22)

To a solution of hyodeoxycholic acid (21) (25.4 g, 64.62 mmol) in 400 mL of CH»Cl;
(DCM), 150 mg of DMAP, 2 mL of pyridine, and 24.4 mL (257.6 mmol) of AcO were
added. The reaction mixture was kept under constant stirring and room temperature for
48 h. The end of the reaction was verified by TLC; then, the mixture was concentrated
to a volume approximately 50 mL under reduced pressure. Then, EtOAc (200 mL) and
200 mL of HCl solution (1 % 10~3 M) were added. The organic layer was separated and
washed with water (4 x 50 mL), with saline (NaCl) solution (3 x 50 mL) until pH = 5,
dried over Na,50;, and filtered. The solvent was evaporated under reduced pressure,
and the crude was re-dissolved in CHCl; (16 mL) and chromatographed on silica gel
with EtOAc/hexane (20%, 200 mL). Compound 22 (28.06 g 91.1% yield) was a colorless
solid, m.p. =109.7-110.9 °C (106-110 °C [44]). IR vinayx (cm~1): 3527 (O-H); 2948; 2899
and 2870 (C-H); 1738 (C=0); 1722 (C=0); 1681 (C=0); 1455 (CH,); 1364 (CHs); 1256 (C-O);
1242(C-0); 1027 (C-O). IH-NMR (400.1 MHz, CDCls) (Figure S1, Supplementary Materials):
& (ppm) = 5.14-5.10 (1H, m, H-6); 4.71-4.65 (1H, m, H-3); 2.37 (1H, ddd, | = 15.3, 10.1 and 5.0
Hz, H-23a); 2.23 (1H, ddd, | = 16.0, 10.1, and 6.4 Hz, H-23b); 2.02 (3H, s, CH3CO,-C6); 1.99
(3H, s, CH3CO,-C3); 1.97-1.94 (1H, m, H-5); 0.95 (3H, s, H-19); 0.90 (31, d, | = 6.4 Hz, H-21);
0.62 (3H, s, H-18). *C-NMR (100.6 MHz, CDCl;) (Figure 51, Supplementary Materials) &
(ppm) = 180.09 (C-24); 170.56 (CH3CO3-C6); 170.52 (CH3CO2-C3); 73.66 (C-3); 70.92 (C-6);
56.06 (C-14); 55.84 (C-17); 45.28 (C-9); 42.81 (C-13); 39.78 (C-5 and C-12); 35.97 (C-10); 35.18
(C-20); 34.96 (C-7); 34.54 (C-8); 31.20 (C-1); 30.93 (C-22); 30.64 (C-23); 28.01 (C-4); 26.35
(C-16); 26.15 (C-2); 24.00 (C-15); 23.19 (C-19); 21.36 (CH3CO2-Ch); 21.32 (CHACO2-C3); 20.61
(C-11); 18.17 (C-21); 11.95 (C-18).

24-Nor-5p-cholan-22-ene-3a,6a-diyl diacetate (23)

Toa solution of 22 (2.00 g, 4.20 mmaol) in dry benzene (150 mL) were added Cu(OAc):*H,0
(200 mg, 1.0 mmol) and pyridine (2.5 mL). Then, under reflux, PhI{QAc); (7.04 g, 21.5 mmol)
was added in four portions at hourly intervals. After the addition was completed, the
reaction was continued for 1 h. The end of the reaction was verified by TLC, and then,
the mixture was filtered, and the solvent was evaporated under reduced pressure. The
crude was re-dissolved in DCM (5 mL) and chromatographed on silica gel with PE/EtOAc
mixtures of increasing polarity (19.8:0.2 -> 15.8:4.2). The reaction was repeated 5 times
under identical conditions. Compound 23 (9.0 g, 99.6% yield) was obtained as a colorless
solid, m.p. = 89.0-90.9 °C (88-89 °C [45]). IR Viax (cm 1): 3082 (CH=CHa); 2940; 2887 and
2867 (C-H); 1740 (C=0); 1727 (C=0); 1633 (C=C); 1460 (CHaz); 1366 (CHz); 1244 (C-O); 1026
(C-0); 908 (CH=CH,). 'H-NMR (400.1 MHz, CDCls) (Figure S2, Supplementary Materials):
5 (ppm) = 5.65 (1H, ddd, [ = 17.1, 10.2, and 8.4 Hz, H-22); 5.16-5.13 (1H, m, H-6); 4.90 (1H,

85



Molecules 2021, 26, 1173

10of 18

dd, ] = 17.1 and 2.0 Hz, H-23a); 4.81 (1H, dd, ] = 10.2 and 2.0 Hz, H-23b}); 471-4.69 (1H, m,
H-3); 2.07-2.03 (1H, m, H-20); 2.04 (3H, 5, CH3CO3-C6); 2.01 (3H, s, CH3CO,-C3); 2.00-1.94
(1H, m, H-5); 1.02 (3H, d, | = 6.6 Hz, H-21); 0.97 (3H, 5, H-19); 0.67 (3H, 5, H-18). *C-NMR
(100.6 MHz, CDCl3) (Figure S2, Supplementary Materials) & (ppm) = 170.47 (CH3CO;-C6);
170.45 (CH3CO2-C3); 145.06 (C-22); 111.69 (C-23); 73.70 (C-3); 70.95 (C-6); 56.21 (C-14); 55.59
(C-17); 45.39 (C-9); 42.83 (C-13); 41.13 (C-20); 39.93 (C-5); 39.79 (C-12); 36.07 (C-10); 35.06
(C-1); 34.63 (C-8); 31.30 (C-7); 28.36 (C-16); 26.44 (C-2); 26.25 (C-4); 24.09 (C-15); 23.27 (C-19);
21.41 (CH3CO,-Ce); 21.37 (CH3CO,-C3); 20.68 (C-11); 20.07 (C-21); 12.18 (C-18).

24-Nor-5p-chol-22-ene-3a,6n-diol (24)

To a solution of 23 (8.06 g, 18.71 mmol) in a mixture 1:1 of acetone,/MeOH (60 mL),
a 15% aqueous solution of K;CO5 (37.4 mmol) was added. The suspension was stirred
and refluxed for 7 h. The end of the reaction was verified by TLC. Then, the solvent
was removed, the residue was diluted with EtOAc (80 mL), and the mixture was washed
with 3 % 80 mL of HCI solution (1 %103 M). The organic layer was dried over Na;50;
and filtered. The solvent was evaporated under reduced pressure, and the crude was re-
dissolved in CHzCl; (15 mL) and chromatographed on silica gel with PE/EtOAc mixtures of
increasing polarity (19.8:0.2 -> 7.2:12.8). Compound 24 (6.3 g; 97.1% yield) was obtained as
a colorless solid, m.p. = 154.4-155.2 °C (150=152 °C [45]). IR Vay (cm~'): 3381 (O-H); 3088
(CH=CH,); 2934, 2889, and 2868 (C-H); 1637 (C=C); 1462 (CH;); 1336 (CHj;); 1269 (C-O);
1043 (C-0); 912 (CH=CH,). 'H-NMR (400.1 MHz, Acetone) (Figure S3, Supplementary
Materials): & (ppm) = 5.66 (1H, ddd, | = 17.4, 10.0, and 8.6 Hz, H-22); 4.90 (1H, dd, | = 17.1
and 2.0 Hz, H-23a); 4.82 (1H, dd, ] = 10.2 and 2.0 Hz, H-23b); 4.02-3.96 (1H, m, H-6);
3.48-3.42 (1H, m, H-3); 1.02 (3H, 4, ] = 6.6 Hz, H-21); 0.91 (3H, s, H-19); 0.66 (3H, s, H-18).
I3C-NMR (100.6 MHz, Acetone) (Figure 53, Supplementary Materials): & (ppm) = 146.00
(C-22); 112.05 (C-23); 71.72 (C-3); 67.63 (C-6); 57.20 (C-14); 56.40 (C-17); 49.70 (C-9); 43.51
(C-13); 42.09 (C-20); 40.89 (C-5); 40.80 (C-12); 36.65 (C-1); 36.55 (C-10); 35.97 (C-7); 35.70
(C-8); 31.43 (C-4); 30.05 (C-2); 29.15 (C-16); 24.90 (C-15); 24.10 (C-19); 21.54 (C-11); 20.55
(C-21); 12.55 (C-18).

6r-Hydroxy-24-nor-5f-chol-22-en-3-one (25), 24-nor-5p-chol-22-ene-3,6-dione (26} and
3a-hydroxy-24-nor-58-chol-22-en-6-one (27)

A solution of 24 (6.0 g, 17.3 mmol) in DCM (100 mL) with 3.76 g (17.3 mmol) of
Pyridinium chlorochromate (PCC) in 60 mL of DCM (added by slow drip) was slowly
stirred for 48 h at room temperature. The end of the reaction was verified by TLC; then,
the reaction mixture was filtered on alumina and washed with ethyl acetate (20 mL). The
solvent was evaporated under reduced pressure, and the crude was re-dissolved in CH;Cl,
(10 mL}) and chromatographed on silica gel with PE/EtOAc mixtures of increasing polarity
(19.8:0.2 -> 8.8:11.2). Four fractions were obtained: Fraction I, 1.14 g (19.1% yield) of
compound 26; Fraction II, 0.141 g (2.4% yield) of compound 25; Fraction III, 2.39 g (40.2%
yield) of compound 27; and Fraction IV, 3.58 g of unreacted 24. The reaction was repeated
with compound 24 twice with another 5.5 g each and 26 (2.08 g), 25 (4.28 g), and 27 (0.258 g)
were obtained.

Compound 25 was obtained as a colorless solid. TH-NMR (400.1 MHz, CDCly)
(Figure 54, Supplementary Materials): & (ppm) = 5.68 (1H, ddd, | = 17.1, 10.2, and 8.4
Hz, H-22); 493 (1H, dd, | = 17.1 and 2.0 Hz, H-23a); 4.84 (1H, dd, | = 10.2 and 2.0 Hz,
H-23b); 4.15-4.10 (1H, m, H-6); 2.42-2.39 (2H, m, H-4); 1.05 (3H, d, | = 6.6 Hz, H-21); 1.03
(3H, 5, H-19); 0.72 (3H, 5, H-18). *C-NMR (100.6 MHz, CDCl,) (Figure S4, Supplementary
Materials): & (ppm) = 212.63 (C-3); 145.00 (C-22); 111.77 (C-23); 67.73 (C-6); 56.17 (C-14);
55.55 (C-17); 50.16 (C-9); 42.79 (C-13); 41.15 (C-20); 40.31 (C-5); 39.74 (C-12); 37.08 (C-1);
37.06 (C-7); 36.24 (C-10); 36.02 (C-4); 34.56 (C-8); 34.40 (C-2); 28.35 (C-16); 24.17 (C-15); 22.85
(C-19); 21.08 (C-11); 20.10 (C-21); 12.23 (C-18).

Compound 26 was obtained as a colorless solid, m.p. = 177.5-178.9 “C (197-200 " C [45]).
IR Vimax (em 1) 3073 (CH=CH,); 2964, 2947, 2873, and 2855 (C-H); 1716 (C=0); 1693 (C=0);
1632 (C=C); 1466 (CHa); 1382 (CH3); 1245 (C-0); 1216 (C-0); 908 (CH=CH,). "H-NMR (400.1
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MHz, CDCls) (Figure S5, Supplementary Materials): & (ppm) = 5.68 (1H, ddd, | =17.1, 10.2,
and 8.4 Hz, H-22); 494 (1H, dd, | = 17.1 and 2.0 Hz, H-23a); 4.86 (1H, dd, | = 10.2 and 2.0
Hz, H-23b); 2.67 (1H, dd, | = 15.0 and 13.2 Hz, H-4a); 2.50 (1H, dd, | = 12.5 and 4.9 Hz, H-5);
242 (1H, dd, | = 14.3 and 5.3 Hz, H-1a); 2.36 (1H, dd, | =5.2 and 1.9 Hz, H-4b); 1.07 (3H,
d, | = 6.5 Hz, H-21); 0.98 (3H, s, H-19); 0.74 (3H, s, H-18). *C-NMR (100.6 MHz, CDCl3)
(Figure 55, Supplementary Materials): & (ppm) = 210.82 (C-6); 208.65 (C-3); 144.72 (C-22);
111.99 (C-23); 59.74 (C-5); 56.86 (C-14); 55.40 (C-17); 43.02 (C-13); 42.16 (C-7); 41.06 (C-20);
40.98 (C-9); 39.90 (C-4); 39.41 (C-12); 38.31 (C-10); 36.69 (C-8); 36.49 (C-1); 35.78 (C-2); 28.21
(C-16); 23.93 (C-15); 22.48 (C-19); 21.30 (C-11); 20.09 (C-21); 12.17 (C-18).

Compound 27 was obtained as a colorless solid, m.p. = 151.9-153.6 °C. IR vay (cm— 1 )i
3288 (O-H); 3074 (CH=CH,); 2970, 2949, and 2867 (C-H); 1702 (C=0); 1637 (C=C); 1458
(CH2); 1379 (CHs); 1248 (C-0); 1064 (C-0); 912 (CH=CHa). "H-NMR (400.1 MHz, CDCl3)
(Figure Sé, Supplementary Materials): § (ppm) = 5.67 (1H, ddd, [ = 17.1, 10.1, and 8.4 Hz,
H-22); 493 (1H, dd, ] = 17.1 and 2.0 Hz, H-23a); 4.85 (1H, dd, ] = 10.1 and 2.0 Hz, H-23b);
3.70-3.62 (1H, m, H-3); 2.20-2.18 (2H, m, H-7); 2.14 (1H, dd, | = 12.1 and 5.1 Hz, H-5);
1.05 (3H, d, | = 6.6 Hz, H-21); 0.86 (3H, s, H-19); 0.70 (3H, s, H-18). "*C-NMR (100.6 MHz,
CDCl;) (Figure 56, Supplementary Materials): & (ppm) = 213.89 (C-6); 144.89 (C-22); 111.87
(C-23); 70.18 (C-3); 59.41 (C-5); 56.89 (C-14); 55.41 (C-17); 43.04 (C-13); 42.93 (C-7); 41.11
(C-20); 40.07 (C-9); 39.53 (C-12); 37.99 (C-10); 37.07 (C-8); 34.86 (C-1); 34.38 (C-4); 29.86 (C-2);
28.26 (C-16); 23.99 (C-15); 23.17 (C-19); 20.84 (C-11); 20.08 (C-21); 12.15 (C-18).

3a-Hydroxy-24-nor-5-chol-22-en-6-one (27) from 24-nor-5p-chol-22-ene-3,6-dione (26)

A solution of compound 26 (3.22 g, 9.4 mmol) was prepared in 100 mL of 1:1 MeOH/THF
mixture. This solution was placed in a bath of ice-water between 0 and 5 °C. Subsequently,
117.9 mg (3.15 mmol) of NaBHy were added in four portions (approximately 29.5 mg each)
maintaining the temperature and with slow stirring. The end of the reaction was verified by
TLC, 10 mL of acetone, and subsequently, 5 mL of HC] 2.5% were added, maintaining the re-
action temperature. The reaction mixture was concentrated by evaporation under reduced
pressure to a volume of about 15 mL, and then, EtOAc (50 mL) was added. The organic
layer was washed with saturated solution of NaHCOj3 (20 mL) and water (2 » 30 mL),
dried over anhydrous MgS0y, and filtered. The solvent was evaporated under reduced
pressure. The crude was re-dissolved in CH,Cl; (5 mL) and chromatographed on silica
gel with PE/EtOAc mixtures of increasing polarity (9.8:02 -> 5.8:4.2). Two fractions were
obtained: Fraction I, 0.753 g of unreacted compound 26; Fraction 1, 2.47 g (76.3% yield)
of compound 27. The melting point and spectroscopic properties ('H- and *C-NMR) of
compounds 26 and 27 were identical to those reported above for the direct oxidation of
compound 24.

3a-Hydroxy-24-nor-5a-chol-22-en-6-one (28)

Compound 27 (6.08 g, 17.65 mmol) was dissolved in 100 mL of 2.5% v/ HCl-MeOH
at room temperature and constant agitation for 48 h. The end of the reaction was ver-
ified by TLC. The solvent was evaporated under reduced pressure, and the crude was
re-dissolved in 60 mL of EtOAc. The organic layer was washed with saturated solution
of NaHCO; (2 x 15 mL) and water (2 x 30 mL), dried over MgSQO,, and filtered. The
solvent was evaporated under reduced pressure. The crude was re-dissolved in CH,Cly
(5 mL) and chromatographed on silica gel with PE/EtOAc mixtures of increasing polarity
(9.8:0.2 -> 4.0:6.0). Two fractions were obtained: Fraction I, 4.55 g (74.8% yield) of com-
pound 28 and Fraction II, 1.15 g of unreacted compound 27. Compound 28 was obtained
as a colorless solid, m.p. = 169.9-170.9 °C. TH-NMR (400.1 MHz, CDCl;) (Figure 57, Sup-
plementary Materials): & (ppm) = 5.68 (1H, ddd, | =17.0, 10.1, and 8.3 Hz, H-22); 4.93 (1H,
dd, | = 17.0and 2.0 Hz, H-23a); 4.84 (1H, dd, [ = 10.1 and 2.0 Hz, H-23b); 4.20-4.17 (1H, m,
H-3);2.74 (1H, t, | = 7.9 Hz, H-5); 2.32 (1H, dd, | = 13.1 and 4.5 Hz, H-7e); 2.15-1.97 (3H,
m, H-20, H-12«, and H-7R); 1.06 (3H, d, | = 6.6 Hz, H-21); 0.75 (3H, s, H-19); 0.71 (3H, s,
H-18). *C-NMR (100.6 MHz, CDCly) (Figure 57, Supplementary Materials): § (ppm) =
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212.67 (C-6); 144.96 (C-22); 111.81 (C-23); 65.47 (C-3); 56.84 (C-14); 55.37 (C-17); 53.88 (C-9);
51.69 (C-5); 46.86 (C-7); 42.96 (C-13); 41.57 (C-10); 41.12 (C-20); 39.41 (C-12); 37.98 (C-8);
31.69 (C-1); 28.19 (C-2 and C-4); 27.71 (C-16); 23.93 (C-15); 21.07 (C-11); 20.07 (C-21); 12.32
(C-19); 12.20 (C-18). HRMS (API+) (Figure 514, Supplementary Materials): m/z caleulated
for CzaHaz Oz ([M + HJY) 345.2794; found 345.2795.

6-Oxo-24-nor-5a-chol-22-en-3a-yl 4-methylbenzoate (29)

A solution of compound 28 (150 mg, 0.44 mmol) and DMAP (44 mg, 0.36 mmol) was
prepared in 3 mL of anhydrous pyridine. To this solution, 4-methylbenzoyl chloride 174 uL.
(1.32 mmol) was added by slow dripping, and the reaction was maintained at room tem-
perature with constant stirring for 2 h. The end of the reaction was verified by TLC. After
completion of the reaction, 3 mL of hot water was added. After an additional 20 min of
stirring, the mixture was extracted with EtOAc (20 mL) and washed successively with satu-
rated Nal1CO; solution (2 x 10 mL) and water (2 x 10 mL), dried over anhydrous MgSO,,
and filtered. The solvent was evaporated under reduced pressure, and the crude was re-
dissolved in CHzCl; (5 mL) and chromatographed on silica gel with EtOAc/cyclohexane
(1.0:19) mixture. Compound 29 (117 mg, 87.9% yield) was obtained as a colorless solid, m.p.
= 133.3-135.2 °C. 'H-NMR (500.16 MHz, CDCls) (Figure S8, Supplementary Materials): §
(ppm) = 7.90 (2H, d, ] = 8.0 Hz, HAr-2"); 7.24 (2H, d, | = 8.0 Hz, HAr-3'); 5.65 (1H, ddd,
] =171, 10.1 and 8.6 Hz, H-22); 5.36-5.34 (1H, m, H-3); 4.91 (1H, ddd, ] = 17.1, 1.8 and
0.9 Hz, H-23a); 4.82 (1H, dd, ] = 10.1 and 1.8 Hz, H-23b); 2.66 (1H, dd, | = 125 and 3.1 Hz,
H-5); 2.41 (3H, s, CHz-Ar); 2.32 (1H, dd, ] = 13.1 and 4.6 Hz, H-7a); 1.03 (3H, d, | = 6.7 Hz,
H-21); 0.786 (3H, s, H-19); 0.695 (3H, s, H-18). *C-NMR (125.77 MHz, CDCl5) (Figure S8,
Supplementary Materials): § (ppm) = 211.92 (C-6); 165.78 (CO,-Ar); 145.01 (C-22); 143.61
(C4'-Ar); 129.60 (C2'-Ar and C6'-Ar); 129.18 (C3'-Ar and C5'-Ar); 128.18 (C1'-Ar); 111.95
(C-23); 69.37 (C-3); 56.86 (C-14); 55.50 (C-17); 54.09 (C-9); 53.01 (C-5); 46.85 (C-7); 43.05
(C-13); 41.48 (C-10); 41.24 (C-20); 39.44 (C-12); 38.06 (C-8); 32.81 (C-1); 28.31 (C-16); 25.57
(C-2); 25.25 (C-4); 24.02 (C-15); 21.79 (CH3-Ar); 21.22 (C-11); 20.16 (C-21); 12.57 (C-19); 12.31
(C-18). HRMS (API+) (Figure 515, Supplementary Materials): m/z calculated for C31Hy303
([M + H]*) 463.3212; found 463.3212.

6-Ox0-24-nor-5a-chol-22-en-3a-yl 2-fluorobenzoate (30)

A solution of compound 29 (120 mg, 0.348 mmol) and DMAP (35 mg, 0.286 mmol)
was prepared in 3 mL of anhydrous pyridine. To this solution, 2-fluorobenzoyl chloride
123.5 pL (1.05 mmol) was added by slow dripping, and the reaction was maintained at
room temperature with constant stirring for 3 h. The end of the reaction was verified by
TLC. After completion of the reaction, 3 mL of hot water was added. After an additional
20 min of stirring, the mixture was extracted with EtOAc (20 mL) and washed succes-
sively with saturated NaHCQj3 solution (2 = 10 mL) and water (2 x 10 mL), dried over
anhydrous MgSOy, and filtered. The solvent was evaporated under reduced pressure,
and the crude was re-dissolved in CH2Cl; (5 mL) and chromatographed on silica gel with
EtOAc/cyclohexane (1.0:19) mixture. Compound 30 (91 mg, 56.0% yield) was obtained
as a colorless solid, m.p. = 120.6-120.8 °C. 'H-NMR (500.16 MHz, CDCl,) (Figure S9,
Supplementary Materials): & (ppm) =7.92 (1H, td, [ = 7.6 and 1.8 Hz, HAr-6'); 7.54-7 48
(1H, m, HAr-4'); 7.21 (1H, td, | = 7.6 and 1.2 Hz, HAr-3'); 7.13 (1H, ddd, | = 10.7, 7.6 and
0.9 Hz, HAr-5'); 5.65 (1H, ddd, [ = 17.1,10.1, and 8.6 Hz, H-22); 5.42-5.39 (1H, m, H-3); 4.90
(1H, ddd, J =17.1, 1.8, and 0.9 Hz, H-23a); 4.82 (1H, dd, | = 10.1 and 1.8 Hz, H-23b); 2.71
(1H, dd, | = 125 and 3.1 Hz, H-5); 2.31 (1H, dd, ] = 13.1 and 4.6 Hz, H-7a); 1.03 (3H, d,
| = 6.7 Hz, H-21); 0.781 (3H, s, H-19); 0.692 (3H, s, H-18). '*C-NMR (125.77 MHz, CDCl3)
(Figure S9, Supplementary Materials): & (ppm) = 212.04 (C-6); 163.85 (d, %Jcr = 3.6 Hz,
CO5-Ar); 16192 (d, Vo = 259.1 He, C2'-Ar); 145.02 (C-22); 134.44 (d, ?]cp = 8.4 Hz, C4'-Ar);
132.32 (d, ¥Jcp = 0.9 Hz, C6'-Ar); 124.11 (d, 4oy = 3.6 Hz, C5'-Ar); 119.38 (d, 2Jcp = 9.6 Hz,
C1-Ar); 117.05 (d, 2/cr = 21.6 Hz, C3'-Ar); 111.93 (C-23); 70.34 (C-3); 56.82 (C-14); 55.50
(C-17); 53.99 (C-9); 52.79 (C-5); 46.84 (C-7); 43.05 (C-13); 41.42 (C-10); 41.23 (C-20); 39.43
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(C-12); 38.06 (C-8); 32.59 (C-1); 28.30 (C-16); 25.51 (C-2); 25.22 (C-4); 24.01 (C-15); 21.21
(C-11); 20.17 (C-21); 12.63 (C-19); 12.30 (C-18). "F-NMR (470.62 MHz, CDCl3) 5 (ppm) =
108.90 (s, 1F). HRMS (API+) (Figure 516, Supplementary Materials): n/z calculated for
C3pHypOsF ([M + H]") 467.2961; found 467.2962.

(22R)-22,23-Dihydroxy-6-oxo-24-nor-5e-cholan-3a-yl 4-methylbenzoate (18a) and
(225)-22,23-dihy droxy-6-0xo0-24-nor-5¢-cholan-3a-yl 4-methylbenzoate (18b)

To a mixture of t-butanol/water (10 mL, 1:1 v/v) and alkene 29 (100 mg, 0.22 mmol),
DHQD-CLB (20.1 mg; 0.043 mmol), CH3SO02NH3 (41.12 mg; 0.43 mmol), K;CO3 (179.2 mg;
1.3 mmol), and K3[Fe(CN)g] (427.0 mg; 1.3 mmol) were added; then, the mixture was
homogenized by magnetic stirring for 10 min. Later, 100 pL of OsOy solution (1.0 g,
0.562 mmol in 20 mL of f-butanol) were added, and the mixture reaction was stirred at
room temperature for 5 h. The end of the reaction was verified by TLC; then, H,O (10 mL)
and a saturated solution of Naa5,055H,0 (2 mL) were added. The mixture was stirred for
another 20 min. Later, it was extracted with EtOQAc (2 x 35 mL) and washed with water
(2 x 35mL), and both organic phases were combined, dried over Mg50,, and filtered. The
solvent was evaporated under reduced pressure. The crude was re-dissolved in CH2Cl,
(1.0 mL) and chromatographed on silica gel with EtOAc¢/cyclohexane (16:4) mixture. A
mixture of 18a/18b = 1.0/1.0 was obtained (93 mg; 91.6% yield). Separation by HPLC of
an analytical sample allowed the separation and obtaining of the pure compounds 18a
and 18b.

Compound 18a was obtained as a colorless solid, m.p. =74.1 + 4.6 °C. "H-NMR (500.16
MHz, CDCl;) (Figure 510, Supplementary Materials): § (ppm) = 7.90 (2H, d, [ = 8.3 Hz,
HAr-2'); 7.24 (2H, d, J = 8.3 Hz, HAr-3'); 5.36-5.34 (1H, m, H-3); 3.80 (1H, ddd, | = 8.9, 3.3,
and 1.2 Hz, H-23a); 3.66-3.61 (1H, m, H-22); 3.52 (1H, dd, | = 10.8 and 3.3 Hz, H-23b); 2.66
(1H, dd, ] = 12.5 and 3.1 He, H-5); 2.41 (3H, s, CH3-Ar); 2.32 (1H, dd, [ = 13.1 and 4.6 Hz,
H-7a); 0.921 (3H, d, ] = 6.7 Hz, H-21); 0.783 (3H, s, H-19); 0.681 (3H, s, H-18). *C-NMR
(125.77 MHz, CDCls) (Figure 510, Supplementary Materials): 5 (ppm) = 211.91 (C-6); 165.82
(COs-Arx); 143.65 (C4'-Ar); 129.61 (C2'-Ar, C6'-Ar); 129.20 (C3'-Ar, C5'-Ar); 128.15 (C1'-Arx);
74.14 (C-22); 69.36 (C-3); 66.16 (C-23); 56.71 (C-14); 53.96 (C-17); 53.00 (C-9); 52.47 (C-5);
46.79 (C-7); 42.94 (C-13); 41.46 (C-10); 39.53 (C-20); 38.09 (C-12); 37.97 (C-8); 32.78 (C-1);
27.72 (C-16); 25.55 (C-2); 25.24 (C-4); 23.95 (C-15); 21.78 (CH;-Ar); 21.22 (C-11); 12.73 (C-21);
12.55 (C-19); 12.00 (C-18). HRMS (API+) (Figure 517, Supplementary Materials): calculated
for C3)HysO5 ([M + H]*) 497.3267, found 497.3262.

Compound 18b was obtained as a colorless solid, m.p. = 83.0 & 5.0 °C. TH-NMR
(500.16 MHz, CDCl3) (Figure 511, Supplementary Materials): & (ppm) = 7.89 (2H, d,
] =82Hz HAr-2");7.23 (2H, d, | = 8.2 Hz, HAr-3"); 5.36-5.34 (1H, m, H-3); 3.83-3.76 (1H,
m, H-23a); 3.69-3.57 (1H, m, H-23b); 3.51 (1H, t, | = 10.2 Hz, H-22); 2.65(1H, dd, | =125
and 3.1 Hz, H-5); 2.41 (3H, s, CH3-Ar); 2.32 (1H, dd, | = 13.1 and 4.6 Hz, H-7); 0.953 (3H,
d, ] = 7.0 Hz, H-21); 0.778 (3H, s, H-19); 0.679 (3H, s, H-18). 13*C-NMR (125.77 MHz, CDCl5)
(Figure 511, Supplementary Materials): § (ppm) = 211.82 (C-6); 165.79 (CO;-Ar); 143.65
(C4'-Ar); 129.60 (C2"-Ar and C&'-Ar); 129.18 (C3'-Ar and C5'-Ar); 128.16 (C1'-Ar); 73.92
(C-22); 69.36 (C-3); 62.54 (C-23); 56.42 (C-14); 54.06 (C-17); 53.02 (C-9); 52.92 (C-5); 46.79
(C-7); 43.48 (C-13); 41.43 (C-10); 40.15 (C-20); 39.47 (C-12); 38.04 (C-8); 32.81 (C-1); 27.47
(C-16); 25.55 (C-2); 25.23 (C-4); 24.12 (C-15); 21.78 (CHs5-Ar); 21.21 (C-11); 13.15 (C-21); 12.55
(C-19); 11.85 (C-18). HRMS (API+) (Figure 518, Supplementary Materials): calculated for
Ca1Hys505 ([M + H]Y) 497.3267, found 497.3265.

(22R)-22,23-Dihydroxy-6-oxo-24-nor-5x-cholan-3x-y1 2-fluorobenzoate (19a) and
(225)-22,23-dihydroxy-6-oxo0-24-nor-5a-cholan-3a-yl 2-fluorobenzoate (19b)

To a mixture of f-butanol /water (8 mL; 1:1v/v), alkene 29 (75 mg; 0.161 mmol), DHQD-
CLB (15.9 mg; 0.0343 mmol), CH350:NH; (32.61 mg; 0.343 mmol), K2CO; (142.2 mg;
1.03 mmol), and K;[Fe(CN)g] (338,7 mg; 1,03 mmol) were added; then, the mixture was
homogenized by magnetic stirring for 10 min. Later, 100 uL of OsOy solution (1.0 g,
0.562 mmol in 20 mL of f-butanol) were added, and the mixture reaction was stirred at
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room temperature for 5 h. The end of the reaction was verified by TLC; then, H;O (10 mL})
and a saturated solution of NasS:035H50 (2 mL) were added. The mixture was stirred for
another 20 min. Later, it was extracted with EtOAc (2 x 35 mL) and washed with water
(2 x 35 mL), and both organic phases were combined, dried over MgSOy, and filtered. The
solvent was evaporated under reduced pressure. The crude was re-dissolved in CHz2Cla
(1.0 mL) and chromatographed on silica gel with an EtOAc/cyclohexane (16:4) mixture. A
mixture of 19a/19b = 1.0/1.0 was obtained (65 mg: 80.8% yield). The separation by HPLC
of an analytical sample allowed the separation and obtaining of the pure compounds 19a
and 19b.

Compound 19a was obtained as a colorless solid, m.p. = 56,9 £ 4.6 °C. "H-NMR
(500.16 MHz, CDCl3) (Figure 512, Supplementary Materials): & (ppm) =7.92 (1H, td, [ = 7.6
and 1.8 Hz, HAr-6"); 7.56=7.48 (1H, m, HAr-4"); 7.21 (1H, td, ] = 7.6 and 1.2 Hz, HAr-3"); 7.13
(1H, ddd, | = 10.7, 7.6 and 0.9 Hz, HAr-5"); 5.40-5.39 (1H, m, H-3); 3.87-3.76 (1H, m, H-23a);
3.75-3.39 (2H, m, H-22, H-23b); 2.71 (1H, dd, ] = 12.5 and 3.1 Hz, H-5); 2.31 (1H, dd, | = 13.1
and 4.6 Hz, H-7x); 0.917 (3H, d, | = 6.4 Hz, H-21); 0.776 (3H, s, I1-19); 0.676 (3H, s, H-18).
13C-NMR (125.77 MHz, CDCl5) (Figure 512, Supplementary Materials): § (ppm) = 212.12
(C-6); 163.89 (d, *Jcp = 3,6 Hz, COs-Ar); 161.93 (d, g = 259.1 Hz, C2'-Ar); 134.49 (d,
3ep = 8.4 Hz, C4'-Ar); 132.31 (d, ¥cp = 0.9 Hz, C&'-Ar); 124.13 (d, #/cp = 3.6 Hz, C5/-Ar);
117.17 (d, 2Jcp = 9.6 Hz, C1"-Ar); 116.99 (d, 2Jcp = 21.6 Hz, C3'-Ar); 75.56 (C-22); 70.33 (C-3);
61.15 (C-23); 56.67 (C-14); 53.85 (C-17); 52.79 (C-9); 52.45 (C-5); 46.78 (C-7); 43.47 (C-13);
42,93 (C-10); 41.41 (C-20); 39.51 (C-12); 38.09 (C-8); 32.55 (C-1); 27.72 (C-16); 25.49 (C-2);
25.20 (C-4); 23.94 (C-15); 21.21 (C-11); 12.73 (C-21); 12.61 (C-19); 12.00 (C-18). BENMR
(470.62 MHz, CDCl3) & (ppm) = —108,91 (s, 1F). HRMS (API+) (Figure 519, Supplementary
Materials): calculated for C3gHyO5F ([M + H]*) 501.3016, found 501.3015.

Compound 19b was obtained as a colorless solid, m.p. =754 £ 1.5 °C. TH-NMR
(500.16 MHz, CDCl5) (Figure 513, Supplementary Materials): & (ppm) =7.92 (1H, td, [ =7.6
and 1.8 Hz, HAr-6'); 7.54-7.49 (1H, m, HAr-4'); 7.21 (1H, td, | = 7.6 and 1.2 Hz, HAr-3'); 7.13
(1H, ddd, | =10.7, 7.6, and 0.9 Hz, HAr-5); 5.40-5.39 (1H, m, H-3); 3.84-3.76 (1H, m, H-23a);
3.71-3.69 (1H, m, H-23b); 3.51 (1H, t, | = 10.2 Hz, H-22); 2.70 (1H, dd, | = 12.5 and 3.1 He,
H-5); 2.31 (1H, dd, | = 13.1 and 4.6 Hz, H-7a); 0.954 (3H, d, | = 6.7 Hz, H-21); 0.777 (3H,
s, H-19); 0.681 (3H, s, H-18). LB NMR (125.77 MHz, CDCl3) (Figure 513, Supplementary
Materials): § (ppm) = 211.97 (C-6); 163.89 (d, *Jcr = 3.6 Hz, COz-Ar); 160.87 (d, 'cr =
259.1 Hz, C2'-Ar); 134.48 (d, *Jcr = 8.4 Hz, C4'-Ar); 132.34 (d, #]cp = 0.9 Hz, C&'-Ar); 124.13
(d, *Jcp = 3.6 Hz, C5'-Ar); 118.37 (d, ?/cp = 9.6 Hz, C1"-Ar); 117.04 (d, %y = 21.6 Hz,
C3'-Ar); 73.90 (C-22); 70.32 (C-3); 62.52 (C-23); 56.37 (C-14); 53.95 (C-17); 52.90 (C-9); 52.79
(C-5); 46.78 (C-7); 43.48 (C-13); 41.38 (C-10); 40.15 (C-20); 39.46 (C-12); 38.04 (C-8); 32.57
(C-1); 27.47 (C-16); 25.48 (C-2); 25.20 (C-4); 24.11 (C-15); 21.19 (C-11); 13.13 (C-21); 12.62
(C-19); 11.85 (C-18). F-NMR (470.62 MHz, CDCl3) & (ppm) = -108,90 (s, 1F). HRMS (API+)
(Figure 520, Supplementary Materials): calculated for C3gHyOsF ([M + HJ*) 501.3016,
found 501.3014.

3.2. Biological
Rice Lamina Inclination Test (RLIT)

The biological activity of the growth of the compounds was evaluated by the rice
lamina inclination test [55,56], according to a previously described procedure [38], and
using the same a Zafiro cultivar (Oryza sativa) provided by the Institute of Agricultural
Research (INIA-Quilamapu-Chile) as previous studies.

The seeds were sown and cultivated until the seedlings presenting the second intern-
ode of the rice blade were selected for cutting, Six segments per treatment were incubated
in Petri dishes containing 60 mL of distilled water, and the amount of test compound (BRs
analogs 18a, 18b, 19a, 19b, 20a, and 20b and positive control (1)) needed to reach final
concentrations eclual tolx 108 M;1 % 1077 M; and 1 x 1075 M. The negative control
only contained sterile distilled water. All treatments were incubated by 48 h at 25 "C in
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darkness, and the angles developed between the blade and the sheath were measured.
Each experiment was performed by duplicate.

Results were expressed as mean + standard deviation (SD) using twelve angle mea-
surements. Statistical analysis was done using a statistical package Excel by applying
mean values using one-way ANOVA with the post-hoc least square differences (LSD) test
to determine if there was a significant difference between the positive control and the
treatments. A P value of less than 0.05 was considered significant.

4. Conclusions

Brassinosteroid 24-norcholane type analogs conjugated at C-3 and configurations 5
and R on the C-22 carbon of the side chain have been synthesized and characterized. The
synthesis uses hyodeoxycholic acid as the starting material, and epimers with different
configuration at C-22 are obtained. These epimers have been separated, and their growth-
promoting activity was measured using RLIT. The results show that the esterification of
BRs analog at C-3 has no effect on the biological activity of synthetic analogs. This suggest
that reducing activity by esterification at C-3 requires a long chain carboxylic acid. In
addition, the presence of a hydroxyl group at C-3 is not an essential structural feature for
activity. This result confirms previous SAR where it has been proposed that activity is not
determined by the presence or absence of specific groups in the BR structure.

Supplementary Materials: The following are available online, Figure S1: NMR spectra of 3o,60-
diacetoxy-5p-cholan-24-0ic acid (22), Figure 52: NMR spectra of 24-nor-53-cholan-22-ene-3o, fioc-
diyl diacetate (23), Figure 53: NMR spectra of 24-nor-5f3-chol-22-ene-3u,60-diol (24), Figure S4:
NMR spectra of 6a-hydroxy-24-nor-5f-chol-22-en-3-one (25}, Figure 55: NMR spectra of 24-nor-
5@-chol-22-ene-3,6-dione (26), Figure S6: NMR spectra of 3a-hydroxy-24-nor-54 -chol-22-en-6-one
(27), Figure 57: NMR spectra of 3a-hydroxy-24-nor-5p-chol-22-en-6-one (28), Figure 58: NMR
spectra of 6-oxo-24-nor-5p-chol-22-en-3o-yl 4-methylbenzoate (29), Figure $9: NMR spectra of
ﬁ—mc0—24-11{.31*—:—:ﬁ—ch(}l—?Z—enﬂD(—y] 2-fluorobenzoate (30), Figure S10: NMR spectra of (22R)-22,23-
dihydroxy-6-ox0-24-nor-5p-cholan-3a-yl 4-methylbenzoate (18a), Figure 511: NMR spectra of (225)-
22,23-dihydroxy-6-0x0-24-nor-5p-cholan-3 -yl 4-methylbenzoate (18b), Figure 512;: NMR spectra
of (22R)-22,23-dihydroxy-6-ox0-24-nor-5p-cholan-30-yl 2-fluorobenzoate (19a), Figure S13: NMR
spectra of (225)-22,23-dihydroxy-6-oxo-24-nor-5[i-cholan-3a-yl 2-fluorobenzoate (19b), Figure S14:
HRMS (API7) spectrum of 3ec-hydroxy-24-nor-5p-chol-22-en-6-one (28), Figure S15: HRMS (AFI7)
spectrum of 6-oxo0-24-nor-5p-chol-22-en-3x-y1 4-methylbenzoate (29), Figure 516: HRMS (API")
spectrum of é-oxo-24-nor-5fi-chol-22-en-3x-yl 2-fluorobenzoate (30), Figure S17: HRMS (API")
spectrum of (22R)-22,23-dihydroxy-6-oxo-24-nor-5f-cholan-3a-yl 4-methylbenzoate (18a), Figure S18:
HRMS (API7) spectrum of (225)-22,23-dihydroxy-6-oxo-24-nor-5p-cholan-3o-y1 4-methylbenzoate
(18b), Figure 519: HRMS (API") spectrum of (22R)-22,23-dihydroxy-6-oxo-24-nor-5f-cholan-3cc-yl
2-fluorobenzoate (19a), Figure 520: HRMS (APL") spectrum of (225)-22,23-dihy droxy-6-oxo-24-nor-
5@-cholan-3a-yl 2-fluorobenzoate (19b).
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Abstract: Brassinosteroids are a class of plant hormones that regulate a broad range of physiological
processes such as plant growth, development and immunity, including the suppression of biotic
and abiotic stresses. In this paper, we report the synthesis of new brassinosteroid analogues with a
nitrogen-containing side chain and their biological activity on Arabidopis thaliana. Based on molecular
docking experiments, two groups of brassinosteroid analogues were prepared with short and long
side chains in order to study the impact of side chain length on plants. the derivatives with a short
side chain were prepared with amide, amine and ammonium functional groups. the derivatives with
a long side chain were synthesized using amide and ammonium functional groups. A total of 25
new brassinosteroid analogues were prepared. All 25 compounds were tested in an Arabidopsis
root sensitivity bioassay and cytotoxicity screening. the synthesized substances showed no signifi-
cant inhibitory activity compared to natural 24-epibrassinolide. In contrast, in low concentration,
several compounds (8a, 8b, 8e, 16e, 22a and 22¢) showed interesting growth-promoting activity.
the cytotoxicity assay showed no toxicity of the prepared compounds on cancer and normal cell lines,

Keywords: brassinosteroid; organic synthesis; nitrogen-containing steroid; plant bicassay; cytotoxicity

1. Introduction

Brassinosteroids (BRs, Figure 1) are a group of plant steroid hormones that regulate
many important aspects of plant growth and development, such as cell division, elongation
and differentiation, pollen tube growth, seed germination, regulation of gene expres-
sion, enzyme activation and photosynthesis [1-3]. They also induce tolerance against
a wide range of biotic and abiotic stresses, such as water or drought, temperature, ox-
idative stresses, high salinity and different environmental pollutants [4,5]. At the molec-
ular level, BRs modify the pathway of enzymes and change the gene expression when
plants are exposed to stress. Plants perceive brassinosteroids at the cell membrane, us-
ing the membrane-integral receptor kinase brassinosteroid insensitive 1 (BRI1) and its
co-receptor BAK1 [6-9]. the encoded protein, BRI1, is a member of a large family of plant
LRR (leucine-rich repeat) receptor-like kinases, characterized by an extracellular LRR do-
main, a single-pass transmembrane segment and a cytoplasmic kinase domain. BRI1 has
been established as an authentic brassinosteroid receptor through genetic and biochemical
investigations [10]. Moreover, recent studies have shown that natural BRs and their syn-
thetic analogues have potential application not only in agriculture, but also in medicine
due to their antiviral [11,12], immunomodulatory and neuroprotective activities [13-15],
and anti-proliferative effects on animal cells in vitro [16-20].
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Figure 1. Structure of the most common natural brassinosteroids.

Since the first BR isolation and structural identification, chemists began to synthesize
new brassinosteroid analogues with different modifications of the sterol skeleton and tested
them on various biological activities, especially in plant biocassays. Modification of the side
chain is one of the main aims of synthesis. Such modifications include shortening or pro-
longing the side chain, oxidation or reduction of oxygen functional groups, incorporation of
heteroatoms other than oxygen (mostly nitrogen and halogens) and modification of newly
synthesized functional groups (e.g., acetylation, methylation, etc.) [21-28]. Preparation of
derivatives with a nitrogen-containing side chain has not been at the forefront of the interest
of steroidal chemists. Few examples have been published so far. Back et al. described
the synthesis and biological activities of 25-azabrassinolide. Unfortunately, the rice lamina
inclination biotest showed no biological activity [29]. Several BR analogues with nitrogen-
containing heterocycles (e.g., isoxazoline, oxazole, thiazole and pyridine) were synthesized
by Wendeborn’s group [25]. Other analogues with nitrogen groups in the side chain were
prepared mostly for other chemical modifications, e.g., azide derivatives for photoaffinity
labeling [30] or activated esters for conjugation reactions [31,32].

the aim of this study was to synthesize new BRs analogues with nitrogen functional
groups (amides, amines and ammonium salts) in the side chain and study their biological
properties. the synthesis was also based on molecular docking, It uses computational meth-
ods for prediction of interaction between receptors and ligands. It is a tool for predicting
the first results during the preparation of new ligands. In our study, we were interested
mostly in tertiary amides and amines to avoid the presence of hydrogen directly attached
to nitrogen (with the exception of hydrochloride salts of tertiary amines whose existence
is pH-dependent) and because they have an additional hydrogen bond acceptor than
standard BRs hydroxy groups. the plant growth-promoting activity of synthetic analogues
was assayed using the Arabidopsis root sensitivity bioassay. Further, the cytotoxic activity
of all compounds was tested on one normal and three cancer cell lines.

2. Results and Discussion
2.1. Chemistry

the synthesis of all nitrogen-containing compounds was divided into three groups—
short chain amides (Scheme 1), short chain amines and ammonium chlorides (Scheme 2)
and long chain derivatives (Scheme 3). the synthesis of amides with a short side chain
started with the known tosylate 1 [33]. Other reaction steps correspond to standard
brassinosteroid synthesis [3]. Firstly, hydroxy ester 2 is formed from tosylate, followed by
oxidation with Jones reagent to oxo-ester 3. This ketone undergoes rearrangement to
olefin 4. Hydrolysis of the ester group afforded carboxylic acid 5 that is suitable for
amide formation. Five different secondary amines were used for the amidation reaction—
dimethylamine, diethylamine, pyrrolidine, piperidine and morpholine. In all five cases,
olefinic amides 7a—e were obtained in very good yield. However, activated ester 5 can also
be isolated after 4-5 h of reaction. As the last reaction, we used Upjohn dihydroxylation to
prepare five dihydroxy amides, 8a—e.

97



Int. |. Mal. Sci. 2021, 22, 155 3of 27

*_COOE! . _COOE ™ _CODE! ™ _COOE!

ToslY ol e

5
"~ COOH
o | * | - >
NN
b |/ i
S Hg 8
« (L3 v
L] 4]
N =
d _'_\; ﬁ:r‘""(a
N Hok
e
Ld o0 e

Scheme 1. Synthesis of short side chain amides: (i) AcOK, acetone, H20, reflux.; (ii) Jones reagent,
acetone, 0 “C; (iii) LiBr, PPTS, dimethylacetamide, reflux; (iv) KOH, EtOH, HaO, reflux; (v) amine,
HOBt (hydroxybenzotriazole), EDC, DME, 40 “C; (vi) Os0,, N-Me-Mf-N-oxide, THF, acetone, HyO, k.

Due to the reduction step in the synthesis of amine analogues, the previous reaction
strategy cannot be used here. It is necessary to protect both the hydroxy groups and
ketone. Thus, we started with the known dihydroxy ester 9 [34]. It was firstly protected
on hydroxy groups with acetone (compound 10), followed by protection of the ketone
with ethylene glycol (compound 11). Fully protected ester was then hydrolyzed to acid
12 which is used for amide formation. Amides 13a—e were then subjected to reduction
with lithium aluminum hydride to obtain amines 14a-e. Subsequent deprotection with
basic work-up afforded dihydroxy amines 15a—e, whese treatment with hydrochloric acid
formed ammonium hydrochloride 16a—e.
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Scheme 2. S}'nthcsis of short side chain amines and ammonium salts: (i) TsOH, acetone, r.t.; (ii)
2,2-diMe-1,3-dioxolane, TsOH, 90 “C; (iii) KOH, i-PrOH, H; 0, reflux, then HCl; (iv) amine, HOBt,
EDC, DMF, 40 “C; (v) LiAlHy, dioxane, reflux; (vi) HCl, THF, H,O, 45 °C, then NaHCO;; (vii) HCI,
MeOLH, Hy0, rt.

For the preparation of long side chain analogues, we used the known fully protected
ester 17 [35]. Hydrolysis of the ester and condensation of acid 18 with amines afforded five
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fully protected amides, 19a-e. Firstly, all amides were deprotected to form tetrahydroxy
amides 20a-e. Another portion of amides was used in lithium aluminum hydride reduction
to prepare amines 21a-e. After their acidic deprotection, we obtained ammonium chlorides
22a-e. the deprotection on the side chain must be carried out at 45 °C. Lower temperature
(below 30 °C) led only to partial deprotection on the A-ring and isolation of amide 23 and
ammonium chloride 24 with the still protected side chain.
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Scheme 3. Synthesis of long side chain derivatives: (i) KOH, MeOH, H;O, reflux, then HCl; (ii)
amine, HOBt, EDC, DMF, 40 °C; (iii) HCl, THE, H5O, 45 “C, then NaHCOy; (iv) LiAlH,, dioxane,
reflux; (v) HCL THF, H.0, 45 °C.

2.2. Molecular Docking

Molecular docking is a useful tool to understand the pose and energetics of a protein—
ligand complex. the binding site of BRI1 is located on the surface of the receptor ectodomain
as a nonpolar cavity lined by nonpolar amino acids. Brassinolide fits into the cavity
via its nonpolar side and displays its hydroxyl groups towards the solvent and protein
partners [26]. Due to this reason, we used only tertiary amides and amines. Especially
in the case of long side chain derivatives, the presence of a new hydrogen bond donor
can affect their pose in the protein cavity. Molecular docking predicted similar or better
binding energies than for brassinolide for compounds 8¢, 8d, 8e, 15d, 20c, 22¢ and 22d
(see Table 51). This implies that derivatives with nitrogen groups in the side chain should
bind within the BRI1 cavity at least as easily as brassinolide itself. Based on molecular
docking, these were also candidates for showing similar binding experimentally. For poses
of all nitrogen-containing derivatives used for the plant biotest, see Figures S1-520 in
the Supplementary Material.

2.3. Biology

Several bioassays such as the first bean internode, root growth and rice lamina inclina-
tion have been developed to evaluate the growth-promoting activity of BR derivatives [36].
In this work, the activity of new BR analogues was evaluated using the Arabidopsis root
sensitivity test because of its simplicity and high sensitivity for BRs. [27,25]. the characteris-
tic effect of exogenously applied BRs on light-grown Arabidopsis is dose-dependent—BRs
in higher concentrations cause inhibition of root growth; vice versa, low concentrations
are stimulating [37-39]. the results obtained for 24-epiBL, which was used as a positive
control, and the BR derivatives are shown in Figure 2, Figure 3 and Figure 521. the most
active BR (24-epiBL) inhibited Arabidopsis root growth in 1 nM and higher concentrations.
Most of the new]y syn{hesized BR derivatives were not active, and nnly the iong side chain
derivatives 20a and 20c show a weak inhibitory effect in the concentration range, which was
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not confirmed using the higher tested concentration of 100 nM (Figure 3 and Figure 521).
Compound 22b shows the same effect only at low concentrations; on the contrary, com-
pound 8a shows weak inhibition up to the highest tested concentration of 100 nM (see
Figure 521). On the other hand, in low concentrations (0.1 and 1 nM), a slight elongation of
roots was observed for derivatives with a short side chain (8a, 8b, 8e and 16e} compared
to the control. A similar trend was shown for dimethylammonium hydrochloride 22a
and morpholinium hydrochloride 22e with a long side chain. For numerical values of
the average, SD and p-value, see Table 52.

the structure-activity relationship of brassinosteroids has been studied in detail in
recent years and it has been postulated that the (20,3a)- and (22R,23R)-vicinal diol moi-
eties are required for optimum bioactivity and 7-oxalactone BRs have stronger biological
activity than 6-oxo types, whereas B-ring non-oxidized BRs reveal no activity in biolog-
ical tests [25,40,41]. Recently, several research groups prepared BR synthetic analogues
with various nitrogen modifications in the side chain. Wendeborn and co-workers [25]
synthesized BR derivatives where the isoxazoline ring was introduced to replace the (22,23)-
vicinal diols and showed no statistically significant activity in the bean second internode
elongation bioassay. As well as 25-azabrassinolide, it proved to be completely inactive at
all doses studied in the rice leaf lamina inclination assay [29]. the low biological activity of
BR analogues with the nitrogen-containing side chain is probably due to the lower BRI-1
receptor affinity.

the effect of the prepared BRs derivatives on the viability (in Calcein AM assays) of B]
human fibroblasts (as an example of a “normal” cell line) and human cancer cell lines of
various histopathological origins, including: T-lymphoblastic leukemia CEM, breast car-
cinoma MCF7 and cervical carcinoma cell line Hel.a, was also studied. Cells of all these
lines were exposed to six 3-fold dilutions of each drug for 72 h prior to determination of
cell survival. the ICs; (concentration leading to 50% inhibition of viability) values obtained
from the Calcein AM cytotoxicity assay were calculated. 28-Homocastasterone was used
as a positive control, which is the most potent natural brassinosteroid towards CEM cells
(IC50 13 uM [42]). All tested BR nitrogen-containing derivatives had no detectable activity,
even when tested in concentrations of up to 50 pM. No BRs derivative-mediated loss of
viability was observed in the BJ fibroblasts (see Table 53).
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Figure 2. Effect of selected brassinosteroid derivatives on the inhibition of Arabidopsis root length.
Seven-day-old Arabidopsis thaliana seedlings (Columbia ecotype, Col-0) were treated with DMSO
as control/24epiBL/BR short side chain derivatives; (A)—amides, (B)—amines, (C)—ammonium
hydrochlorides. For each treatment, more than 15 seedlings were analyzed in two biological repeats.
Error bars represent SD. Asterisks represent significant changes (t-test); * represents p-value < 0.05, in
comparison to control.
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Figure 3. Effect of selected brassinosteroid derivatives on the inhibition of Arabidopsis root length.
Seven-day-old Arabidopsis thaliana seedlings (Columbia ecotype, Col-0) were treated with DMSO
as control/24epiBL/BR long side chain derivatives; (A)—amides, (B)—ammonium hydrochlorides.
For each treatment, more than 15 seedlings were analyzed in two biological repeats. Error bars repre-
sent SD. Asterisks represent significant changes (t-test); * represents p-value < 0.05, in comparison
to control.

3. Materials and Methods
3.1. Materials and Instruments

the melting points (Mp) were determined on a Stuart SMP30 instrument (Bibby Scien-
tific Ltd., Staffordshire, UK). Elemental analyses were performed using an EA 1108 elemen-
tal analyzer (Fison Instruments, Glasgow, UK); the values (C, H, N) agreed with the calcu-
lated values within acceptable limits. the NMR spectra were taken on a JEOL JNM-ECA 500
(JEOL, Tokyo, Japan; 'H, 500 MHz; "*C, 125 MHz) spectrometer equipped with a5 mm JEOL
Royal probe. 'HNMR and *C NMR chemical shifts (§) were calibrated using tetramethylsi-
lane (TMS, 'H 8§ = 0 ppm) or solvents: CDCl3 ('H § = 7.26 ppm, '>C & = 77.00 ppm), CD;0D
('H & = 3.31 ppm, '*C § = 49.00 ppm), DMSO-ds ('"H & = 2.46 ppm, '*C § = 40.00 ppm) or
D10 ('H § = 4.79 ppm). Chemical shifts are given in ppm (§-scale) and coupling constants
(J) are given in Hz. All values were obtained by first-order analysis. the most common
abbreviations for NMR signals were used: s—singlet, d—doublet, t—triplet, g—quartet,
m—multiplet, b—broad (and combinations thereof, e.g., dd—doublet of doublet, bs—broad
singlet, etc.). For API HRMS analysis, the samples were dissolved in chloroform (or chlo-
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roform/methanol; 1:1; v/v, in the case of hydroxylated compounds) to a concentration
10 ug-mL~1. the ASAP (Atmospheric Solids Analysis Probe) was dipped into the sam-
ple solution, placed into the ion source and analyzed in full scan mode. the source of
the Synapt G2-5i Mass Spectrometer (Waters, Manchester, UK) was operated in positive
ionization mode (ASAP+) and, if not stated otherwise, at a source temperature of 120 “C.
the Corona needle current was kept at 5 pA and the collision energy was kept at a value
of 4. the probe temperature was ramped up from 50 to 600 °C in 3 min. Data were acquired
from 50 to 1000 Da with 1.0 s scan time in high-resolution mode and processed using
the Masslynx 4.1 software (Waters, Manchester, UK). Mass accuracy of 1 ppm or less was
achieved with the described instrumentation for all compounds. Merck silica gel Kieselgel
60 (230400 mesh) was used for column chromatography. Reagents and solvents were

purchased from Sigma-Aldrich (5t. Louis, MO, USA) and were not purified.

3.2. Chemistry
Ethyl (205)-6p-hydroxy-3a,5-cyclo-5a-pregnane-20-carboxylate (2)

Potassium acetate (5.4 g; 55 mmol) was added to a solution of tosylate 1 (3.0 g;
5.54 mmol) in acetone (140 mL) and water (40 mL). the reaction was stirred under reflux
for 7 h. Then, excess of acetone was removed under reduced pressure and the residual
suspension was dissolved in diethyl ether and extracted twice with water. Organic solvents

were dried with sodium sulfate and removed under reduced pressure. the crude product

was purified on silica gel (mobile phase—30% ethyl acetate in cyclohexane) to afford
hydroxyl ester 2 (2.1 g; 97%) as a white solid.

Mp 59-60 °C. 'H NMR (CDCl3) 6 0.29 (dd, 3H, | = 8.1 and 4.5 Hz); 0.53 (t, 1H, | = 45 Hz,
H-4p); 0.74 (s, 3H, CHy); 1.06 (s, 3H, CHa); 1.19 (d, 3H, | = 6.7 Hz, CH,); 1.25 (t, 3H,
| = 7.0 Hz, CH,CH3); 1.93 (dt, 1H, ] = 12.5 and 4.0 Hz); 2.41 (dq, 1H, | = 10.6 and 8.0 Hz,
H-20); 3.26 (t, 1H, | = 2.9 Hz, H-6c); 4.07-4.16 (m, 2H, CH2CHj;). 1*C NMR § 11.57, 12.37,
14.25, 17.10, 20.20, 22.60, 24.22, 24 26, 24 98, 27,19, 29.85, 33.17, 37.03, 38.85, 39.92, 4261,
42.78, 42.86, 47.57, 52.97, 56.00, 59.96, 73.68, 177.00. HRMS: (API+) calculated for Ca3H3904
([M + H]*) 375.2899, found 375.2899.

Ethyl (205)-6-ox0-3a,5-cyclo-5a-pregnane-20-carboxylate (3)

Jones reagent (10 mL) was added to a solution of hydroxy ester 2 (2 g; 5.13 mmol)
in acetone (150 mL) at 0 "C. the reaction was stirred at 0 “C for an additional 20 min
and then quenched with isopropanol (20 mL). Excess of acetone was removed under
reduced pressure. the suspension was diluted with diethyl ether and extracted twice with
water. Organic solvents were dried with sodium sulfate and removed under reduced
pressure. the crude product was purified on silica gel (mobile phase—10% ethyl acetate in
cyclohexane) to afford oxoester 3 (1.7 g; 85%) as a white solid.

Mp 86-87 °C. 'H NMR (CDCl3) 4 0.73 (t, 1H, | = 4.9 Hz, H-4p); 0.74 (s, 3H, CH;); 1.01
(s, 3H, CH3); 1.20 (d, 3H, | = 6.7 Hz, CHj3); 1.25 (t, 3H, | = 7.0 Hz, CH,CHs;); 1.89-1.95
(m, 2H); 1.99 (t, 1H, | = 12.6 and 3.5 Hz); 2.38-2.45 (m, 2H, H-73, H-20); 4.07-4.16 (m, 2H,
CH3CH3). 3C NMR 4 11.65, 12.20, 14.24, 17.08, 19.65, 22.76, 24.10, 25.85, 27.04, 33.44, 34.72,
35.34, 39.45, 42.53, 42.75, 44,67, 45.98, 46.28, 46.70, 52.72, 56.48, 60.04, 176.75, 209.47. HRMS:
(API+) calculated for CoyH3yO4 ([M + H]*) 373.2743, found 373.2744.

Ethyl (205)-6-0x0-5a-pregn-2-ene-20-carboxylate (4)

Lithium bromide (165 mg; 1.9 mmol) and pyridinium p-toluensulfonate (165 mg;
0.66 mmol) were added to a solution of oxoester 3 (1.65 g; 4.2 mmol) in dimethylacetamide
(60 mL). the reaction mixture was stirred under reflux for 5 h. Dimethylacetamide was
then removed under reduced pressure. the crude mixture was diluted in diethyl ether and
extracted twice with water. Organic solvents were dried with sodium sulfate and removed
under reduced pressure. the crude product was purified on silica gel (mobile phase—10%
ethyl acetate in cyclohexane) to afford unsaturated ester 4 (1.45 g; 88%) as a white solid.
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Mp 118-120 °C. 'H NMR (CDCl;) 6 0.70 (s, 3H, CHy); 0.72 (s, 3H, CHa); 1.20 (d, 3H,
| =67 Hz, CHs); 1.25 (t, 3H, | = 7.0 Hz, CH,CH3s); 1.71-1.79 (m, 2H}; 1.97-2.05 (m, 4H);
2.26 (m, 1H); 2.34-2.36 (m, 2H); 2.41 (dq, 1H, | = 10.4 and 7.0 Hz, H-20); 4.07-4.16 (m, 2H,
CH2CH3;); 5.57, 5.69 (both m, 1H, H-2 and H-3). 3C NMR 4 12.11, 13.48, 14.24, 17.07, 21.03,
21.68, 23.99, 26.92, 37.61, 39.23, 39.29, 39.99, 42.51, 42.84, 46.89, 52.73, 53.28, 53.78, 56.25,
60.04, 124.45, 124.93, 176.74, 211.81. HRMS: (API+) calculated for CoyH3;O5 ([M + H]Y)
373.2743, found 373.2745.
(205)-6-ox0-5cc-pregn-2-ene-20-carboxylic acid (5)

Potassium hydroxide (1.0 g; 18 mmol) was added to a solution of ester 4 (1.4 g;
3.63 mmol) in ethanol (100 mL) and water (5 mL). the reaction mixture was stirred under
reflux for 8 h. the excess ethanol was then removed under reduced pressure. the suspension
was diluted with ethyl acetate and extracted with 5% aqueous hydrochloric acid and twice
with water. Organic solvents were dried with sodium sulfate and evaporated under
reduced pressure. the crude product was purified on silica gel (mobile phase—50-80%
ethyl acetate in cyclohexane) to afford acid 5 (1.18 g; 91%) as a white solid. All data
correspond to the data published [34].

General procedure for amide formation from acids 5, 12 and 18

1-Ethyl-3-(3-dimethylaminopropyljcarbodiimide (1.1 equivalents) was added to a
solution of either acid 5 (100 mg; 0.28 mmol), acid 12 (200 mg; 0.43 mmol) or acid 18 (200 mg;
0.36 mmuol), secondary amine (1.5 equivalents) and 1-hydroxybenzotriazole hydrate (1.1
equivalents) in dimethylformamide (10 mL). the reaction mixture was stirred at 40 °C for
12 h. Then, it was diluted with ethyl acetate and extracted twice with water. the combined
organic fractions were dried with sodium sulfate and evaporated under reduced pressure.
the crude product was purified on silica gel (mobile phase at each experiment).
1H-benzo[d][1,2,3]triazol-1-y1 (205)-6-0ox0-5n-pregn-2-ene-20-carboxylate (6)

Compound 6 can be obtained as a white solid intermediate (quant. yield) in amide
formation according to the general procedure after 5 h at room temperature.
Mp > 160 “C (decomp.). 'H NMR (CDCls) & 0.75 (s, 3H, CHa3); 0.84 (s, 3H, CHa); 1.55 (d,
3H, [ = 6.9 Hz, CHa); 1.78-1.91 (m, 2H); 2.00-2.13 {m, 4H); 2.28 (m, 1H); 2.34-2.42 (m, 2H);
2.96 (m, 1H, H-20); 5.59, 5.71 (both m, 1H, H-2 and H-3); 7.38 (dt, 1H, | = 8.5 and 0.9 Hz,
Hya,); 7.44 (ddd, 1H, [ =85,7.1 and 0.9 Hz, Hy,); 7.56 (ddd, 1H, [ =8.5,7.1 and 0.9 Hz, H,,);
8.08 (dt, 1H, | = 8.5 and 0.9 Hz, Hy,). 13C NMR § 12.23, 13.52, 17.17, 21.05, 21.68, 24.12,
27.37,37.58, 39.21, 39.29, 39.96, 40.38, 43.31, 46.79, 52.37, 53.20, 53.80, 56.15, 108.10, 120.58,
124.37, 124.78, 124.97, 12850, 128.71, 143.48, 172.22, 211.48. HRMS: (API+) calculated for
CogHagN1O5 ([M + H]*) 462.2757, found 462.2758.

N,N-dimethyl-(205)-6-oxo-5a-pregn-2-ene-20-carboxamide (7a)

the general procedure for amide formation with acid 5 and dimethylamine and chro-
matography on silica gel (isopropanol/cyclohexane—1/9) yielded 79 mg (76%) of the title
compound 7a as a colorless oil:
"H NMR (CDCl3) 6 0.73 (s, 3H, CH;); 0.74 (s, 3H, CHz); 1.15 (d, 3H, | = 6.7 Hz, CHs); 1.75
(dtd, 1H, [ = 12.4, 10.8 and 4.3 Hz); 1.81-1.89 (m, 2H); 1.97-2.05 (m, 4H); 2.27 (m, 1H);
2.33-2.39 (m, 2H); 2.96 (m, 1H, H-20); 2.76 (dq, 1H, ] = 9.8 and 6.7 Hz, H-20); 3.01 (bs, 6H,
2% NCH3); 5.58, 5.69 (both m, 1H, H-2 and H-3). 13C NMR § 12.35, 13.48, 17.04, 21.05, 21.67,
23.97, 27.35, 37.66 (2xC), 37.68, 39.25, 39.29 (2xC), 40.05, 42.62, 46.92, 52.88, 53.24, 53.76,
56.12, 124.47, 124.90, 176.56, 211.97. HRMS: (API+) calculated for CoyHzgINO, ([M + H] )
372.2903, found 372.2903.

N, N-diethyl-(205)-6-0x0-5c-pregn-2-ene-20-carboxamide (7b)

the general procedure for amide formation with acid 5 and diethylamine and chro-
matography on silica gel (isopropanol /cyclohexane—1/19) yielded 87 mg (78%) of the title
compound 7b as a colorless oil:
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"H NMR (CDCls) § 0.72 (s, 3H, CHa); 0.73 (s, 3H, CH3); 1.10 (t, 3H, ] = 7.1 Hz, CH;); 1.16
(d, 3H, ] = 6.7 Hz, CHj3); 1.19 (t, 3H, | = 7.1 Hz, CH;); 1.74 (m, 1H); 1.80-1.90 (m, 2H);
1.97-2.05 (m, 4H); 2.26 (m, 1H); 2.34 (dd, 1H, ] = 13.3 and 4.1 Hz); 2.37 (dd, 1H, | = 11.1
and 4.9 Hz); 2.64 (dgq, 1H, | = 9.7 and 6.6 Hz, H-20); 3.22-3.33 (m, 2H, 2 xNCH); 3.37-3.51
(m, 2H, 2xNCH); 5.58, 5.69 (both m, 1H, H-2 and H-3). 1C NMR § 12.43, 13.01, 13.50,
14.94, 17.69, 21.08, 21.68, 23.96, 27.10, 37.53, 37.72, 39.28, 39.30, 40.07, 40.48, 42.11, 42,61,
46.92, 53.04, 53.26, 53.77, 56.12, 124.49, 124.91, 175.71, 212.02. HRMS: (API+) calculated for
CosHypaNO2 ([M + H]') 400.3216, found 400.3215.
1-{(205)-6-ox0-50-pregn-2-ene-20-carbonyl)pyrrolidine (7c)

the general procedure for amide formation with acid 5 and pyrrolidine and chro-
matography on silica gel (isopropanol/ cyclohexane—1/19) yielded 91 mg (82%) of the title
compound 7¢ as a colorless oil:
'H NMR (CDCl3) 6 0.71 (s, 6H, 2 CH3); 1.16 (d, 3H, | = 6.7 Hz, CH3); 1.74 (m, 1H); 1.81-
1.89 (m, 4H); 1.92-2.05 (m, 6H); 2.25 (m, 1H); 2.34 (dd, 1H, | = 13.1 and 4.3 Hz); 2.38 (dd, 1H,
[=11.0and 49 Hz); 2.55 (dq, 1H, | = 9.8 and 6.7 Hz, H-20); 3.43-3.55 (m, 4H, 4xNCH); 5.57,
5.69 (both m, 1H, H-2 and H-3). 1*C NMR ¢ 12.38, 13.48, 16.92, 21.05, 21.67, 23.97, 24.35,
26.09, 27.25, 37.71, 39.20, 39.28, 40.06, 40.29, 42.58, 45.56, 46.79, 46.92, 52.71, 53.24, 53.75,
56.10, 124.48, 124.89, 175.05, 212.01. HRMS: (AP1+) calculated for CagHagaNOs ([M + H]*)
398.3059, found 398.3062.

1-((205)-6-oxo-5a-pregn-2-ene-20-carbonyl)piperidine (7d)

the general procedure for amide formation with acid 5 and piperidine and chromatog-
raphy on silica gel (isopropanol/cyclohexane—1/19) yielded 99 mg (86%) of the title
compound 7d as a colorless oil:
TH NMR (CDCl3) 4 0.720 (s, 3H, CH3); 0.724 (s, 3H, CH3); 1.15 (d, 3H, | = 6.7 Hz, CH3); 1.75
(dtd, 1H, | = 12.5, 10.7 and 4.3 Hz); 1.82-1.91 (m, 2H}; 1.98-2.05 (m, 4H); 2.26 (m, 1H); 2.35
(dd, 1H, | = 13.1 and 4.3 Hz); 2.37 (dd, 1H, | = 11.0 and 4.9 Hz); 2.76 (dq, 1H, | = 9.7 and
6.7 Hz, H-20); 3.46-3.68 (m, 4H, 4 NCH); 5.58, 5.69 (both m, 1H, H-2 and H-3). 13C NMR
5 12.33, 13.50, 17.43, 21.06, 21.68, 24.01, 24.71, 25.88 (vbs), 26.89 (vbs, 2xC), 27.62, 37.70,
39.27, 39.30, 40.07, 42.67, 42.92 (vbs), 46.81 (vbs), 46.93, 52.74, 53.26, 53.77, 56.17, 124.49,
124.91, 174.79, 212.02. HRMS: (API+) calculated for CopHyaNO» ([M + H] ) 412.3216, found
412.3216.

4-((208 )-6-ox0-50-pregn-2-ene-20-carbonyl)morpholine (7e)

the general procedure for amide formation with acid 5 and morpholine and chro-
matography on silica gel (isopropanol/cyclohexane—1/19) yielded 97 mg (84%) of the title
compound 7e as a colorless oil:
'H NMR (CDCl3) 6 0.718 (s, 3H, CH3); 0.720 (s, 3H, CHs); 1.16 (d, 3H, | = 6.7 Hz, CHs);
1.75 (dtd, 1H, | = 12.4, 10.6 and 4.2 Hz); 1.82-1.91 (m, 2H); 1.98-2.05 (m, 4H); 2.26 (m, 1H);
2.35(dd, 1H, [ =13.1 and 4.3 Hz); 2.38 (dd, 1H, ] = 11.0 and 4.6 Hz); 2.70 (dq, 1H, ] = 10.0
and 6.8 Hz, H-20); 3.54-3.69 (m, 8H, 8 x Hmorppgine); 5.57, 5.69 (both m, 1H, H-2 and H-3).
3C NMR 6 12.44, 13.61, 17.47, 21.16, 21.79, 24.11, 27.74, 3741 (bs), 37.77, 39.37, 39.41, 40.16,
42.15 (bs), 42.81, 46.40 (bs), 47.01, 52.80, 53.34, 53.89, 56.24, 66.97 (bs), 67.18 (bs), 124.57,
125.03, 175.26, 212.01. HRMS: (API+) calculated for CsHyoNO3 ([M + H]*) 414.3008, found
4143012,

General procedure for Upjohn dihydroxylation

A solution (50 mg/mL) of osmium tetroxide in f-butanol (0.1 mL; 0.02 mmol) was
added to a solution of unsaturated amide (~0.15 mmol) and N-methylmorpholine-N-
oxide (88 mg; 0.75 mmol) in acetone (4 mL), tetrahydrofuran (4 mL) and water (0.5 mL).
the reaction mixture was stirred for 12 h at room temperature. A saturated aqueous
solution of sodium sulfite (2 mL) was then added, and the mixture was stirred for an
additional 30 min. the reaction was diluted with ethyl acetate and extracted twice with
water. the organic phase was dried with sodium sulfate and solvents were evaporated
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under reduced pressure. the crude product was purified on silica gel (mobile phase at each
experiment).
N, N-dimethyl-(205)-2a, 3 a-dihydroxy-6-oxo-5o-pregnane-20-carboxamide (8a)

the general procedure for dihydroxylation with amide 7a and chromatography on
silica gel (isopropanol /ethyl acetate—1/19) yielded 52 mg (85%) of the title compound 8a
as a white solid:
Mp > 230 “C (decomp.). 'H NMR (CDCl3) & 0.68 (s, 3H, CH3); 0.73 (s, 3H, CHa); 1.10(d,
3H, | = 6.7 Hz, CH5); 1.86 (dt, 1H, ] = 15.2 and 3.4 Hz); 1.94-2.02 (m, 2H); 2.24 (dd, 1H,
/=131 and 4.6 Hz); 2.67 (dd, 1H, | = 125 and 3.1 Hz); 2.73 (dq, 1H, [ = 9.7 and 6.8 Hz,
H-20); 2.91 (s, 3H, NCH3); 3.05 (s, 3H, NCH3); 3.67 (m, 1H, ¥ | = 19.6 Hz, H-28); 3.98 (m,
1H, H-3). 13C NMR & 12.36, 13.43, 16.87, 21.06, 23.89, 26.21, 27.20, 35.66, 37.61 (2xC),
37.62,39.13, 39.93, 42.56, 42.71, 46.59, 50.70, 52.78, 53.54, 55.98, 68.01, 68.06, 176.98, 212.76.
HRMS: (API+) calculated for CoyHygNOy ([M + H]*) 406.2957, found 406.2957. Anal. Caled.
for C33HyeNOy: C, 71.07; H, 9.69; N, 3.45. Found: C, 71.02; H, 9.73; N, 3.42%.
N,N-diethyl-(205)-2«, 3a-dihydroxy-6-oxo-5a-pregnane-20-carboxamide (8b)

the general procedure for dihydroxylation with amide 7b and chromatography on
silica gel (isopropanol/ethyl acetate—1/19) yielded 57 mg (88%] of the title compound 8b
as a white solid:
Mp > 200 °C (decomp.). "H NMR (CDCl3) & 0.72 (s, 3H, CHa); 0.78 (s, 3H, CHs); 1.10 (bt,
3H, | = 6.7 Hz, CHa); 1.16 (d, 3H, ] = 6.7 Hz, CHs); 1.20 (bt, 3H, | = 6.7 Hz, CHj3); 1.93 (dt,
1H, | = 15.0 and 3.4 Hz); 1.98-2.05 (m, 2H); 2.30 (dd, 1H, | = 13.1 and 4.6 Hz); 2.64 (dq,
1H, ] =9.9 and 6.8 Hz, H-20); 2.73 (dd, 1H, ] = 12.7 and 2.9 Hz); 3.24-3.32 (m, 2H, NCH,);
3.39-3.47 (m, 2H, NCH,); 3.75 (m, 1H, £ | = 19.6 Hz, H-2p3); 4.08 (m, 1H, H-3p). *C NMR ¢
12,52, 12.93, 13.57, 14.86, 17.59, 21.19, 23.97, 26.31, 27.05, 37.59, 37.67, 39.34, 40.31, 40.82 (bs),
42,33 (bs), 42.67, 42.80, 46.76, 50.85, 52.96, 53.85, 56.21, 68.43, 68.50, 176.14, 212.06. HRMS:
(APIL+) calculated for CogHyyNOy ([M + HJ') 434.3270, found 434.327(0. Anal. Calcd. for
CogHyaNOy: C, 72.02; H, 10.00; N, 3.23. Found: C, 71.95; H, 10.06; N, 3.20%.

1-((205)-2 ¢, 3 ce-dihydroxy-6-oxo-5a-pregnane-20-carbonyl)pyrrolidine (8c)

the general procedure for dihydroxylation with amide 7¢ and chromatography on
silica gel (isopropanol/ethyl acetate—1/19) yielded 55 mg (85%) of the title compound 8c
as a white solid:
Mp > 180 °C (decomp.). "H NMR (CDCl5) é 0.71 (s, 3H, CHa); 0.77 (s, 3H, CH3); 1.16 (d, 3H,
| =6.7 Hz, CH3); 1.92 (dt, 1H, ] = 15.1 and 3.3 Hz); 1.93-2.03 (m, 4H); 2.29 (dd, 1H, | = 13.1
and 4.6 Hz); 2.55 (dq, 1H, | = 9.8 and 6.5 Hz, H-20); 2.73 (dd, 1H, | = 12.5 and 2.8 Hz);
3.43-3.55 (m, 4H, 2xNCH3); 3.75 (m, 1H, X | = 19.6 Hz, H-2B); 4.07 (m, 1H, H-3p). *C
NMR & 12.46, 13.54, 16.81, 21.17, 23.98, 24.29, 26.02, 26.31, 27.20, 37.67, 39.30, 40.27, 40.33,
42.66, 42.78, 45.84, 46.74, 47.02, 50.84, 52.73, 53.84, 56.22, 68.41, 68.48, 175.45, 212.12. HRMS:
(API+) calculated for CosHyoNOy ([M + H]") 432.3114, found 432.3116. Anal. Caled. for
CagHytNOy: C, 72.35; H, 9.57; N, 3.25. Found: C, 72.29; H, 9.61; N, 3.22%.

1-((205)-2e¢, 3ec-dihydroxy-6-oxo-5a-pregnane-20-carbonyl)piperidine (8d)

the general procedure for dihydroxylation with amide 7d and chromatography on
silica gel (isopropanol/ethyl acetate—1/19) yielded 58 mg (87%) of the title compound 8d
as a white solid:
Mp =230 °C (decomp.). '"H NMR (CDCly) 6 0.71 (s, 3H, CHs); 0.77 (s, 3H, CHa); 1.14 (d,
3H, | = 6.7 Hz, CH3); 1.93 (dt, 1H, | = 15.1 and 3.5 Hz); 1.98-2.04 (m 2H); 2.29 (dd, 1H,
] =131 and 4.6 Hz); 2.73 (dd, 1H, | = 12.7 and 2.9 Hz); 2.76 (dg, 1H, | = 9.8 and 6.7 Hz,
H-20); 3.48-3.60 (m, 4H, 2xNCH2); 3.74 (m, 1H, £ [ = 19.6 Hz, H-2p); 4.07 (m, 1H, H-3p).
13C NMR & 12.41, 13.56, 17.37, 21.17, 24,01, 24.61, 26.29, ~26.76 (vbm 3xC), 37.64, 39.35,
40.30, 42.67, 42.83, 43.02 (vbs), 46.76, 46.88 (vbs), 50.84, 52.77, 53.26, 53.85, 56.28, 68.41,
68.44, 175.03, 212.08. HRMS: (API+) calculated for Coy HyyNOy ([M + H]") 446.3270, found
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446.3271. Anal. Caled. for CoyHysNOy: C, 72.77; H, 9.73; N, 3.14. Found: C, 72.75; H, 9.7§;
N, 3.10%.
4-((205)-2e¢, 3x-dihydroxy-6-oxo-5a-pregnane-20-carbonyl)morpholine (8e)

the general procedure for dihydroxylation with amide 7e and chromatography on
silica gel (isopropanol/ethyl acetate—1/9) yielded 56 mg (84%) of the title compound 8e
as a white solid:
Mp > 270 °C (decomp.). 'H NMR (CDCl3+MeOD) & 0.68 (s, 3H, CHs); 0.73 (s, 3H, CH;);
113 (d, 3H, | = 6.7 Hz, CH3); 1.87 (dt, 1H, ] = 15.3 and 3.5 Hz); 1.95-2.03 (m 2H); 2.26 (dd,
1H, ] =13.1 and 4.6 Hz); 2.65-2.71 (m, 2H); 3.54-3.68 (m, 8H, 8xHmopoline); 3.69 (m, 1H,
H-2); 3.99 (m, 1H, H-3p). *C NMR § 12.34, 13.46, 17.22, 21.06, 23.92, 26.22, 27.51, 37.23
(bs), 37.59, 39.13, 39.97, 42.05 (bs), 42.54, 42.79, 46.26 (bs), 46.58, 50.69, 52.58, 53.54, 56.00,
66.77 (bs), 66.97 (bs), 68.00, 68.07, 175.38, 212.52. HRMS: (AFPI+) calculated for CosHyoNOs
([M + H]*) 448.3063, found 448.3063. Anal. Caled. for C;eHyNOs: C, 69.77; H, 9.23; N,
3.13. Found: C, 69.72; H, 9.25; N, 3.09%.

Methyl (205)-2 o, 3at-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5a-pregnane-20-carbox-
vlate (11)

p-Toluensulfonic acid (50 mg; 0.29 mmol) was added to a solution of ester 9 (1.0 g;
2.55 mmol) in dry acetone (100 mL). the reaction mixture was stirred at room temperature
for 5 h. the excess acetone was removed under reduced pressure and the suspension was
diluted in ethyl acetate and extracted with a saturated solution of sodium bicarbonate and
twice with water. the organic phase was dried over sodium sulfate and solvents were
evaporated under reduced pressure. Partially protected ester 10 was dissolved in 2,2-
dimethyl-1,3-dioxolan (20 mL}) and p-lulucnsulfonic acid (10 mg; 0.06 mmol) was added.
the reaction mixture was stirred at 90 °C for 10 h. the mixture was diluted with ethyl
acetate and extracted with a saturated solution of sodium bicarbonate and twice with water.
the organic phase was dried over sodium sulfate and solvents were evaporated under
reduced pressure. the crude product was purified on silica gel (mobile phase—30% ethyl
acetate in cyclohexane) to afford protected methyl ester 11 (888 mg; 74% after 2 steps) as a
colorless oil.
TH NMR (DMSO-dg) 6 0.62 (s, 3H, CH3); 0.76 (s, 3H, CH3); 1.10 (d, 3H, | = 6.7 Hz, CH3);
1.21 (s, 3H, CH3); 1.35 (s, 3H, CH3); 1.62-1.71 (m, 3H); 1.79 (dd, 1H, | = 12.5 and 7.0 Hz);
1.86 (m, TH); 1.96 (m, 1H); 2.32 (dq, TH, [ = 10.3 and 6.9 Hz, H-20); 3.55 (s, 3H, CH3); 3.67
(m, 1H, CH,0); 3.80-3.91 (m, 3H, CH;0); 4.01 (m, 1H, H-2p); 4.18 (m, 1H, H-3p). *C NMR
& 11.83,13.18,16.91, 20.34, 21.46, 23.87, 26.65, 26.74, 28.65, 32.53, 37.61, 38.82, 40.64, 41 83,
42.09, 42.44, 45.12, 51.21, 52.16, 52.65, 54.81, 63.72, 65.18, 72.04, 72.27, 106.80, 108.86, 176.27.
HRMS: (API+) calculated for CasHys05 ([M + H]*) 477.3216, found 477.3220.

(205)-2ax, 30t-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5a-pregnane-20-carboxylic acid
(12)

Potassium hydroxide (500 mg; 8.9 mmol) was added to a solution of methyl ester 11
(850 mg; 1.79 mmol) in isopropanol (80 mL) and water (10 mL). the reaction mixture was
stirred under reflux for 4 h. After cooling to room temperature, the excess of isopropanol
was removed under reduced pressure and the residue was diluted in ethyl acetate and
extracted with 5% aqueous solution of citric acid and twice with water. the organic phase
was dried over sodium sulfate and solvents were evaporated under reduced pressure to
obtain acid 12 (795 mg; 96%) in adequate purity for other reactions.
'H NMR (DMSO-dg) 4 0.62 (s, 3H, CH3); 0.77 (s, 3H, CH3); 1.09 (d, 3H, ] = 6.9 Hz, CH,);
1.22 (s, 3H, CH3); 1.36 (s, 3H, CH3); 1.62-1.74 (m, 3H); 1.79 (dd, 1H, ] =12.7 and 6.9 Hz);
1.87 (m, 1H); 1.97 (m, 1H); 2.20 (dq, 1H, [ = 10.4 and 6.8 Hz, H-20); 3.67 (m, 1H, CH>O);
3.80-3.91 (m, 3H, CH,0); 4.01 (m, 1H, H-2p); 4.19 (m, 1H, H-3p); 11.94 (bs, 1H, COOH).
13C NMR 4 11.84, 13.15, 17.02, 20.32, 21.42, 23.90, 26.60, 26.95, 28.60, 32.48, 37.57, 38.92,
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40.60, 41.95, 42.10, 42.40, 45.08, 52.15, 52.42, 54.87, 63.67, 65.13, 72.00, 72.22, 106.74, 108.82,
177.40. HRMS: (APL+) calculated for Ca;Hy30, (M + HJ*) 463.3060, found 463.3059.

N, N-dimethyl-(205)-2cc, 3o-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5c-pregnane-20-
carboxamide (13a)

the general procedure for amide formation with acid 12 and dimethylamine and
chromatography on silica gel (40-60% ethyl acetate in cyclohexane) vielded 180 mg (85%)
of the title compound 13a as a colorless oil:
'H NMR (DMSO-dg) & 0.67 (s, 3H, CHs); 0.77 (s, 3H, CHa); 0.98 (d, 3H, | = 6.7 Hz, CHs);
1.22 (s, 3H, CH3); 1.36 (s, 3H, CH3); 1.62-1.74 (m, 3H); 1.79 (dd, 1H, | =12.7 and 6.9 Hz);
1.88 (m, 1H); 1.97 (m, 1H); 2.72 (m, 1H, H-20); 2.78 (s, 3H, CHs); 3.00 (s, 3H, CH3); 3.67 (m,
1H, CH»0); 3.80-3.90 (m, 3H, CH,0); 4.02 (m, 1H, H-2p); 4.19 (m, 1H, H-38). 1*C NMR
§12.12,13.16, 17.02, 20.34, 21.42, 23 87, 26.36, 26.62, 27.00, 28.61, 32.47, 35.02, 37.04, 37.57,
39.08, 40.64, 41.76, 42.40, 45.07, 52.18, 52.91, 54.90, 63.65, 65.15, 72.02, 72.23, 106.75, 108.86,
175.35. HRMS: (API+) calculated for CagHygNOs ([M + H]*) 490.3532, found 490.3534.

N, N-diethyl-(205)-2e,3a-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5a-pregnane-20-ca-
rboxamide (13b)

the general procedure for amide formation with acid 12 and diethylamine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 186 mg (83%) of
the title compound 13b as a colorless oil:
'HNMR (DMSQO-ds) 6 0.67 (s, 3H, CHz); 0.77 (s, 3H, CHs); 0.97 (t, 3H, ] = 7.0 Hz, CHz); 1.00
(d, 3H, ] = 6.7 Hz, CH;3); 1.10 (t, 3H, | = 7.0 Hz, CHa); 1.22 (s, 3H, CHz3); 1.36 (s, 3H, CH;3);
1.62-1.74 (m, 3H); 1.80 (dd, 1H, | = 12.7 and 6.9 Hz); 1.89 (m, 1H); 1.97 (m, 1H); 2.58 (m,
1H, H-20); 3.13 (m, 1H, NCH); 3.24-3.40 (m, 3H, 3 xNCH); 3.67 (m, 1H, CH,0); 3.80-3.90
(m, 3H, CH,0); 4.02 (m, 1H, H-2p); 4.19 (m, 1H, H-3p). 13C NMR & 12.14, 12.97, 13.17,
14.94, 17.65, 20.35, 21.42, 23.78, 26.35, 26.61, 26.76, 28.60, 32.47, 36.70, 37.56, 39.09, 40.65,
41.52, 41.75, 42.39, 45.06, 52.18, 53.02, 54.87, 63.65, 65.15, 72.01, 72.22, 106.74, 108.86, 174.50.
HRMS: (API+) calculated for Ca;HsaINO5 ([M + H]") 518.3845, found 518.3849.

1-((205)-2, 3ot-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5«-pregnane-20-carbonyl)pyr-
rolidine (13c)

the general procedure for amide formation with acid 12 and pyrrolidine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 196 mg (88%) of
the title compound 13c as a colorless oil:
'H NMR (DMSO-dg) 6 0.66 (s, 3H, CHa); 0.77 (s, 3H, CH3); 1.00 (d, 3H, | = 6.7 Hz, CH3);
1.22 (s, 3H, CH;); 1.36 (s, 3H, CH3); 1.73-1.81 (m, 3H); 1.82-1.89 (m, 3H); 1.97 (m, 1H); 2.51
(m, 1H, H-20); 3.21-3.24 (m, 2H, 2xNCH); 3.40-3.46 (m, 2H, 2x NCH); 3.67 (m, 1H, CH,0);
3.80-3,90 (m, 3H, CH,0); 4.02 (m, 1H, H-2p); 4.19 (m, 1H, H-3p). '*C NMR ¢ 12.18, 13.20,
16.93, 20.38, 21.46, 23.89, 23.96 (2xC), 25.73, 26.65, 26.92, 28.65, 32.53, 37.61, 39.09, 40.68,
41.76, 42.43, 45.11, 45.25, 46.22, 52.22, 52.81, 54.91, 63.69, 65.19, 72.05, 72.27, 106.80, 108.89,
173.81. HRMS: (API+) calculated for CaHsoNOs ([M + HJ*) 516.3689, found 516.3690.

1-((205)-2 e, 3a-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5a-pregnane-20-carbonyl) pip-
eridine (13d)

the general procedure for amide formation with acid 12 and piperidine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 192 mg (84%) of
the title compound 13d as a colorless oil:
TH NMR (DMSO-d;;) 8 0.66 (s, 3H, CHy); 0.77 (s, 3H, CHa); 0.99 (d, 3H, | = 6.7 Hz, CH3);
1.22 (s, 3H, CHa3); 1.36 (s, 3H, CHs); 1.64-1.74 (m, 3H); 1.79 (dd, 1H, | = 12.5 and 6.7 Hz);
1.89 (m, 1H); 1.97 (m, 1H); 2.72 (m, 1H, H-20); 3.39-3.50 (m, 4H, 4x NCH); 3.67 (m, 1H,
CH,0); 3.80-3.90 (m, 3H, CH0); 4.02 (m, 1H, H-2B); 4.19 (m, 1H, H-3p). *C NMR § 12.09,
13.17, 17 40, 20.34, 21.44, 23.89, 24.24, 25.55, 26.56, 26.63, 27.31, 28.62, 32.47, 37.58, 39.10,
39.27, 40.67, 41.81, 42.07, 42.40, 45.09, 46.11, 52.19, 52.75, 54.94, 63.67, 65.17, 72.03, 72.24,
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106.76, 108.87, 173.64, HRMS: (API+) calculated for C32Hs; NOs ([M + FJ*) 530.3845, found
530.3846.

4-((205)-2¢x, 3ee-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5o-pregnane-20-carbonyljmo-
rpholine (13e)

the general procedure for amide formation with acid 12 and morpholine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 193 mg (84%) of
the title compound 13b as a colorless oil:
'H NMR (DMSO-dg, 45 “C) § 0.68 (s, 3H, CH3); 0.78 (s, 3H, CHa); 1.02 (d, 3H, ] = 6.7 Hz,
CHa); 1.23 (s, 3H, CH3); 1.37 (s, 3H, CH3); 1.61-1.75 (m, 5H); 1.80 (dd, 1H, | = 12.5 and
7.0 Hz); 1.89 (m, 1H); 1.98 (m, 1H); 2.73 (m, 1H, H-2(); 3.44-3.56 (m, 8H, 8x Hmn,.Phn“nP];
3.68 (m, 1H, CH,0); 3.81-3.90 (m, 3H, CH,0); 4.02 (m, 1H, H-2p); 4.19 (m, 1H, H-3p). 1*C
NMR ¢ 12.10, 13.18, 17.29, 20.35, 21.45, 23.92, 26.64, 27.21, 28.64 (2x C), 32.49, 37.60, 39.10,
40.68, 41.59, 41.88, 42.42, 45.11, 45.76, 52.20, 52.71, 54.92, 63.69, 65.19, 66.32, 66.48, 72.04,
72.26, 106.79, 108.88, 174.22. HRMS: (API+) calculated for C3HsgNOg ([M + H]*) 532.3638,
found 532.3639.

General procedure for reduction of amides with lithium aluminum hydride

An amount of 1M solution of lithium aluminum hydride in diethyl ether (1.0 mL;
1.0 mmol) was added dropwise to a solution of amide (150 mg) in dry dioxane {10 mL).
the reaction mixture was stirred under reflux for 3 h. After cooling, a saturated aqueous
solution of sodium potassium tartrate (1 mL) was added, and the mixture was stirred for
an additional 10 min. Then, it was diluted with ethyl acetate and extracted twice with
water. the organic phase was dried with sodium sulfate and solvents were evaporated
under reduced pressure. the crude product was purified on silica gel (mobile phase at
each experiment).

N,N-dimethyl-((205)-2e,30c-( 1-methylethylidene)dioxy-6,6-ethylenedioxy-5a-pregnane-20-
methyl)amine (14a)

the general procedure for amide reduction with amide 13a (150 mg; 0.31 mmol) and
chromatography on silica gel (2-4% methanol in ammonia chloroform) yielded 106 mg
(73%; of the title compound 14a as a colorless oil:
"H NMR (DMSO-ds, 55 “C) & 0.66 (s, 3H, CHa); 0.79 (s, 3H, CHa); 0.96 (d, 3H, | = 6.5 Hz,
CHai); 1.23 (s, 3H, CHa); 1.37 (s, 3H, CHj3); 1.64-1.75 (m, 3H); 1.76 {m, 1H); 1.81 (dd, 1H,
[=125and 7.0 Hz); 1.94-2.01 (m, 2H); 2.19 (bs, 6H, 2 CH3), 3.69 (m, 1H, CH,0); 3.81-3.91
(m, 3H, CH,0); 4.03 (m, 1H, H-2]3); 4.20 (m, 1H, H-38). 1*C NMR § 11.86, 13.16, 17.59, 20.34,
21.42, 24.00, 26.61, 27.65, 28.62, 32.47, 34.02 (vb), 37.56, 39.07, 40.65, 42.34, 42.42 4508, 45.33
(vb, 2xC), 52.20, 54.54 (b), 54.98, 59.78, 63.67, 65.14, 72.01, 72.23, 106.74, 108.86. HRMS:
(APL+) calculated for CogHgsyNOy ([M + H]*) 476.3740, found 476.3742.

N,N-diethyl-((205)-2a,30-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5o-pregnane-20-
methyl)amine (14b)

the general procedure for amide reduction with amide 13b (150 mg; 0.29 mmol) and
chromatography on silica gel (2-4% methanol in ammonia chloroform) yielded 104 mg
(71%) of the title compound 14b as a colorless oil:
"H NMR (DMSO-dy, 55 °C) & 0.64 (s, 3H, CH3); 0.75 (s, 3H, CH3); 0.89-1.00 (m, 9H, 3 x CHs),
1.61-1.72 (m, 3H); 1.78 (dd, 1H, | = 12.7 and 6.9 Hz); 1.80 (m, 1H); 1.91-1.98 (m, 2H);
2.50-3.10 (vbs, 6H, 6 xINCH), 3.66 (m, 1H, CIH,0); 3.78-3.88 (m, 3H, CIH;0); 3.99 (m, 1H,
H-2p); 4.17 (m, 1H, H-3p). *C NMR § 11.76, 13.15, 14.55 (vb, 2xC), 17.65 (b), 20.32, 21.42,
23.90 (b), 26.61, 27.59 (b), 28.61, 32.47, 37.55, 39.08, 40.63, 42.34, 42.40, 45.06, 51.97 (vb, 2xC),
52.11, 55.01, 63.22 (vb, C), 63.66, 65.15, 71.99, 72.22, 106.74, 108.84, 2 C n. f. HRMS: (API+)
calculated for CaiHssNOy ([M + H]*) 504.4053, found 504.4050.

1-((205)-2c,30t-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5a-pregnane-20-methyl)pyr-
rolidine (14c)
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the general procedure for amide reduction with amide 13¢ (150 mg; 0.29 mmol) and
chromatography on silica gel (2-4% methanol in ammonia chloroform) yielded 110 mg
(75%) of the title compound 14c as a colorless oil:
'H NMR (DMSO-dg) & 0.65 (s, 3H, CHa); 0.76 (s, 3H, CH3); 1.04 (d, 3H, | = 6.7 Hz, CH3);
1.21 (s, 3H, CHa); 1.35 (s, 3H, CH3); 1.62-1.72 (m, 3H); 1.73-1.81 (m, 2H); 1.91-1.98 (m, 2H);
2.66~3.14 (vbs, 6H, 6 xINCH]), 3.67 (m, 1H, CH>0); 3.80-3.84 (m, 2H, CH»0); 3.89 (m, 1H,
CH,0); 401 (m, TH, H-2B); 419 (m, TH, H-3p). '*C NMR 6 11.81,13.19, 17.29, 20.38, 21 45,
22.66 (2xC), 23.90, 26.65, 27.53, 28.66, 32.52, 37.60, 39.08, 40.65, 42.37, 42.46, 45.12, 52.14,
53.66 (vb, 2xC), 55.02, 60.49 (vb), 63.73, 65.19, 72.04, 72.27, 106.80, 108.88, 2= C n. f. HRMS:
(APT+) calculated for C3;Hs52NOy ([M + HJ*) 502.3896, found 502.3895.

1-((208)-2¢t, 3o-( 1-methylethylidene)dioxy-6,6-ethylenedioxy-5x-pregnane-20-methyl) pipe-
ridine (14d)

the general procedure for amide reduction with amide 13d (150 mg; 0.28 mmol) and
chromatography on silica gel (2-4% methanol in ammonia chloroform) yielded 107 mg
{73%) of the title compound 14d as a colorless oil:
TH NMR (DMSO-dg) & 0.67 (s, 3H, CH;); 0.79 (s, 3H, CH;); 1.04 (d, 3H, | = 6.7 Hz, CH3); 1.23
(s, 3H, CH3); 1.37 (s, 3H, CH3); 1.64-1.83 (m, 5H); 1.93-2.01 (m, 2H); 2.65-3.00 (vbm, 4H,
4xNCH), 3.14-3.55 (vbs, 2H, 2 xNCH), 3.70 (m, 1H, CH;0); 3.81-3.92 (m, 3H, CH,0}; 4.02
(m, 1H, H-2p); 4.20 (m, 1H, H-3p). '3C NMR § 11.76, 13.14, 17.67, 20.30, 21.41, 23.24, 23.90
(vb, 2xC), 26.60, 27.52, 28.61, 32.46, 37.55, 39.08, 40.60, 42.35, 42.39, 45.05, 52.08, 54.62 (vb,
2% C), 54.96, 60.23 (vb), 63.66, 65.12, 71.97, 72.20, 106.73, 108.82, 3xC n. f. HRMS: (API+)
calculated for CapHggNQOy ([M + H]*) 516.4053, found 516.4055.

4-((208)-2¢, 3e-(1-methylethylidene)dioxy-6,6-ethylenedioxy-5a-pregnane-20-methyl)mor-
pholine (14e)

the general procedure for amide reduction with amide 13e (150 mg; 0.28 mmol) and
chromatography on silica gel (2-4% methanol in ammonia chloroform) yielded 115 mg
(79%; of the title compound 14e as a colorless oil:

"H NMR (DMSO-dg, 50 °C) & 0.65 (s, 3H, CHz); 0.78 (s, 3H, CHa); 0.97 (d, 3H, ] = 6.7 Hz,
CHa); 1.23 (s, 3H, CHa); 1.37 (s, 3H, CHa); 1.63-1.72 (m, 3H); 1.78-1.82 (m, 2H); 1.89—
2.00 (m, 3H); 2.13-2.19 (m, 3H, 3xNCH); 2.38-2.42 (m, 2H, 2xNCH); 3.51-3.59 (m, 4H,
2%CH3Omorpholine); 3.69 (m, 1H, CH,0); 3.81-3.91 (m, 3H, CH,0); 4.02 (m, 1H, H-2p); 4.20
(m, 1H, H-3p). BCNMR 4 11.67, 12.92, 17.72, 20.16, 21.29, 23.82, 26.17, 27.40, 28.38, 32.32,
32.99, 37.38, 38.97, 40.51, 42.21, 42.32, 44.97, 52.19, 53.80 (2 C), 54.59, 54.86, 63.43, 64.47,
64.95, 66.14 (2% C), 71.85, 72.08, 106.53, 108.72. HRMS: (API+) calculated for C5 HspNOs
(IM + H]*) 518.3845, found 518.3849.

General procedure for deprotection of short side chain amine ketals

A 5% aqueous solution of hydrochloric acid (1 mL) was added to a solution of ketals
14a-e (80 mg) in tetrahydrofuran (5 mL) and the mixture was stirred at 45 °C for 2 h. After
cooling, the saturated solution of sodium bicarbonate (2 mL) was added, and the reaction
was stirred at room temperature for an additional 15 min. the mixture was diluted with
ethyl acetate and extracted twice with water. the organic phase was dried with sodium
sulfate and solvents were evaporated under reduced pressure. the crude product was
washed with diethylether to obtain a pure product (no chromatography needed).
(205)-20-(N, N-dimethylaminomethyl)-2e, 3a-dihydroxy-5a-pregnane-6-one (15a)

the general procedure for deprotection with ketal 14a (80 mg; 0.17 munol) yielded
57 mg (88%) of the title compound 15a as an off-white solid:

Mp 219-221 °C; =240 (decomp.). 'H NMR (DMSO-dg) 4 0.64 (s, 3H, CHa); 0.65 (s, 3H, CHa);
0.96 (d, 3H, | = 6.5 Hz, CH3); 1.67 (m, 1H); 1.79 (m, 1H); 1.97-2.13 (m, 3H); 2.19 (vbs, 6H,
2xNCH3); 2.60 (dd, 1H, | = 12.2 and 3.4 Hz); 3.46 (m, 1H, H-28); 3.75 (m, 1H, H-3p); 4.20
(d, 1H, | = 2.4 Hz, OH); 4.34 (d, 1H, [ = 6.1 Hz, OH). 3C NMR 4 11.90, 13.36, 17.55, 20.78,
23.67,26.84, 27.57, 33.92 (vb), 36.98, 38.97, 41 .84, 42.81, 45.22 (vb, 2x (), 46.00, 50.34, 5291,
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54.36 (vb), 55.61, 65.00 (vb), 67.11, 67.49, 211.50, 1 xC n. f. HRMS: (API+) calculated for
CoyHpNO; ([M + HJ7) 392.3165, found 392.3164. Anal. Caled. for CpyHyNOs: C, 73.61; H,
10.55; N, 3.58. Found: C, 73.57; H, 10.59; N, 3.57%.
(205)-20-(N,N-diethylaminomethyl)-2et, 3 a-dihydroxy-5a-pregnane-6-one (15b)

the general procedure for deprotection with ketal 14b (80 mg; 0.16 mmol) vielded
56 mg (85%) of the title compound 15b as an off-white solid:
Mp > 190 “C (decomp.). 'H NMR (DMSO-dg) ¢ 0.64 (s, 3H, CH3); 0.65 (s, 3H, CH3); 0.94—
1.08 (m, 9H, 3= CH3); 1.67 (m, 1H); 1.83 (m, 1H); 1.97-2.13 (m, 3H); 2.37 (vbs, 2H, 2 x NCH);
2.60 (dd, 1H, | =12.1 and 3.2 Hz); 2.61 (vbs, 2H, 2xNCH); 3.46 (m, 1H, H-2p); 3.76 (m, 1H,
H-3p); 4.21 (bs, 1H, OH); 4.35 (bs, 1H, OH). 13C NMR & 11.88, 13.36, 17.80, 19.08 (vb, 2xC),
20.77, 23.69, 26.84, 27.62, 34.43 (vb), 37.00, 38.95, 41.84, 42.80, 46.01, 46.93 (vb, 2% C), 50.33,
52,91, 54.34 (vb), 55.65, 58.55 (vb), 67.11, 67.49, 211,52, 1 xC n. f. HRMS: (API+) calculated
for CaHaeNO5 ([M + H]*) 420.3478, found 420.3476. Anal. Caled. for CaHysNOs: C, 74.42;
H, 10.81; N, 3.34. Found: C, 74.39; H, 10.86; N, 3.31%.

(205)-20-(pyrrolidin-1-ylmethyl)-2a, 3a-dihydroxy-5a-pregnane-6-one (15¢)

the general procedure for deprotection with ketal 14e (80 mg; 0.16 mmol) yielded
58 mg (88%) of the title compound 15¢ as an off-white solid:

Mp > 240 °C (decomp.). "H NMR (DMSO-ds) & 0.64 (s, 3H, CHa); 0.65 (s, 3H, CHz); 1.01 (d,
3H, ] = 6.5 Hz, CH;); 1.63-1.84 (m, 6H); 1.98-2.13 (m, 3H); 2.25-2.75 (vbm, 4H, 4<NCH);
2.60 (dd, 1H, | = 12.1 and 3.5 Hz); 3.46 (m, 1H, H-2p); 3.73 (m, 1H, H-3p); 4.21 (d, 1H,
J =24 Hz, OH); 4.34 (d, 1H, ] = 6.1 Hz, OH). *C NMR ¢ 11,85, 13.36, 17.69, 20.77, 22.94
(vb, 2xxC), 23.63, 26.83, 27.59, 35.06 (vb), 36.94, 38.93, 41.82, 42.75, 45.98, 50.33, 52.88, 54.11
(vb, 3xC), 55.61, 61.35 (vb), 67.11, 67.48, 211.48, 1 xC n. f. HRMS: (API+) calculated for
CaHyuyNO; ([M + H]") 418.3321, found 418.3322. Anal. Caled. for CoHysNO;5: C, 74.77; H,
10.38; N, 3.35. Found: C, 74.74; H, 10.42; N, 3.30%.
(205)-20-(piperidin-1-ylmethyl)-2c, 3o-dihydroxy-5o-pregnane-6-one (15d)

the general procedure for deprotection with ketal 14d (80 mg; 0.16 mmol) vielded
57 mg (85%) of the title compound 15d as an off-white solid:
Mp > 210 °C (decomp.). 'H NMR (DMSO-dg) § 0.64 (s, 6H, 2xCH3); 0.96 (d, 3H, | = 6.5 Hz,
CHa); 1.66 (m, 1TH); 1.79 (m, 1H); 1.92-2.13 (m, 5H, incl. 2xNCH); 2.10-2.33 (m, 2H,
2xNCH); 2.43-2.62 (m, 2H, 2x NCH); 2.60 (dd, 1H, | = 12.1 and 3.5 Hz); 3.47 (m, 1H, H-2p);
3.75 (m, 1H, H-3p); 4.20 (d, 1H, | = 2.1 Hz, OH); 4.34 (d, 1H, | = 5.8 Hz, OH). 1’C NMR
& 11.89,13.36, 17.90, 20.77, 23.69, 23.93 (vh), 25.32 (b, 2xC), 26.84, 27.58, 33.40 (vh), 36.99,
38.98, 41.84, 42.82, 46.01, 50.34, 52.91, 54 52 (vb, 2x C), 55.62, 64.52 (vb), 67.11, 67 49, 211.51,
1xC n. f. HRMS: (API+) caleulated for CozHyeNOs ([M + H]*) 432.3478, found 432.3474.
Anal. Caled. for CoaHysNO3: C, 74.77; H, 10.38; N, 3.35. Found: C, 74.74; H, 10.42; N,
3.30%.

(208)-20-(morpholin-4-ylmethyl)-2e, 3x-dihy droxy-5a-pregnane-6-one (15e)
the general procedure for deprotection with ketal 14e (80 mg; 0.15 mmol) and chro-
matography on silica gel yielded 57 mg (86%) of the title compound 15e as an off-white solid:

Mp > 210 °C (decomp.). "H NMR (DMSO-id¢) & 0.64 (s, 6H, 2xCH;); 0.96 (d, 3H, ] = 6.5 Hz,
CH,); 1.66 (m, 1H); 1.80 (m, 1H); 1.92 (dd, 1H, | = 11.9 and 10.5 Hz); 1.98-2.19 (m, 7H,
incl. 4xNCH); 2.39 (vbs, 2H, 2xNCH); 2.59 (dd, 1H, | = 12.2 and 3.4 Hz); 3.46 (m, 1H,
H-2p); 3.50-3.58 (m, 4H, 2 x CHyOyphotine) 3.75 (m, 1H, H-3p); 4.20 (d, 1H, | = 2.4 Hz,
OH); 433 (d, 1H, | = 6.1 Hz, OH). *C NMR 4 11.90, 13.35, 17.82, 20.76, 23.70, 26.83, 27.62,
33.11, 36.98, 38.95, 41.82, 42.82, 46.01, 50.33, 52.92, 53.92 (b, 2xC), 54.56, 55.61, 64.55, 66.30
(2xC), 67.10, 67.47, 211.48. HRMS: (AP1+) calculated for CagHyyNOy ([M + H]*) 434.3270,
found 434.3267. Anal. Caled. for CogHyaNOy: C, 72.02; H, 10.00; N, 3.23. Found: C, 71.98;
H, 10.04; N, 3.22%.
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General procedure for preparation of aminium chlorides

A 5% aqueous solution of hydrochloric acid (0.5 mL) was added to a solution of
amine (20 mg; ~0.05 mmol) in methanol (2 mL). the mixture was shaken, evaporated to
dryness and washed with diethyl ether. the prepared salts obtained in quantitative yield
had sufficient purity.

N, N-dimethyl-({205)-2e, 3e-dihydroxy-6-oxo-5a-pregnane-20-methyl)aminium chloride
(16a)

Mp > 290 °C (decomp.). 'H NMR (D;0) 4 0.67 (s, 3H, CH3); 0.70 (s, 3H, CHa); 1.00 (d, 3H,
| =6.7 Hz, CH3); 1.75-1.83 (m, 2H); 1.88 (m, 1H); 1.99 (m, 1H); 2.17-2.20 (m, 2H); 2.68 (dd,
1H, ] = 11.1 and 4.9 Hz); 2.77 (s, 3H, NCH;); 2.83 (s, 3H, NCH3); 2.87 (dd, 1H, | = 129 and
11.3 Hz, H-22a); 3.04 (dd, TH, | = 12.9 and 3.2 Hz, H-22b): 3.73 (m, 1H, ¥J = 20.2 Hz, H-2p);
3.98 (m, 1H, H-3p). I3C NMR 4 11.22,12.72, 15.69, 20.79, 23.43, 26.01, 27.23, 32.23, 38.03,
38.79, 38.92, 40.88, 43.04, 43.09, 45.18, 46.11, 50.87, 52.98, 53.00, 55.55, p3.62, 67.72, 68.11,
219.52. HRMS: (API+) calculated for Co4HyaNO5 ([M — CIJY) 392.3165, found 392.3164.
Anal. Caled. for C4yH i CINO;: C, 67.34; H, 9.89; N, 3.27. Found: C, 67.28; H, 9.96; N, 3.23%.

N, N-diethyl-({205)-2e,3a-dihydroxy-6-oxo-5e-pregnane-20-methyl)aminium chloride (16b)
Mp > 270 °C (decomp.). 'H NMR (CD0D) 4 0.77 (s, 3H, CHs); 0.80 (s, 3H, CH3); 1.15(d,
3H, | = 6.5 Hz, CH3); 1.67-2.00 (m, 2H); 2.09-2.15 (m, 2H); 2.21 (dd, 1H, | = 13.1 and 4.9 Hz);
2.73(dd, 1H, [ = 12.4 and 3.2 Hz); 2.89 (dd, 1H, ] = 13.3 and 11.2 Hz, H-22a); 3.08 (dd, 1H,
| =133 and 2.4 Hz, H-22b); 3.15-3.22 (m, 2H, 2xNCH); 3.25-3.34 (m, 2H, 2xNCH); 3.66
(m, 1H, £J = 19.9 Hz, H-2B); 3.95 (m, 1H, H-38). 13C NMR 4 8.41 (vh), 9.55 (vb), 12,51,
14.01,17.69, 22.44, 25.07, 27.99, 29.03, 34.30, 39.16, 40.72, 41.10, 43.68, 44.71, 47.50, 47.77 (vb),
50.73 (vb), 52.22, 55.03, 55.14, 57.61, 59,51, 69.23, 69.61, 214.89. HRMS: (API+) calculated for
CogHyeNO; ([M — C1]*) 420.3478, found 420.3480. Anal. Caled. for CosHy CINO;: C, 68.47;
H, 10.17; N, 3.07. Found: C, 68.40; H, 10.23; N, 3.02%.

1-((205)-2e¢, 3oe-dihy droxy-6-oxo-5a-pregnane-20-methyl}pyrrolidin-1-ium chloride (16¢)
Mp > 260 °C (decomp.). 'H NMR (DMSO-d) & 0.61 (s, 3H, CHa); 0.63 (s, 3H, CHs); 1.06
(d, 3H, | = 6.5 Hz, CH3); 1.83-1.97 (m, 5H); 2.00 (dd, 1H, | = 13.1 and 4.9 Hz); 2.08 (bt, 1H,
| =123 Hz); 2.57 (dd, 1H, | = 11.9 and 3.4 Hz); 2.86-3.00 (m, 4H, 4x NCH); 3.43 (m, 1H,
H-2pB); 3.46-3.53 (m, 2H, 2:xNCH); 3.72 (m, 1H, H-3p); 4.18 (d, 1H, ] = 2.4 Hz, OH); 4.32 (d,
1H, | = 6.1 Hz, OH); 9.62 (bs. 1H, NH). 3C NMR & 11.79, 13.36, 17.26, 20.78, 22.41, 22.69,
23.49, 26.84, 27.39, 33.51, 36.93, 38.85, 41 81, 42.78, 45.91, 50.34, 52.11, 52.80, 53.23, 55.50,
55.61, 60.15, 67.11, 67.49, 211.46, 1xC n. f. HRMS: (API+) calculated for CygHaggNO3 (M —
CI]*) 418.3321, found 418.3321. Anal. Caled. for CogHyyCINO,: C, 68.77; H, 9.77; N, 3.08.
Found: C, 68.71; H, 9.83; N, 3.03%.

1-((208)-2 &, 3a-dihydroxy-6-oxo-5e-pregnane-20-methyl)piperidin-1-ium chloride (16d)
Mp > 280 °C (decomp.). 'H NMR (DMSO-dy) & 0.65 (s, 3H, CHa); 0.67 (s, 3H, CH;); 1.08
(d, 3H, | = 6.5 Hz, CH3); 1.83-1.93 (m, 2H); 1.99 (m, 1H); 2.04 (dd, 1H, | = 13.1 and 4.9 Hz);
2.11 (bt, 1H, | = 12.4 Hz); 2.60 (dd, 1H, | = 12.1 and 3.5 Hz); 2.73-2.80 (m, 2H, 2« NCH);
2.89-2.97 (m, 2H, 2 xNCH); 3.29-3.34 (m, 2H, 2xNCH); 3.46 (m, 1H, H-2p); 3.76 (m, 1H,
H-3f£); 9.25 (bs. 1H, NH). I3C NMR 4 11.78, 13.36, 17.87, 20.76, 21.39, 22.01, 22.04, 23.48,
26.84, 27 .41, 31.50, 36.93, 38.85, 41.81, 42.81, 45.91, 50.34, 50.76, 52.77, 53.33, 54.64, 55.62,
61.99, 67.11, 67.49, 21147, 1 xC n. f. HRMS: (API+) calculated for Co7HoNO; ([M — CIJ*)
432 3478, found 432.3475. Anal. Caled. for CorHy CINO;: C, 69.28; H, 9.90; N, 2.99. Found:
C, 69.20; H, 9.98; N, 2.95%.

4-((208)-2x,3a-dihy droxy-6-oxo-5ba-pregnane-20-methyl) morpholin-4-ium chloride (16e)
Mp > 240 °C (decomp.). ‘*H NMR (DMSO-d) & 0.62 (s, 3H, CHs); 0.64 (s, 3H, CH3); 1.03
(d, 3H, | = 6.5 Hz, CHa); 1.65 (m, 1H); 1.76 (m, 1H); 1.84 (m, 1H); 1.96 (m, 1H); 2.03 (dd,
1H, [ = 13.1 and 4.9 Hz); 2.08 (bt, 1H, | = 12.5 Hz); 2.58 (dd, 1H, | = 12.4 and 3.5 Hz); 2.83
(dd, 1H, [ =12.9 and 11.0 Hz, NCH); 2.96 (td, 1H, | = 12.2 and 3.8 Hz, NCH) 3.02 (dd, 1H,
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J=12.9 and 2.3 Hz, NCH); 3.13 (td, 1H, ] = 12.2 and 3.8 Hz, NCH); 3.30 (bd, 1H, ] = 11.6 Hg,
NCH); 3.43-3.48 (m, 2H, H-23, NCH); 3.70 (m, 1H, OCH orpn); 3.75-3.81 (m, 2H, H-3p and
OCH orph )i 3-88-3.93 (m, 2H, 2xOCH yp0n). C NMR 6 12.15, 13.75, 17.63, 21.19, 23.90,
27.12, 27.69, 31.43, 37.48, 40.23, 42,34, 43.28, 46.34, 50.38, 50.79, 53.20, 53.49, 53.73, 55.96,
62.65, 63.34, 63.46, 67.44, 67.79, 212.71, 1 xC n. f. HRMS: (API+) calculated for CagHyyNO,
(IM — C1]*) 434.3270, found 434.3272. Anal. Caled. for CogHyCINOy: C, 66.43; H,9.43; N,
2.98. Found: C, 66.38; H, 9.48; N, 2.95%.

(205,22R,235)-2c¢,300;22,23-bis((1-methylethylidene)dioxy)-6,6-ethylenedioxy-5a-cholan-24-
oic acid (18)

Potassium hydroxide (570 mg; 10.18 mmol) was added to a solution of ethyl ester
17 (1.2 g; 2.03 mmol) in methanol (80 mL) and water (10 mL). the reaction mixture was
stirred under reflux for 1 h. After cooling to room temperature, the excess of methanol
was removed under reduced pressure, and the residue was diluted in ethyl acetate and
extracted with 5% aqueous solution of citric acid and twice with water. the organic phase
was dried over sodium sulfate and solvents were evaporated under reduced pressure to
obtain acid 18 (795 mg; 96%) as a colorless oil in adequate purity for other reactions.

TH NMR (DMSO-d) & 0.61 (s, 3H, CHz); 0.76 (s, 3H, CHs); 0.89 (d, 3H, | = 6.5 Hz, CH3); 1.21
(s, 3H, CHs); 1.26 (s, 3H, CHs); 1.33 (s, 3H, CHs); 1.35 (s, 3H, CHz); 1.76-1.86 (m, 2H); 1.91
(m, 1H); 1.96 (m, 1H); 3.67 (m, 1H, CH,0); 3.78-3.90 (m, 3H, CH,0); 4.01 (m, 1EL, H-2p);
4.11-4.14 (m, 2H, H-22, H-23); 4.18 (m, 1H, H-3p). HRMS: (API-) calculated for C32H;005
(IM-H]) 561.3427, found 561.3426.

N, N-dimethyl-(205,22 R,EBS)-20(,3nx;22,23-bi5((1-metl"tylethyiidene)dioxy)-G,G-E{hy}enedioxy-
So-cholan-24-amide (19a)

the general procedure for amide formation with acid 18 and dimethylamine and
chromatography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 191 mg (91%)
of the title compound 19a as a colorless oil:
'H NMR (DMSO-d,,) 4 0.60 (s, 3H, CHs); 0.77 (s, 3H, CH3); 091 (d, 3H, | = 6.7 Hz, CH3);
1.22 (s, 3H, CH3); 1.23 (s, 3H, CH3); 1.33 (s, 3H, CH3); 1.36 (s, 3H, CHa1); 1.62-1.74 (m, 3H);
1.77-1.86 (m, 2H); 1.91 (td, 1H, | = 11.9 and 3.2 Hz); 1.97 (m, 1H); 2.83 (s, 3H, NCH3); 3.04
(s, 3H, NCHa3); 3.67 (m, 1H, CH,0); 3.81-3.90 (m, 3H, CH,0); 4.02 (m, 1H, H-28); 4.19 (m,
1H, H-3p); 4.33 (d, 1H, | = 7.6 Hz, H-23); 453 (dd, 1H, | = 7.6 and 1.1 Hz, H-22). 13C NMR
611.54,12.61, 1312, 20.36, 21.42, 23.73, 2598, 26.60, 26.70, 2714, 28.62, 32.54, 35.07, 35.55,
36.48, 37.55, 40.65, 41.93, 42.40, 45.08, 52.09, 53.23, 55.03, 63.64, 65.14, 72.00, 72.22, 73.65,
78.97,106.73, 108.61, 108.85, 168.43, 1< C n. f. HRMS: (API+) calculated for C33HzeNO-
(IM + H]*) 590.4057, found 590.4061.

N, N-diethyl-(205,22R,235)-2,30;22,23-bis((1-methylethylidene)dioxy)-6,6-ethylenedioxy-
5a-cholan-24-amide (19b)

the general procedure for amide formation with acid 18 and diethylamine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 193 mg (88%) of
the title compound 19b as a colorless oil:
TH NMR (DMSO-dg) 4 0.60 (s, 3H, CHz); 0.77 (s, 3H, CHg3); 0.91 (d, 3H, | = 6.7 Hz, CH3);
1.01 (t, 3H, ] = 7.0 Hz, CH3); 1.11 (t, 3H, ] = 7.0 Hz, CH=); 1.218 (s, 3H, CH3); 1.221 (s, 3H,
CHa); 1.33 (s, 3H, CHj3); 1.36 (s, 3H, CH3); 1.62-1.74 (m, 3H); 1.77-1.86 (m, 2H); 1.91 (td,
1H, | = 11.9 and 3.1 Hz); 1.97 (m, 1H); 3.18-3.41 (m, 4H, 2xNCH,); 3.67 (m, 1H, CH,0);
3.81-3.90 (m, 3H, CH,0); 4.02 (m, 1H, H-2); 4.19 (m, 1H, H-3p); 427 (d, 1H, | = 7.2 Hz,
H-23); 4.53 (dd, 1H, | = 7.2 and 1.2 Hz, H-22). *C NMR ¢ 11.59, 12.65, 12.71, 13.17, 14.39,
20.40, 21.46, 23.77, 25.84, 26.65, 26.72, 27 .25, 28.66, 32.58, 35.92, 37.60, 39.04, 39.57, 40.68,
41.07,41.98, 42.45,45.12, 52.12, 53.23, 55.07, 63.69, 65.18, 72.04, 72.27, 74.04, 79.09, 106.78,
108.70, 108.88, 168.14. HRMS: (API+) calculated for C3sHggNO7 ([M + H]*) 618.4370, found
618.4375.
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1-((205,22R,235)-2x,3e;22,23-bis((1-methylethylidene)dioxy)-6,6-ethylenedioxy-5e-cholan-
24-oyl) pyrrolidine (19c)

the general procedure for amide formation with acid 18 and pyrrolidine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 195 mg (89%) of
the title compound 19¢ as a colorless oil:
TH NMR (DMSO-d,,) 8 0.60 (s, 3H, CH3); 0.76 (s, 3H, CHa); 0.91 (d, 3H, | = 6.7 Hz, CH5);
1.22 (s, 3H, CH;); 1.24 (s, 3H, CH3); 1.32 (s, 3H, CH3); 1.36 (s, 3H, CHa); 1.62-1.72 (m, 3H);
1.73-1.88 (m, 6H); 1.91 (td, 1H, | = 11.8 and 3.1 Hz); 1.97 (m, 1H); 3.25-3.33 (m, 2H, NCH,);
3.54 (t, 2H, | = 6.7 Hz, NCH3); 3.67 (m, 1H, CH,0); 3.81-3.90 (m, 3H, CH;0); £.02 (m, 1H,
H-2p); 4.19 (m, 1H, H-3(3); 4.24 (d, 1H, | = 7.4 Hz, H-23); 4.49 (dd, 1H, | =74 and 1.1 Hz,
H-22). 13C NMR § 11.56, 12.62, 13.14, 20.38, 21.43, 23.46, 23.73, 25.64, 25.92, 26.61, 26.70,
27.19, 28.63, 32.55, 35.76, 37.56, 40.65, 41.94, 42.41, 45.09, 45.83, 45.94, 52.10, 53.18, 55.04,
63.65, 65.15, 72.01, 72.23, 75.15, 79.03, 106.74, 108.75, 108.86, 167.32, 1 xC n. f. HRMS: (AP1+)
calculated for CagHegNOs ([M + H]*) 616.4213, found 616.4218.

1-((205,22R,235)-2 &, 3e;22,23-bis((1-methylethylidene)dioxy )—6,6—ethyiemedinx y-ba-cholan-
24-oyl) piperidine (19d)

the general procedure for amide formation with acid 18 and piperidine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 188 mg (84%) of
the title compound 19d as a colorless oil:
"H NMR (DMSO-dg) 4 0.60 (s, 3H, CHz); 0.77 (s, 3H, CHa); 0.90 (d, 3H, | = 6.7 Hz, CH3);
1.22 (s, 6H, 2xCHz); 1.33 (s, 3H, CHs); 1.36 (s, 3H, CH;); 1.62-1.74 (m, 3H); 1.77-1.86 (m,
2H); 1.91 (m, 1H); 1.97 (m, 1H); 3.41-3.60 (m, 4H, 2x NCH,); 3.67 (m, 1H, CH,0); 3.81-3.90
(m, 3H, CH,0); 4.02 (m, 1H, H-23); 4.19 (m, 1H, H-33); 4.32 (d, 1H, ] = 7.3 Hz, H-23); 4.58
(dd, 1H, ] = 7.3 and 0.9 Hz, H-22). *C NMR § 11.56, 12.65, 13.13, 20.38, 21.42, 23.74, 24.05,
25.35, 25.91, 26.12, 26.61, 26.69, 27.18, 28.62, 32.54, 35.85, 37.56, 40.65, 41.95, 42.41, 42.48,
45.09, 45.86, 52.11, 53.23, 55.04, 63.64, 65.14, 72.01, 72.23, 73.84, 78.89, 106.74, 108.60, 108.86,
167.02, 1xC n. f. HRMS: (API+) calculated for CazHgoNO7 ([M + H|) 630.4370, found
630.4370.

4-((205,22R,235)-20,301;22,23-bis((1-methylethylidene)dioxy)-6,6-ethylenedioxy-5a-cholan-
24-oyl) morpholine (19e)

the general procedure for amide formation with acid 18 and morpholine and chro-
matography on silica gel (40-60% ethyl acetate in cyclohexane) yielded 191 mg (85%:) of
the title compound 19e as a colorless oil:
'H NMR (DMSO-dg) 6 0.62 (s, 3H, CHa); 0.78 (s, 3H, CHa); 0.92 (d, 3H, | = 6.7 Hz, CH,);
123 (s, 3H, CH4); 1.24 (s, 3H, CH3); 1.34 (s, 3H, CH3); 1.37 (s, 3H, CH3); 1.63-1.75 (m,
3H); 1.78-1.87 (m, 2H); 1.92 (td, 1H, ] = 11.7 and 2.9 Hz); 1.99 (m, 1H); 3.43-3.63 (m, §H,
8% Hpgrpn )i 3.68 (m, 1H, CH0); 3.81-3.91 (m, 3H, CH;0); 4.02 (m, TH, H-2§); 4.20 (m, 1H,
H-3p); 4.36 (d, 1H, | = 7.3 Hz, H-23); 4.58 (dd, 1H, | = 7.3 and 1.2 Hz, H-22). '3*C NMR &
11.60, 12.65, 13.15, 20.39, 21.46, 23.77, 25.92, 26.64, 26.67, 27.20, 28.65, 32.58, 35.87, 37.59,
40.68, 41.99, 42.05, 42.44, 45.12, 45.66, 52.13, 53.24, 55.07, 63.68, 65.18, 66.09, 66.32, 72.04,
72.26,73.69, 78.85, 106.78, 108.81, 108.88, 167.63, 1xC n. f. HRMS: (API+) calculated for
C3H55NOg ([M — Cl]*) 632.4162, found 632.4168.

General procedure for deprotection of long side chain amide ketals

A 5% aqueous solution of hydrochloric acid (1 mL) was added to a solution of ketals
1%a-e (20 mg) in tetrahydrofuran (5 mL) and the mixture was stirred at 45 °C for 2 h. After
cooling, the mixture was diluted with ethyl acetate and extracted twice with water. the or-
ganic phase was dried with sodium sulfate and solvents were evaporated under reduced
pressure. the crude product was purified on silica gel (mobile phase at each experiment).

N,N-dimethyl-(205,22R,235)-2x,3¢,22,23-tetrahydroxy-6-oxo-5a-cholan-24-amide (20a)
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the general procedure for amide deprotection with ketal 19a (50 mg; 0.08 mmol) and
chromatography on silica gel (5-10% isopropanol in chloroform) yielded 14 mg (86%) of
the title compound 20a as an off-white solid:
Mp > 210 °C {decomp.). 'H NMR (CD;0D+CDCl3) 8 0.65 (s, 3H, CHz); 0.73 (s, 3H, CH;);
0.99 (d, 3H, | = 6.7 Hz, CH3); 1.75-1.82 (m, 2H); 1.95 {m, 1H); 1.99-2.05 (m, 2H}); 2.23 (dd,
1H, ] =13.1 and 4.6 Hz); 2.68 (dd, 1H, | = 12.4 and 2.9 Hz); 2.95 (s, 3H, NCH3); 3.08 (s, 3H,
NCHa); 3.64 (m, 1H, H-2B); 3.77 (dd, 1H, | = 5.7 and 1.2 Hz, H-22); 3.94 (m, 1H, H-3p); 4.32
(d, 1H, | = 5.7 Hz, H-23). "*C NMR 4 12.33, 13.45, 14.00, 21.90, 24.57, 27.14, 28.42, 36.41,
37.56, 38.67, 39.89, 40.14, 40.47, 43.38, 43.53, 47.30, 51.65, 53.34, 54.42, 57.31, 68.10, 68.90,
71.50,73.91, 173.67, 214.81. HRMS: {API+) calculated for CosHyyNOg ([M + H|*) 466.3169,
found 466.3172. Anal. Caled. for CpaHysNOg: C, 67.07; H, 9.31; N, 3.01. Found: C, 68.40; H,
10.23; N, 3.02%.
N,N-diethyl-(205,22R,235)-2x,3,22,23-tetrahy droxy-6-oxo-5a-cholan-24-amide (20b)

the general procedure for amide deprotection with ketal 19b (50 mg; 0.08 mmol) and
chromatography on silica gel (5-10% isopropanol in chloroform) yielded 14 mg (88%) of
the title compound 20b as an off-white solid:
Mp > 160 °C (decomp.). 'H NMR (CD10D+CDCls) 6 0.64 (s, 3H, CH,); 0.73 (s, 3H, CH3);
0.99 (d, 3H, | = 6.7 Hz, CH3); 1.10 (t, 3H, [ = 7.2 Hz, CH3); 1.22 (t, 3H, | = 7.2 Hz, CH3); 1.94
(m, 1H), 1.99-2.05 (m, 2H); 2.23 (dd, 1H, | = 13.1 and 4.6 Hz); 2.68 (dd, 1H, ] = 12.5 and
2.8 Hz); 3.27 (m, 1H, NCH); 3.37-3.42 (m, 2H, 2xNCH); 3.47 (m, 1H, NCH); 3.64 (m, 1H,
H-2p); 3.76 (d, 1H, ] = 6.2 Hz, H-22); 3.94 (m, 1H, H-3p); 4.24 (d, 1H, | = 6.2 Hz, H-23). 3C
NMR 412.27, 13.01, 13.61, 13.95, 14.78, 21.81, 24.49, 27.03, 28.29, 38.58, 39.21, 40.03, 40.38,
41.22, 42,50, 43.30, 43.46, 47.23, 51.56, 53.27, 54.32, 57.22, 68.57, 68.80, 71.21, 74.44, 172.76,
214.71. HRMS: (API+) calculated for CagHagNO, ([M + H]*) 494.3482, found 494.3481.
Anal. Caled. for CogHyzNOg: C, 68.12; H, 9.60; N, 2.84. Found: C, 68.06; H, 9.66; N, 2.80%.

1-((208,22R,235)-2 e, 30,22, 23-tetrahydroxy-6-oxo-5a-cholan-24-oyl)pyrrolidine (20c)

the general procedure for amide deprotection with ketal 19¢ (50 mg; 0.08 mmol) and
chromatography on silica gel (5-10% isopropanol in chloroform) yielded 13 mg (83%) of
the title compound 20c as an off-white solid:
Mp > 200 °C (decomp.). "H NMR (CD30D+CDCl3) 6 0.69 (s, 3H, CHz); 0.76 (s, 3H, CH3);
1.00 (d, 3H, | = 6.7 Hz, CHjy); 1.84-2.07 (m, 6H); 2.10 (bt, 1H, | = 12.5 Hz); 2.22 (dd, 1H,
J=12.8 and 4.8 Hz); 2.78 (dd, 1H, ] = 12.5 and 3.1 Hz); 3.38-3.48 (m, 2H, 2xNCH}); 3.56 (m,
1H, NCH); 3.64-3.71 (m, 2H, H-2, NCH); 3.83 (d, 1H, | = 7.1 Hz, 11-22); 3.95 (m, 1H, H-3();
4.22(d, 1H, ] = 7.1 Hz, H-23). 3C NMR 4 12.40, 13.93, 14.02, 22.48, 25.04 (2 C); 27.23, 27.97,
28.81, 39.31, 39.55, 40.95, 41.11, 43.76, 44.07, 4745, 47.63, 47.98, 52.21, 54.12, 55.16, 58.01,
69.26, 69.90, 74.01, 74.82, 173.02, 215.17. HRMS: (API+) calculated for CosHygNO; ([M +
H]") 492.3325, found 492.3325. Anal. Caled. for CasHysNOg: C, 68.40; H, 9.23; N, 2.85.
Found: C, 68.35; H, 9.30; N, 2.81%.
1-((205,22R,235)-2 ¢, 3,22, 23-tetrahydroxy-6-oxo-5a-cholan-24-oyl)piperidine (20d)

the general procedure for amide deprotection with ketal 19d (50 mg; 0.08 mmol) and
chromatography on silica gel (5-10% isopropanol in chloroform) yielded 14 mg (85%) of
the title compound 20d as an off-white solid:
Mp > 200 “C (decomp.). *H NMR (DMSO-d;) & 0.58 (s, 3H, CH,); 0.63 (s, 3H, CHa); 0.87 (d,
3H, | = 6.5 Hz, CH3); 1.80-1.86 (m, 2H); 1.94 (m, 1H); 2.03 (dd, 1H, | = 13.0 and 4.7 Hz); 2.1
(m, 1H); 2.60 (dd, 1H, | = 12.1 and 3.2 Hz); 3.34-3.52 (m, 5H, H-28, 2 xNCH,); 3.60 (d, 1H,
| = 6.8 Hz, H-22); 3.75 (bs, 1H, H-3p); 4.16-4.21 (m, 2H, H-23, OH); 4.34 (bd, 1H, [ =5.9 Hz,
OH); 4.37 {bd, 1H, | = 4.6 Hz, OH); 4.94 (bd, 1H, | = 4.9 Hz, OH). 1*C NMR & 11.73, 13.00,
13.37, 20.82, 23.48, 24.08, 25.45, 26.20, 26.85, 27.21, 29.03, 37.08, 37.90, 41.85, 42.21, 42 40,
4569, 46.01, 50.33, 52.23, 52.88, 55.98, 67.11, 67.49, 71.47, 72.48, 170.11, 211.61, 1xC n. f.
HRMS: (API+) calculated for CogHysNOg ([M + H]*) 506.3482, found 506.3479. Anal. Caled.
for CagHyrNOg: C, 68.88; H, 9.37; N, 2.77. Found: C, 68.82; H, 9.42; N, 2.75%.
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4-((205,22R,235)-2m,3 ¢, 22,23-tetrahydroxy-6-oxo-5e-cholan-24-oyl)morpholine (20e)

the general procedure for amide deprotection with ketal 19e (50 mg; 0.08 mmol) and
chromatography on silica gel (5-10% isopropanol in chloroform) vielded 14 mg (87%) of
the title compound 20e as an off-white solid:
Mp > 210 °C (decomp.). 'H NMR (CD;0D+CDCly) & 0.66 (s, 3H, CHa); 0.74 (s, 3H, CHz);
0.98 (d, 3H, | = 6.7 Hz, CH;); 1.76-1.81 (m, 2H); 1.96 (m, 1H); 2.00-2.06 (m, 2H); 2.23 (dd, 1H,
| =13.0and 4.6 Hz); 2.69 (dd, 1H, | = 12.4 and 2.9 Hz); 3.56-3.69 (m, 9H, H-2p3, 8 x Hmorph);
3.78(dd, 1H, ] = 6.2 and 0.9 Hz, H-22); 3.95 (m, 1H, H-3p); 430 (d, 1H, | = 6.2 Hz, H-23).
13C NMR & 12.42, 13.42, 14.01, 21.95, 24.62, 27.20, 28.49, 30.39, 38.72, 39.45, 40.20, 40.51,
43.41, 43.46, 43.59, 48.95, 47.33, 51.70, 53.35, 54.47, 57.37, 67.48 (2xC), 68.69, 68.94, 72.08,
74.14,172.27, 214.87. HRMS: (API+) calculated for C28H46NO7 ([M + H]+) 508.3274, found
508.3272. Anal. Caled. for C28H45NO7: C, 66.25; H, 8.93; N, 2.76. Found: C, 66.20; H, 8.99;
N, 2.73%.

4-((208,22R,235)-2ac, 3e-dihydroxy-22,23-(1-methylethylidene)dioxy-6-oxo-5e-cholan-24-
oyljmorpholine (23)

the general procedure for amide deprotection (at room temperature) with ketal 19e
(50 mg; 0.08 mmol) and chromatography on silica gel (isopropanol /ethyl acetate—1/19)
yielded 31 mg (72%) of the title compound 23 as a colorless oil. the product was obtained
during optimization of the reaction condition.
"H NMR (DMSO-dg, 45 °C) 4 0.63 (s, 3H, CHa); 0.65 (s, 3H, CH3); 0.93 (d, 3H, | = 6.7 Hz,
CHj); 1.25 (s, 3H, CH;); 1.34 (s, 3H, CH3); 1.68 (gd, 1H, [ = 10.9 and 5.7 Hz); 1.87 (m, 1H);
1.97 (m, 1H); 2.03-2.11 {m, 2H); 2.61 (dd, 1H, ] = 12.4 and 3.5 Hz); 3.44-3.64 (m, 9H, H-2,
8xHmarph); 3.77 (m, 1H, H-3B); 4.06 (bd, 1H, | = 24 Hz, OH); 4.21 (bd, 1H, | = 6.1 Hz, OH);
437 (d, 1H, | = 7.2 Hz, H-23); 4.59 (dd, 1H, | = 7.2 and 1.4 Hz, H-22). 13C NMR & 11.61, 12.63,
13.35, 20.82, 23.39, 25.92, 26.63, 26.83, 27.09, 31.31, 35.93, 37.09, 38.91, 41.83, 42.06, 42.45,
45.65, 46.02, 50.34, 52.88, 53.08, 55.72, 66.08, 66.29, 66.98, 67.51, 73.77, 78.85, 108.82, 167.65,
211.50. HRMS: (API+) calculated for CayHspNO7 ([M + H]*) 548.3587, found 548.3586.

N,N-dimethyl-((205,22R,235)-20;,3e;22,23-bis(( 1-methylethylidene)dioxy)-6,6-ethylenedioxy-
5a-cholan-24-yl)amine (21a)

the general procedure for amide reduction with amide 19a (150 mg; (.25 mmeol) and
chromatography on silica gel (0-5% methanol in ethyl acetate) yielded 114 mg (78%) of
the title compound 21a as a colorless oil:
'H NMR (DMSO-dg) 6 0.59 (s, 3H, CH3); 0.73 (s, 3H, CH,); 0.87 (d, 3H, ] = 6.5 Hz, CH3);
1.18 (s, 3H, CHs); 1.22 (s, 3H, CHa); 1.23 (s, 3H, CHs); 1.32 (s, 3H, CHa); 1.58-1.70 (m, 3H);
1.74-1.82 (m, 2H); 1.86-1.94 (m, 2H); 2.13 (s, 61, 2xNCH3); 2.24 (dd, 1H, | = 12.9 and
6.7 Hz, H-24a); 2.34 (dd, 1H, | = 12.9 and 3.4 Hz, H-24b); 3.61-3.66 (m, 2H, CH20, H-22);
3.72-3.87 (m, 4H, 3x CH20, H-23); 3.99 (m, 1H, H-2p); 4.15 (m, 1H, H-3p). *C NMR ¢
11.45, 12.53, 13.04, 20.29, 21.34, 23.62, 26.46, 26.93, 26.96, 27.25, 28.47, 32.42, 35.14, 37.47,
40.53, 41.89, 42.32, 44.96, 45.26 (b, 2xC), 52.18, 52.92, 55.12, 61.27, 63.55, 65.03, 71.99, 72.19,
74.76 (b), 80.64, 106.63, 107.74, 108.81, 1 x C n. f. HRMS: (API+) calculated for C33HssNOs
(IM + HJ*) 576.4264, found 576.4369.

N,N-diethyl-((205,22R,235)-2 &, 3;22,23-bis({1-methylethylidene)dioxy)-6,6-ethylenedioxy-
5ot-cholan-24-yl)amine (21b)

the general procedure for amide reduction with amide 19b (150 mg; 0.24 mmol) and
chromatography on silica gel (0-5% methanol in ethyl acetate) yielded 110 mg (75%) of
the title compound 21b as a colorless oil:
TH NMR (DMSO-dg) 6 0.62 (s, 3H, CH1); 0.76 (s, 3H, CH,): 0.90 (d, 3H, | = 6.7 Hz, CH;);
0.92-0.99 (m, 6H, 2xCH3); 1.22 (s, 3H, CH3); 1.27 (s, 6H, 2xCH3); 1.36 (s, 3H, CH3);
1.60-1.74 (m, 4H); 1.77-1.85 (m, 2H}); 1.90-1.98 (m, 2H); 2.34-2.67 (vb m, 6H, 6 x NCH); 3.67
(m, 1H, CH20); 3.72 (d, 1H, ] = 8.3 Hz, H-22); 3.80-3.86 (m, 3H, 2xCH20, H-23); 3.89 (m,
1H, CH20); 4.02 (m, 1H, H-23); 4.19 (m, 1H, H-33). 13C NMR & 11.53, 11.74 (vb, 2xC),
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12.64, 13.15, 20.40, 21.44, 23.70, 26.62, 27.04, 27.14, 27.19, 28.64, 32.58, 35.22, 37.56, 39.11,
40.65, 41.95, 42.42, 45.11, 47.07, 52.14, 53.18, 55.09, 55.67 (vb), 63.67, 65.15, 72.01, 72.23,
74.84 (vb) 81.34 (vb), 106.75, 107.32 (vb), 108.87, 1xC n. f. HRMS: (ADPI+) calculated for
CasHgoNOg ([M + HJ*) 604.4577, found 604.4579.

1-((208,22R,235)-2 &, 30¢;22,23-bis((1-methylethylidene)dioxy)-6,6-ethylenedioxy-5a-cholan-
24-y1) pyrrolidine (21c)

the general procedure for amide reduction with amide 19¢ (150 mg; 0.24 mmol) and
chromatography on silica gel (0-5% methanol in ethyl acetate) yielded 113 mg (77%) of
the title compound 21¢ as a colorless oil:
TH NMR (DMSO-dg) & 0.62 (s, 3H, CHa); 0.76 (s, 3H, CH3); 0.91 (d, 3H, | = 6.7 Hz, CH3); 1.22
(s, 3H, CH;); 1.28 (s, 6H, 2 CH3); 1.35 (s, 3H, CH3); 1.62-1.74 (m, 7H); 1.76-1.84 (m, 2H);
1.89-1.99 (m, 2H); 2.55-2.71 (vb m, 6H, 6x NCH); 3.65-3.69 (m, 2H, CH20, H-22); 3.80-3.90
(m, 4H, 3xCH20, H-23); 4.01 (m, 1H, H-28): 419 (m, 1H, H-3p). 13C NMR & 11.51, 12.70,
13.14, 20.38, 21.43, 23.01 (2xC); 23.70, 26.61, 27.04, 27.14, 27.27, 28.63, 32.55, 35.17, 37.56,
40.65, 41.95, 42.42, 45.10, 52.11, 53.11, 54.13 (2= C), 55.07, 63.66, 65.15, 72.00, 72.23, 75.46,
80.77, 106.74, 107.82 (vb), 108.86, 2x C n. f. HRMS: (API+) calculated for C3HggNOg ([M +
HI*) 602.4421, found 602.4426.

1-((205,22R,235)-2 0, 30;22,23-bis((1-methylethylidene)dioxy )-6,6-ethylenedioxy-5a-cholan-
24-y1) piperidine (21d)

the general procedure for amide reduction with amide 19d (150 mg; (.24 mmol) and
chromatography on silica gel (0-5% methanol in ethyl acetate) yielded 106 mg (72%) of
the title compound 21d as a colorless oil:
TH NMR (DMSO-dg) é 0.65 (s, 3H, CHy); 0.78 (s, 3H, CHa); 0.91 (d, 3H, | = 6.7 Hz, CH3);
1.23 (s, 3H, CH;); 1.268 (s, 3H, CH3); 1.274 (s, 3H, CH;); 1.37 (s, 3H, CH;); 1.61-1.75 (m,
4H); 1.79-1.87 (m, 2H); 1.91-2.01 (m, 2H); 2.33-2.50 (vb m, 6H, 6<NCH); 3.67-3.72 (m, 2H,
CH20, H-22); 3.77-3.91 (m, 4H, 3 xCH20, H-23); 4.02 (m, 1H, H-2f); 4.20 (m, 1H, H-33).
13C NMR & 11.55, 12.74, 13.15, 20.39, 21.43, 23.75, 25.50 (2x C), 26.62, 27.10, 27.18, 27.26,
28.63, 32.57, 35.20, 37.56, 40.65, 41.98, 42.43,45.11, 52.13, 53.20, 54.73 (b, 2xC), 55.10, 61.34
(vb), 63.67, 65.14, 72.02, 72.24, 74.80 (vb), 81.34 (b), 106.75, 107.52, 108.87, 1 xC n. f. HRMS:
(API+) calculated for CypHgNOy, (M + H]') 616.4577, found 616.4578.

4-((205,22R,235)-2 a1, 30¢;22,23-bis((1-methylethylidene)dioxy)-6,6-ethylenedioxy-5a-cholan-
24-yl) morpholine (21e)

the general procedure for amide reduction with amide 19e (150 mg; (.24 mmol) and
chromatography on silica gel (0-5% methanol in ethyl acetate) yielded 109 mg (74%) of
the title compound 21e as a colorless oil:
'H NMR (DMSO-dg) 6 0.64 (s, 3H, CHs); 0.7 (s, 3H, CHs); 0.90 (d, 3H, | = 6.7 Hz, CHs);
1.22 (s, 3H, CH3); 1.26 (s, 6H, 2:<CH3); 1.36 (s, 3H, CH3); 1.62-1.74 (m, 3H); 1.78-1.85 (m,
2H); 1.90-1.99 (m, 2H); 2.37-2.45 (m, 6H, 6 xNCH); 3.52-3.55 (m, 4H, 4 xCH2Omorph);
3.65-3.70 (m, 2H, CH20, H-22); 3.80-3.91 (m, 4H, 3x CH20, H-23); 4.02 (m, 1H, H-23); 4.19
(m, 1H, H-3p). 13C NMR & 11.55, 12.75, 13.15, 20.39, 21.44, 23.74, 26.62, 2712, 27.18, 27.32,
28.64, 32.57, 35.22, 37.57, 40.65, 41.98, 42.42, 45.11, 52.13, 53.21, 54.04 (2 C), 55.10, 60.99,
63.67, 65.16, 66.23 (2xC), 72.02, 72.24, 75.05, 81.06, 106.75, 107.58, 108.87, 1xC n. f. HRMS:
(API+) calculated for C3,HggNOy ([M + H]*) 618.4370, found 618.4376.

General procedure for deprotection of long side chain amine ketals

A 5% aqueous solution of hydrochloric acid (1 mL) was added to a solution of ketals
21a-e (20 mg; 0.03 mmol) in tetrahydrofuran (5 mL) and the mixture was stirred at 45
°C for 2 h. During the reaction, white crystals appeared. After cooling, solvents were
evaporated under reduced pressure and the crude product was washed twice with ethyl
acetate. the prepared salts obtained in quantitative yield had sufficient purity.
N N-dimethyl-({205,22R,235)-2«,3,22,23-tetrahydroxy-6-oxo-5x-cholan-24-yljaminium ch-
loride (22a)
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Mp > 270 °C (decomp.). '"H NMR (CD;0D+D,0) § 0.62 (s, 3H, CHz); 0.67 (s, 3H, CHs); 0.87
(d, 3H, ] = 6.4 Hz, CHj); 1.85 (m, 1H); 1.95 (m, 1H); 2.07-2.16 (m, 2H); 2.65 (dd, 1H, ] = 11.9
and 2.8 Hz); 3.00 (bt, 1H, | = 12.5 Hz, H-24a); 3.10 (dd, 1H, [ = 12.5 and 2.9 Hz. H-24b); 3.38
(bd, 1H, J = 7.0 Hz, H-22); 3.64 (m, 1H, H-2p); 3.84 (ddd, 1H, ] = 10.7, 7.5, and 2.9 Hz, H-23);
3.92 (m, 1H, H-3p). 3C NMR 6 12.30, 12.89, 13.90, 22.17, 24.69, 27.45, 28.47, 39.00, 39.31,
40.46 (2xC), 42.01, 43.82, 44.00, 45.89, 47.39, 52.10, 53.22, 54.56, 57.44, 60.28, 68.34, 69.00,
69.33, 75.87, 218.18. HRMS: (APL+) calculated for CagHygNOs ([M — ClJ*) 452.3376, found
452.3377. Anal. Caled. for CosHuCINOs: C, 63.98; T, 9.50; N, 2.87. Found: C, 63.95; H,
9.55; N, 2.85%.

N,N-diethyl-((205,22R,235)-20(, 3,22, 23-tetrahy droxy-6-oxo-3a-cholan-24-yljaminium chlo-
ride (22b)

Mp > 250 °C (decomp.). 'H NMR (CD;0D) 4 0.75 (s, 3H, CHz); 0.7 (s, 3H, CHz); 1.00 (d,
3H, ] = 6.7 Hz, CHy); 1.33 (t, 3H, [ = 7.3 Hz, CHas); 1.34 (t, 3H, | = 7.3 Hz, CH3); 1.99 (m, 1H);
2.05-2.14 (m, 2H); 2.22 (dd, 1H, ] = 13.1 and 4.9 Hz); 2.73 (dd, 1H, ] = 12.4 and 3.2 Hz); 3.05
(dd, 1H, ] = 13.2 and 11.0 Hz, H-24a); 3.17 (dd, 1H, | = 13.2 and 3.2 Hz, H-24b); 3.21-3.37 (m,
4H, 4« NCH); 3.44 (dd, 1H, | = 6.7 and 1.4 Hz, H-22); 3.66 (ddd, 1H, | = 11.8, 4.8, and 3.2 Hz,
H-2p); 3.87 (ddd, 1H, | = 11.1, 6.7, and 3.1 Hz, H-23); 3.95 (m, 1H, H-3p). *C NMR 4 8.90,
9.39, 12,50, 13.20, 14.02, 22.51, 25.05, 27.99, 28.78, 39.33, 39.78, 41.04, 41.12, 43.76, 44.11,
47 61, 47.87, 50.30, 52.23, 53.72, 55.16, 55.35, 58.01, 68.59, 69.26, 69.63, 75.77, 215.17. HRMS:
(API+) calculated for CogHspNOs ([M — C1]*) 480.3689, found 480.3689. Anal. Calcd. for
Co3H5,CINO;: C, 65.15; H, 9.76; N, 2.71. Found: C, 65.09; H, 9.81; N, 2.68%.

1-((205,22R,235)-2et, 301,22 23-tetrahydroxy-6-oxo-5-cholan-24-yl)pyrrolidinium chloride
(22¢)

Mp > 250 °C (decomp.). 'H NMR (CD;0D+D,0) & 0.63 (s, 3H, CHs); 0.67 (s, 3H, CH;); 0.88
(d, 3H, | = 6.4 Hz, CH3); 1.86 (m, 1H); 1.93-1.99 (m, 3H); 2.05-2.16 (m, 3H); 2.66 (dd, 1H,
J=12.4 and 3.0 Hz); 2.97-3.15 (m, 4H, 4xNCH); 3.39 (bd, 1H, | = 7.0 Hz, H-22); 3.58-3.66 (m,
3H, 2xNCH, H-2p); 3.81 (m, H-23); 3.92 (m, 1H, H-3p). *CNMR 4 12.32, 12.95, 13.90, 22.19,
23.78, 23.96, 24.72, 27 49, 28.51, 39.13, 39.31, 40.52, 43.85, 43.98, 47.39, 49.78, 52.12, 53.30,
54.08, 54.61, 56.83, 57.50, 58.04, 69.03, 69.37, 69.73, 75.79, 217.93. HRMS: (API+) calculated
for CogHygNOs5 ([M — C1]") 478.3532, found 478.3535. Anal. Calcd. for CosHygCINOs: C,
65.41; H, 9.41; N, 2.72. Found: C, 65.36; H, 9.48; N, 2.69%.

1-((205,22R,235)-20, 30,22, 23-tetrahydroxy-6-oxo-5o-cholan-24-yl)piperidinium chloride
(22d)

Mp > 250 °C (decomp.). 'H NMR (CD;0D) & 0.74 (s, 3H, CH3); 0.76 (s, 3H, CHs); 0.99
(d, 3H, | = 6.7 Hz, CH3); 1.93-2.02 {m, 2H); 2.05-2.14 (m, 2H); 2.20 (dd, 1H, ] = 13.4 and
48 Hz); 2.73 (dd, 1H, ] = 12.2 and 3.1 Hz); 2.92 (td, 1H, | = 12.0 and 2.9 Hz, NCH); 3.01
(dd, 1H, ] = 12.9 and 11.5 Hz, H-24a); 3.05 (td, 1H, | = 12.0 and 4.4 Hz, NCH); 3.15 (dd, 1H,
J=129and 2.4 Hg, 1-24b); 341 (dd, 1H, ] = 6.9 and 1.4 Hz, H-22); 3.49 (bd, 1H, [ = 11.9 He,
NCH); 3.62-3.68 (m, 2H, NCH, H-2); 3.92 (m, 1H, 11-23); 3.95 (m, 1H, H-3p). *C NMR
& 12.48, 13.05, 14.01, 22.50, 22.89, 24.03, 24.08, 25.03, 27.99, 28.80, 39.32, 39.68, 41.03, 41.12,
43.76, 44.11, 47.60, 52.24, 52.74, 53.64, 55.16, 56.36, 57.96, 60.09, 67.88, 69.26, 69.62, 75.86,
215.24. HRMS: (API+) calculated for CogHygINO; ([M — Cl]*) 494.3482, found 494.3485.
Anal. Caled. for CogHgyCINOs5: C, 65.95; H, 9.54; N, 2.65. Found: C, 65.89; H, 9.60; N,
2.63%.

4-((208,22R 235)-2 &, 3,22 23-tetrahydroxy-6-oxo-5e-cholan-24-ylymorpholinium chloride
(22e)

Mp > 270 °C (decomp.). TH NMR (CD;0D+D10) 4 0.59 (s, 3H, CHz); 0.64 (s, 3H, CH3);
0.84 (d, 3H, | = 6.7 Hz, CH3); 1.71 (qd, 1H, | = 10.3 and 7.2 Hz); 1.79 (m, 1H); 1.92 (m, 1H);
2.07-2.13 (m, 2H); 2.63 (dd, 1H, ] = 11.6 and 4.3 Hz); 3.03 (dd, 1H, | = 13.0 and 11.3 Hz,
H-24a); 3.08 (m, 1H, NCH); 3.14 (dd, 1H, | = 13.0 and 3.1 He, H-24b); 3.18 (m, 1H, NCH);
3.38 (dd, 1H, ] = 6.9 and 1.2 Hz, H-22); 3.39 (m, 1H, NCH); 3.52 (bd, 1H, ] = 12.2 Hz, NCH);
3.64 (m, 1H, H-2p); 3.73-3.81 (m, 2H, CH-0); 3.89-3.94 (m, 2H, H-3p3, H-23); 3.96-4.02 (m,
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2H, CH-0). '*C NMR & 12.25, 12.84, 13.85, 22.05, 24.56, 27.31, 28.37, 38.79, 39.28, 40.27,
40.30, 43.73, 44.09, 47.32, 51.57, 52.05, 53.11, 54.37, 54.53, 57.26, 59.87, 64.66 (2xC), 67.44,
68.90, 69.26, 75.89, 219.27. HRMS: (API+) calculated for CogHygNOyg (M — CI]*) 494.3482,
found 494.3482. Anal. Caled. for CogHysCINOg: C, 63.44; H, 9.13; N, 2.64. Found: C, 63.40;
H, 9.18; N, 2.61%.

4-((205,22R,235)-2 &0, 3o-dihydroxy-22 23-(1-methylethylidene)dioxy-6-oxo-5x-cholan-24-yl)
morpholinium chloride (24)

the product was obtained during optimization of the reaction condition (deprotection
of long side chain amine ketals at room temperature) as white crystals.
Mp > 210 °C (decomp.). TH NMR (D,0) é 0.63 (s, 3H, CH3); 0.70 (s, 3H, CH3); 0.95 (d, 3H,
] = 6.7 Hz, CHa); 1.37 (s, 3H, CH3); 1.38 (s, 3H, CH3); 1.77-1.90 (m, 2H); 1.98 (m, 1H); 2.20
(d, 2H, | = 8.3 Hz); 2.69 (dd, 1H, | = 11.2 and 5.0 Hz); 3.10-3.63 (vb, 4H, 4x NCH); 3.30
(dd, 1H, | = 13.6 and 1.9 Hz, H-24a); 335 (dd, 1H, | = 13.6 and 9.5 Hz, H-24b); 3.73 (m, 1H,
H-2(); 3.78-4.13 (vb, 4H, 4« CH-0); 3.94 (d, 1H, [ = 8.3 Hz, H-22); 3.98 (m, 1H, H-3/); 4.22
(m, 1H, H-23). 13C NMR & 10.91, 12.09, 12.72, 20.82, 23.32, 25.93, 25.94, 26.02, 27.21, 35.11,
38.17, 38.85, 38.92, 42.75, 43.09, 46.14, 50.88, 52.77 (2xC), 53.01 (2xC), 55.78, 59.34, 63.64
(2xC), 67.74, 68.12, 71.64, 81.16, 110.75, 219.66. HRMS: (API+) calculated for Cs;Hs2NOg
([M — CI]*) 534.3795, found 534.3796.

3.3. Plant Bioassay

the biological activity of the new BRs derivatives was tested by an Arabidopsis sensi-
tivity bioassay which was performed according to [28]. Briefly, seedlings of Arabidopsis
thaliana L. (Columbia ecotype, Col-0) were stratified for 2 days at 4 °C and germinated on
vertical half-strength Murashige and Skoog (1% w/v sucrose) agar at 22 "Cina 16 h/8 h
light-dark cycle. the plates contained concentrations of 24-epiBL (as positive control)
and BR derivatives ranging from 0.1 to 10 nM, respectively 100 nM (for selected deriva-
tives only). After 7 days, roots were straightened on solid media plates and scanned
with an Epson high-resolution scanner. the entire root length was measured with Image]
(http:/ /rsbweb.nih.gov/ij/). For each treatment, more than 15 seedlings were analyzed
in two biological repeats, and p-values were calculated with the two-tailed Student t-test
using Excel software.

3.4. Cell Cultures and Cytotoxicity Assay

the screening cell lines: T-lymphoblastic leukemia CEM; breast carcinoma MCF7
(estrogen-sensitive); cervical carcinoma cell line HeLa; and human foreskin fibroblasts BJ,
were obtained from the American Type Culture Collection (Manassas, VA, USA). Cells
were cultured in DMEM (Dulbecco’s Modified Eagle Medium, Sigma, St. Louis, MO, USA).
Media used were supplemented with 10% fetal bovine serum, 2mM L-glutamine and
1% penicillin-streptomycin. the cell lines were maintained under standard cell culture
conditions at 37 °C and 5% CO2 in a humid environment.

Cells were subcultured twice or three times a week using the standard trypsinization
procedure. Cytotoxicity in cancer cell lines after 72 h was determined as described ear-
lier [43]. Control cultures were treated with DMSO alone, and the final concentration of
DMBSO in the mixture never exceeded 0.6%. Six serial 3-fold dilutions of the test substances
were added at time zero in 20 uL aliquots to the microtiter plate wells and the highest final
concentration in the wells was 50 uM.

3.5. Molcular Docking

We used AutoDock Vina 1.05 [44] in this study of Brassinosteroid receptor BRI1
(PDBID: 3RGZ). Datasets of 3D structures of brassinolide derivatives were prepared using
Marvin 15.1.5.0, a software used for the drawing, displaying and characterization of
chemical structures, substructures and reactions. AutoDock Tools [45] (ADT) was used for
preparation of input data for molecular docking.
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4, Conclusions

In this study, 25 brassinosteroid analogues with a nitrogen-containing side chain
were synthesized based on molecular docking and tested using an Arabidopsis sensi-
tivity bioassay and Calcein AM cytotoxicity assay. New analogues were divided into
two groups—short side chain BRs and long side chain BRs. As a nitrogen-containing
functional group, tertiary amides, tertiary amines and ammonium chlorides were prepared.
the synthesized substances showed no significant inhibitory activity compared to natural
24-epibrassinolide. In contrast, several compounds showed interesting growth-promoting
activity. the cytotoxicity assay showed no toxicity of the prepared compounds on cancer
or normal cell lines. Unfortunately, the results of the molecular docking, which proved
the good binding affinity of the tested compounds to the BRI1 receptor, were not con-
firmed by plant experiments. However, the very low or no biological activity of nitrogen
derivatives can also be caused by different reasons other than low affinity to the receptor,
e.g., by an unknown mechanism that prevents transport of these nitrogen compounds to
the receptor. Based on these observations, it is possible to state that the presence of an
amide or amine in the side chain of BRs analogues significantly reduces the biological
activity in plants.

Supplementary Materials: Supplementary materials can be found at https:/ /wwwmdpi.com /14
22-0067/22,/1/155/51. the following are available online. Table 51: Resulting binding free energies
oblained for molecular docking experiments. Figures 51-521): Poses of brassinolide and new nitrogen
analogues within the BRI1 binding site. Figure 521: Plant bivassay with concentration of 100 nmol /L.
Table S52: Data for Figure 2, Figure 3 and Figure 521. Table 53: Cytotoxicity data. NMR/HR-MS
spectra of all new compounds.
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Brassinosteroids (BRs) are plant steroidal hormones that play
crucial roles in plant growth and development. Accurate
quantification of BRs in plant tissues is essential for under-
standing their biological functions. This study presents a
comprehensive overview of the latest methods used for the
quantification of BRs in plants. We discuss the principles,
advantages and limitations of various analytical techniques,
including immunoassays, gas chromatography-mass spec-
trometry and liquid chromatography—tandem mass spec-
trometry that are used for the detection and quantification
of BRs from complex plant matrixes. We also explore the
use of isotopically labeled internal standards to improve the
accuracy and reliability of BR quantification.

Keywords: Brassinosteroids @ Chemical synthesis
» Chromatography  Immunoassays  Mass spectrometry

® Quantification

Brassinosteroids (BRs) are a class of polyhydroxysteroids that
have been recognized as a sixth class of plant hormones. They
are structurally related to animal and insect steroid hormones.
BRs were first explored during the 1970s when Mitchell with
coworkers reported promotion in stem elongation and cell divi-
sion by the treatment of organic extracts of rapeseed (Brassica
napus L) pollen (Mitchell et al. 1970). Brassinolide (BL) was
the first BR to be isolated in 1979 (Grove et al. 1979). Since
its discovery, over 70 BR compounds have been isolated from
plants.

BRs have been found in all plant organs, including pollen,
anthers, seeds, leaves, stems, roots, flowers and grains. They
have also been detected in insect and crown galls. In general,
pollen and immature seeds are particularly rich sources of BRs
(1-100 ng/g fresh weight), while concentrations in vegetative
tissues are very low (about 0.1ng/g fresh weight) compared
to those of other plant hormones (Bajguz and Tretyn 2003).
All natural BRs are characterized by their Sai-cholestane skele-
ton, and their structural differences are due to the type and

Introduction

orientation of the oxygen functions on rings A and B (Fig. 1A).
BRs are divided into 7-oxalactone, 6-oxo and 6-deaxa according
to the arrangement on ring B. They can be further classified as
€27,C28 or C29 BRs depending on the alkyl substitution at C-24
in the side chain. Furthermaore, their conjugates with sugars or
fatty acids have also been identified in plants (Bajguz 2011).

The structural diversity of BRs can affect their behavior in
different purification and quantification methods. For instance,
sometimes 6-oxo BRs show activity similar to 7-oxalactone
compounds, while non-oxidized BRs exhibit essentially little
activity in certain bioassays (Manghwar et al. 2022). This
implies that the chemical structure of BRs can influence their
detectability in bioassays, which are often used for their quan-
tification (Kanwar et al. 2017). Moreover, the presence of con-
jugates and the variability in the alkyl substitution on the side
chain can complicate the purification process, as these struc-
tural differences can affect the solubility and other physical and
chemical properties of BRs. Therefore, the chemical structure
of BRs plays a crucial role in their purification and quantifi-
cation from plant material (Hou et al. 2017). If complications
arise when using BR conjugates, a viable alternative is to replace
them with deuterium-labeled BRs. The introduction of deu-
terium into the BR structure offers a significant advantage:
unlike conjugates, this modification leaves the physical prop-
erties essential for liquid chromatography-mass spectrometry
(LC-MS) analysis unchanged.

This review presents a detailed discussion of the analyti-
cal methods used for BR extraction, purification and guan-
tification. It describes the principles, advantages, limitations,
recent advances and applications of various technigues, includ-
ing chromatographic, spectrometric and immunochemical

methods.

BRs are crucial for plant growth and development, but their
identification and quantification in plant tissues can be a time-
consuming and laborious process. Traditional chromatographic
methods of the BR analysis can be lengthy and labor-intensive

Immunochemical Methods
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positions into which deuterium atoms have been introduced.

and require sophisticated equipment. From the historical point
of view, immunoassays provide a good alternative due to the
simplicity of the equipment and measuring procedure (Khri-
pach et al. 2011). The immunochemical approach involves the
use of antibodies that can specifically bind to BRs, allowing their
detection and quantification (Khripach et al. 2011).

Polyclonal antibody-based methods

Polyclonal antibodies are a heterogeneous mixture of antibod-
ies that recognize different epitopes on the same antigen. They
are produced by injecting an antigen into an animal, which then
produces a series of antibodies against the antigen. Yokota et al.
(1990} elucidated a robust radioimmunoassay (RIA) method for
the quantification of BRs. To generate an antiserum against cas-
tasterone (CS), a rabbit was immunized with CS carboxymethy-
loxime conjugated to bovine serum albumin. The assay demon-
strated detection limits for C5 and BL of ~-0.3 pmol, exceeding
the sensitivity of the rice bioassay. The challenge in achieving
increased sensitivity is the increased background signal due to
nonspecific binding of BRs to the test tubes. Investigation of
cross-reactivity with 27 compounds, including both natural and
synthetic BRs, demonstrated the specificity of the antiserum
in recognizing different functional groups. Despite a notable
exception where BRs with a 24-methylene group showed low
cross-reactivity, it is noteworthy that the functional recogni-
tion observed in the RIA is consistent with the potent bio-
logical activities established by structure-activity relationship
studies. This RIA system proved to be effective in the analy-
sis of endogenous BRs in seeds and stems of Phaseolus vulgaris
(Yokota et al. 1990). In addition, the antiserum derived from
this study was instrumental in localizing BRs in pollen tissue by
immunocyrochemistry (Taylor et al. 1993). Swaczynova et al.
(2007) subsequently improved the enzyme-linked immunosor-
bent assay (ELISA) method by using selective polyclonal anti-
bodies against 24-epicastasterone (24-epiCS). This polyclonal
antibody was able to bind to BL and 24-epibrassinolide (24-
epiBL), but did not react with other plant sterols. The ELISA
method was used to determine BRs in the tissues of B, napus and

Arabidopsis thaliana. In addition, good agreement was found
between the results obtained by the ELISA method and the
high performance liquid chromatography-mass spectrometry
(HPLC-MS) approach developed simultaneously (Swaczynova
eral. 2007).

In recent years, three ELISA tests based on polyclonal anti-
bodies have been developed. First, an immunochemical sys-
tem for the determination of 28-homobrassinolide and 28-
homocastasterone was showed by Khripach et al. (2008a). In
the second case, the antibodies of the test system specifically
bound to steroids containing 2o,30-diol, 22R,23R-diol and a
7-membered 7-oxalactone B-ring (B-lactone-BR), but they had
low (2=8%) cross-reactivity with the BR 6-keto series (Khripach
et al. 2008b). Therefore, Pradko et al. (2015) developed a system
specific for the quantification of 6-keto BRs using the conju-
gate of 28-norcastasterone with bovine serum albumin or horse
radish peroxidase,

Menoclonal antibody-based methods

In contrast, monoclonal antibodies are a homogeneous pop-
ulation of identical antibodies that recognize a single epitope
on an antigen. They are produced by fusing a single B cell with
a cancerous myeloma cell to create a hybridoma cell line that
produces identical antibodies. Horgen et al. (1984) produced
monoclonal antibodies directed against a synthetic analog of
BL non-covalently linked to a carrier protein. Hybridoma clones
were derived from CAF1 mice, and the resulting antibodies
were used in an ELISA to study the distribution of BL in B.
napus tissues. Despite the successful generation of antibod-
ies, they showed considerable cross-reactivity (35-48%) with
prominent plant sterols such as sitosterol, ergosterol and stig-
masterol. This substantial cross-reactivity rendered the anti-
bodies unsuitable for the analysis of BRs due to the lack of
specificity for the target compounds. Anti-BR antibodies can
also be used in immunoaffinity chromatography (IAC) for rapid
and specific purification of BRs before the analytical meth-
ods. Using a specific monoclonal antibody prepared against
BR, Oklestkova et al. (2017) developed an immunoaffinity
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extraction to rapidly and selectively isolate endogenous BRs
containing 2o,3c-diol within the steroid molecule’s ring A.
Immunoaffinity chromatography was shown to significantly
reduce the matrix effect, thereby increasing the selectivity and
sensitivity of subsequent ultra high performance liquid chro-
matography (UHPLC)-MS/MS analysis. The combination of
IAC and UHPLC-MS/MS is used to detect endogenous BRs in
tissue extracts of Zea mays, A. thaliana, Humulus lupulus and B.
napus (Oklestkova et al. 2017). This method has also been used
to elucidate the effect of BRs on root growth and development
(Vukadinovic et al. 2021), where it was found that high levels
of BRs have an effect on root cell elongation, whereas lower
levels promote cell division. Therefore, changes in the levels of
these hormones along the root are probably used to tell the cells
whether they should still divide or start to elongate.

Chromatographic and Mass Spectrome_tf_ﬁc-:
Methods '

Isotopically (deuterium) labeled internal standards
of BRs

The use of deuterated BRs as internal standards represents an
important approach that enables the precision of quantitative
measurements in plant hormone research. This approach not
only guarantees the reproducibility and reliability of quantita-
tive assessments but also ensures an accurate representation
of BR concentration levels in complex biological samples. Fur-
thermore, the incorporation of deuterium into the steroidal
framework provides numerous advantages over derivatization,
The primary benefit lies in maintaining the same values of key
physical properties with natural BRs, such as stability, polar-
ity, solubility and retention time. Considering the significance
of deuterated BRs for the HPLC-MS analysis, numerous strate-
gies for their synthesis have been developed (Patil et al. 2015)
to introduce deuterium atom(s) to several positions of the BR
skeleton (Fig. 1B).

Due to the importance of deuterium in increasing the effi-
ciency of the LC-MS analysis of BRs, derivatives containing three
or more deuterium atoms were deliberately synthesized. This
enrichment with a higher number of deuterium atoms serves to
optimize the analytical accuracy of identification and quantifi-
cation of BRs using the LC-MS5 analysis. The chemical synthesis
of deuterated BRs involved multi-step reactions. A successful
approach to introducing three or more deuterium atoms into
the structure of a BR involved the construction of the entire
side chain. This strategic method uses low-molecular weight
substances containing deuterium atoms in the methyl group(s).
An alternative way is sequential reduction of the carboxy group
to the methyl group with lithium aluminum deuteride. This is
thereby increasing the overall efficiency of the synthesis pro-
cess and the final content of deuterium atoms in the structure.
This strategic approach facilitated the synthesis of derivatives
featuring three, six, or even up to seven deuterium atoms exclu-
sively positioned at the C-25 {one atom), C-26 (three atoms),

C-27 (three atoms) and C-28 (three atoms) sites of the side
chain (Takatsuro and lkekawa 1986a, 1986b, 1986¢, Khripach
et al. 2002a, 2002b, 2012a, 2012b, Antonchick et al. 2004).
While the synthetic preparation of the BR derivatives with more
than seven deuterium atoms is theoretically feasible, such com-
pounds have not been synthesized to date.

When incorporating deuterium onto steroid rings, the pres-
ence of functional groups, particularly oxygen-based ones,
becomes essential. For the B-ring, a straightforward exchange of
hydrogens for deuterium on the alpha carbons adjacent to the
6-axo group is achievable, catalyzed by both acids and bases.
This method enables the preparation of the derivatives with
one deuterium in the C-5 position and two in the C-7 position
(Allevi et al. 1988, Kolbe er al. 1992). The maximum number
of deuterium atoms introduced into the BR structure by such
an exchange was seven. Kolbe and his coworkers thus prepared
[2,2,4.4,5,7,7-*H,)-3-dehydro-24-epiteasterone with deuterium
atoms on both A and B rings (Kolbe et al. 1998). However,
it turned out that the resulting product had only 20% iso-
topic purity and contained other less deuterated analogs. The
main drawback in using such derivatives lies in the potential
re-exchange of deuterium for hydrogen during the chromato-
graphic analysis, particularly when the mobile phase involves
acids or bases. To address this concern, oxidizing the deuter-
ated ketones to lactones effectively resolves the issue, especially
in the context of two deuterium atoms positioned at the C-7
site. This medification significantly diminishes the likelihoed of
their exchange with hydrogen. An alternative procedure was
employed for the synthesis of 24-epibrassinolide, ensuring the
incorporation of two deuterium atoms exclusively at the C-7
position (Khripach et al. 2007). In contrast to the relative ease
of introducing deuterium onto the B-ring, deuteration reac-
tions in the case of the A-ring are less common. Marek and
coworkers published a stereoselective reduction of chlorocar-
bonates for the specific deuteration of the 33-position (Marek
et al. 2012, 2015). Through this method, they successfully syn-
thesized deuterated forms of both 24-epicastasterone and 24-
epibrassinolide. However, it is worth noting that the presence
of just one deuterium atom, as aforementioned, may not be
optimal for the chromatographic analysis.

The choice of the deuteration site depends only on the
complexity of the synthesis and the possibility of introducing
more deuterium atoms. If the deuteration site is not affected
by an undesired reaction during the chromatographic analysis
(exchange of hydrogen for deuterium in addition to the car-
bonyl group), the choice of deuterium position does not affect
the analysis.

It should be emphasized that the aferementioned deuter-
ation methods and the preparation of BRs with deuterium
incorporated into the skeleton are particularly suitable for LC-
MS analyses. In the case of gas chromatography-mass spec-
trometry (GC-MS) analyses, derivatization of hydroxyl groups
is required to increase the volatility. In this case, deuteration
can be achieved using synthesized or commercially available
deuterium-labeled derivatization reagents (see later).
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Derivatization-based LC-MS methods

Liquid chromatography=mass spectrometry (LC=-MS) is
becoming increasingly popular as a valuable technique for BR
analysis. Its advantages include increased analytical sensitivity,
improved selectivity and the ability to quantitatively detect
multiple analytes in a single run.

Given the complexity and diversity of BRs, LC-MS can effec-
tively separate these compounds and provide detailed infor-
mation about their structure and quantity. Increasing the sen-
sitivity and selectivity of detection can also be influenced by
the choice of an appropriate extraction, purification or deriva-
tization protocol (Liu et al. 2022). The following overview of
LC-MS methods requiring derivatization is further subdivided
according to the extraction/purification protocols chosen.

Two-dimensional solid-phase extraction. Five BRs with high
biological activity—24-epibrassinalide (24-epiBL), 24epiCSs,
6-deoxo-24-epicastasterone, teasterone and typhasterol (TY)—
were selected as target analytes for the analysis using online
wo-dimensional solid-phase extraction (2D pSPE) on column
derivatization (OCD) coupled with HPLC-MS/MS (Wu et al.
2013). €18 sorbent was first combined with phenyl baronic
acid sorbent to form a 2DPSPE column, thereby increasing the
extraction selectivity. Then, after BRs were enriched on C18
sorbent, OCD was carried out with m-aminophenylboranic
acid as the derivatization reagent increasing MS/MS sensitiv-
ity. This online method showed high selectivity (matrix effect,
80-124%), good repeatability (<10%), low limits of detection
(LOD) (about 1 pg) and short analysis time (30 min) (Wu et al.
2013).

Polymer monolith microextraction.  In 2020, Wang and cowork-
ers presented an online method for quantifying endoge-
nous BR in plant tissues. This method involved the integra-
tion of polymer monolith microextraction, in situ derivati-
zation and liquid chromatography-mass spectrometry (LC—
MS) analysis. They modified an anionic hydrophilic interaction
liquid chromatography monolithic column with 2-methyl-4-
phenylaminomethylphenylboronic acid (2-methyl-4-PAMBA)
through ion exchange interactions. They used this medified
column as a boronate affinity medium to selectively capture,
purify and derivatize BRs in a crude plant extract. The derivaci-
zation process involved the reaction of the boronic acid group
of 2-methyl-4-PAMBA with the cis-diol group of BR. The BR
derivatives were easily separated by breaking the ion exchange
interactions using an acidic elution solvent. The entire pro-
cess, including extraction and LC-MS analysis, was automated
and completed within 50 min. The limits of detection ranged
from 0.10 to 1.29 pg/ml. Finally, the proposed method was used
for quantification of endogenous BL, CS, TY, 28-norbrassinolide
(28-norBL) and 28-homobrassinolide in milligram plant sam-
ples including Oryza sativa L., P. vulgaris L., Vigna unguiculata
and A. thaliana Alowers (Wang et al. 2020).

Magnetic particle-based extraction. Magnetic solid-phase
extraction (MSPE) is one option for BRs extraction based on

magnetic or magnetizable nanoparticles as sorbents (Wierucka
and Biziuk 2014, Ding et al. 2016). Due to their magnetic
properties, the sorbents easily clump together and disperse
within the sample solution when an external magnetic field
is applied/removed. This process simplifies the separation
between the solution and the sorbents. Ding et al. (2014) cre-
ated a method that integrates BR magnetic extraction and in
situ derivatization together {(MSPE-15D). BRs were first extracted
onto TiO,-coated magnetic hollow mesoporous silica sphere
through hydrophilic interaction. The BR-adsorbed TiO,-coated
magnetic hollow mesoporous silica sphere was then employed
as a ‘'microreactor’ for the derivatization of BRs with 4§-{N,N-
dimethylamino)phenylboronic acid (DMAPBA). This reduced
the sample pretreatment process to 10 min. The BR deriva-
tives are released from the magnetic sorbents using water and
then analyzed by UPLC-electrospray ionization tandem mass
spectrometry (ESI-MS/MS) (Ding et al. 2014).

In 2016, BRs were extracted from plant samples
using mQUuEChERS and polymer (4-vinylphenylboronic acid-co-
ethylene glycol dimethacrylate}-coated Fe, O,@Si0, as sequen-
tial MSPE sorbents (Ding et al. 2016). After coating the
plant sample on p(4-VPBA-co-EGDMA)—Fe, O, @5i0,, 4-(N.N-
dimethyamino)phenylboronic acid (4-DMAPBA) solution was
employed for the in situ desorption/derivatization of BRs
through a transesterification reaction, and finally, the resulting
solution was subjected to LC~-MS/MS for BR quantification. BRs
(BL, CS, TY, 28-norCS and 28-norBL) were quantified only in a
single flower or flower bud of B. napus L. using the proposed
method (Ding et al. 2016).

Another possibility of using MSPE is the method based on
boronate affinity magnetic nanoparticles, which allows direct
fishing of BRs from plant matrixes (Xin et al. 2018). A boronate
affinity magnetic nanoparticle solid phase extraction (SPE)
method combined with UPLC-MS/MS was used to determine
BRs in rice and Arabidopsis model plants. The levels of BL, CS,
TY and 6-deoxo-CS in W5-2 wild-type and BRi1-5 mutants of A.
thaliana, as well as the CS content ratio of different organs of the
rice mutant M107 to its wild-type Nipponbare, were compared
(Xin et al. 2018).

Boronate affinity solid-phase extraction.  Yu et al. (2018) devel-
oped a highly sensitive and selective strategy for BR pro-
filing by stable isotope labeling liquid chromatography and
multiple reaction monitoring scan mass spectrometry (SIL-
LC-MRM-MS) analysis. They used a pair of stable isotope
labeling agents, 4-phenylaminomethyl-benzeneboronic acid
(4-PAMBA) and [*H,]-4-phenylaminomethyl-benzeneboronic
acids (4-PAMBA-"H,), which reacted with C22-,C23-cis-diol on
a BR molecule. The BRs subsequently generated two char-
acteristic collision-induced dissociation (CID) neutral losses,
which are used to establish multiple reaction monitor-
ing (MRM)-based detection and screening. Using this SIL-
LC-MRM-MS strategy, 13 BRs were successfully quantified in
different tissues of rape flower (Yu et al. 2018).

Xin et al. (2013a) developed a rapid two-step SPE extraction
based on mixed-mode anion exchange and cation exchange
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cartridges, which combine ion exchange and reversed-phase
mechanisms. To enhance the M5 response, the BRs were sub-
sequently derivatized with 3-{dimethylamino}-phenylboronic
acid (DMAPBA). Asa resulr, a hybrid strategy combining UPLC—
MRM*-MS analysis with isatape dilution-based quantification
was used to profile BL, CS, teasterone and TY in 1 g of samples
of rice and Arabidopsis and to describe the distribution of BRs
in different tissues of these model plants (Xin et al. 2013a). To
optimize and reduce the matrix effect, an additional step was
added to the purification protocol. Boronate affinity magnetic
nanoparticles (BA-MMNPs) were synthesized, which specifically
recognize and adsorb neutral interferents (mainly saccharides)
via their affinity for boranate (Xin et al. 2013b). Although the
addition of the BA-MNP treatment to the original protocol (Xin
et al. 2013a) extended the overall purification time by ~2h,
the sensitivity of the method was significantly increased (e.g.
5-fold for 24-epiBL, Xin et al. 2013b). Three years later, the
method was further improved by performing BR screening on
UPLC-QTrap MS and UPLC-QTof MS systems. This enabled the
identification of a completely new BR precursor—6-deoxo-28-
homortyphasterol—in rice panicles (Xin et al. 2016).

The method, based on pipette tip solid-phase followed by
the use of a quaternary ammonium derivatization reagent,
enabled a significant reduction of the amount of plant mate-
rial to submilligram levels (Deng et al. 2016). The authors
adopted the PT-SPE purification procedure with C18 sorbent BR
isolation and purification. Subsequently, they used 4-boronic-
.M MN-trimethylbenzenammonium iodide (BTBA) as a chemical
derivatization agent, which led to an increase in the ionization
efficiency of BRs and thus a significant enhancement of the MS
response. Thanks to this method (PT-SPE-UPLC-MS/MS), it was
possible to quantify 24-epiBL in only 0.5 mg of FW rice leaves
(Deng et al. 2016).

Other use of quaternary ammonium boronates
was described by Luo etal. (2018). They used a hybrid approach
that combines LC-M5 with an integrated sample pretreatment
method based on strong cation exchange and baronate affinicy.
First, the plant extract was subjected to solid-phase boronate
affinity labeling. This was followed by desorption and salt phase
transition extraction (SPTE) for further purification. The inte-
gration of labeling and extraction, desorption and SPTE sig-
nificantly increased the rapidity, sensitivity and selecrivity of
this method, The LOD for six BRs ranged from 1.4 to 2.8 pg/ml
(Luo et al. 2018). However, in Arabidopsis shoots, the authors
were only able to detect one BR, 6-deoxocastasterone, which
is weaker, e.g. compared to the method described by Yu et al.
(2019) (Table 1). They synthesized a new derivatizing agent
called 2-methyl-4-phenylaminomethylphenylboronic acid (2-
methyl-4-PAMBA). The 2-methyl-4-PAMBA derivatives with BR
showed significantly better stability in the aqueous solvent
environment, especially for the C27-BR derivatives (28-norCS
and 28-norBL). A subsequent method based on LC-MRM-MS
and assisted labeling of 2-methyl-4-PAMBA and 2-methyl-4-
PAMBA-[2H5] allowed the detection of endogenous C27-, C28-

and C29-BRs in milligram plant samples, e.g. also in Arabidopsis
shoots (Yu et al. 2019, Table 1).

Itis also possible to use rhodamine B-boronic acid (RhB-BA)
to derivartize BRs [An et al. 2020), and the LC-HV-p-MRM-MS
method was proposed using a RhB-BA derivatization for the
rapid determination of BRs in sample plants. The HV-p-MRM
strategy was suggested based on the idea that the precursor ion
of BR remains stable in collision cells and is less likely to frag-
ment at high CID voltage. Meanwhile, coexisting impurities that
are easily fragmented will break down into smaller ions, thus
improving the signal-to-noise ratio of the analytes. The LOD
ranged from 1.49 to 6.56 pg/ml (An et al. 2020).

A novel approach to the extraction of BRs described by
Chen et al. (2018) is based on in situ the extraction/derivari-
zation/desarption method coupled with UPLC-MS. First, the
thiol-functionalized was linked te 4-mercaptophenylboronic
acid (4-MPBA) via a disulfide bond. 4-MPBA selectively cap-
tured BRs from the plant extract by in situ derivatization to form
BR-MPBA derivatives. The reducing agent dithiothreitol was
then used to cleave the disulfide bond, allowing the BR-MPBA
derivatives to be eluted from the sorbent and finally subjected
to LC-MS analysis (Chen et al. 2018). Unfortunately, the starting
weight of plant material for this type of analysis is relatively high
(100 mg) compared to the ather BR analyses mentioned.

Dispersive solid-phase extraction. Another option for BR
analysis published in 2019 is dispersive matrix solid-phase
extraction (DMSPE) coupled with high-performance liquid
chromatography-tandem mass spectrometry. The DMSPE
method involves the following steps: solid samples are first com-
bined with a solid sorbent (called as dispersant) in a microcen-
trifuge tube. The mixture is then centrifuged after the addition
of an extraction solvent and detergents, which form another
type of sorbent. In essence, DMSPE combines mechanical grind-
ing of the sample and sorbent with efficient cleaning by cen-
trifugation (Li et al. 2019). The authors described three differ-
ent protocols of DMSPE for different plant matrix (for oilseed
rape and for A, thaliana), After DMSPE, BRs were derivatized
with BTBA and subsequently analyzed by HPLC-MS/MS. This
method was also used to geographically profile the endogenous
BRs of oilseed rape across various provinces in the Yangtze River
Basin (Li et al. 2019).

Non-derivatization LC-MS methods

Most of the methods mentioned earlier require the derivati-
zation of BRs before their LC-MS analysis, mainly to improve
their detection limits. However, it turns out that derivatization
may not be the key to successfully detect BR, when the plant
matrix contains a high level of interfering substances causing a
huge chemical background (Tarkowska et al. 2014). Therefore,
Tarkowska et al. (2016) developed an extremely sensitive LC-MS
method capable of profiling up to 22 inherent BRs. The method
achieved detection limits ranging from 0.05 to 40 pg and elim-
inated the need for derivatization. Extraction of BRs with 60%
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Table 1 Endogenous BR concentrations (pg/g FW) obtained in Arabidopsis shoots or seeds by various chromatographic and mass spectromerric

methods
BRs content (pg/'g FW)
LC-M5S GC-M5
Oklestkova et al. (2017) Lier al. (2019} Yuetal (2019) Luo et al. {2018) Fujioka et al. {1998)

BL 40 + 20 n.d. 434 -+ 0.54 n.d. 1860
28-norBL 50+20 nd. nd. nd. n.d

s e n.d. 234 1008 n.d. 440
24-epiCs nd. 210 + 30 nd. nd. nd
28-norCS nd. nd. 220012 nd. nd.
6-deoxoCs nd. nd. . 1510+ 70 1570
TY 404 20 n.d. 0.6 -+ 0.07 n.d, 1,340

Abbreviations: 6-deaxoCs, G-deoxncastasrerane; 24-epiCs, 2é-epicastasterone; nd, not detecred; 28-norCS, 28-narcastasterone,

acetonitrile was followed by a two-step purification by SPE and
finally the UHPLC analysis coupled with ESI-MS/MS (Tarkowska
et al. 2016). The described method proved to be sufficiently
sensitive for quantification of not anly biologically active BRs
themselves burt also their biosynthetic precursors and metabo-
lite. A sensitive method for the BR analysis with a very low
detection limit (0.010-0.070 pg/ml) was described by Huo et al.
(2021}, They extracted BRs by online solid-phase extraction
using the boronic acid-functionalized Scholl coupling micro-
porous polymer (SMP). The polymer was synthesized by Scholl
coupling and then Schiff's reaction with 4-formylphenylboranic
acid to form boronic acid-functionalized B-SMP. This B-
SMP was then packed into a SPE cartridge and coupled to
HPLC-MS/MS and successfully used to analyze BL, 24-epiBL
and 28-homobrassinolide in 15 plant-derived foodstuffs (Huo
et al. 2021).

Gas chromatography-mass spectrometry

BRs can also be analyzed by gas chromartography, which uses an
inert or unreactive gas (a carrier gas), as a mobile phase. Since
BRs are not volatile compounds, they must be derivatized prior
to the GC-MS analysis, for which methylboronic acid in pyri-
dine is most often used. Derivatization can be also carried out
by methyl boronation of the side chain followed by trimethylsi-
lylation of C-3-hydroxy groups (Takatsuto 1994, Kanwar
eral. 2017).

GC-MS of BRs experienced its greatest development in the
80s and 90s of the last century when, e.g. some biosynthetic
precursors of BL were identified using this method (Schmidt
er al. 1993, Abe et al. 1995, Takatsuto et al. 1999). In recent
years, the GC-MS5 analysis has been used to describe the biosyn-
thetic relationship between C28- and C29-BRs in rice (Oryza
sativa) seedlings (Joo et al. 2015) and also helped to reveal the
CS phosphorylation process, as an important conjugation pro-
cess for maintaining the homeostatic level of active BRs in A.
thaliana and Lycopersicum esculentum plants (Kim et al. 2015).
One of the drawbacks of GC-MS is that it requires a greater
amount of plant material for extractions compared to LC-MS
methods. For instance, Takatsuto et al. (1989) used 2.9 kg of
sunflower pollen to identify BL, CS and 28-nor CS in Helianthus

annuus L., while Yokot and coworkers used 900 g of wheat grain
to identify 3-dehydroteasterone and 3,6-diketobrassinosteraids
(Yokota et al. 1994). Although it has gradually been possi-
ble to reduce the amount of plant material required to gram
quantities (e.g. 10g of Arabidopsis seeds, Fujioka et al. 1998,
Table 1.}, this is still incomparable to the milligram and sub-
milligram weights of plant material needed for LC-MS analysis
(Table 2},

Other Methods -

In the last decade, complex gquantitative proteomic analyses
have been increasingly used to analyze the function of phyto-
hormones. Two-dimensional difference gel electropharesis cou-
pled to mass spectrometry was used to identify BR-regulated
proteins in Arabidopsis (Deng et al. 2007}, This technique iden-
tified 42 BR-regulated proteins predicted to play a potential
role in BR regulation of specific cellular processes such as sig-
naling, cytoskeletal rearrangement, vesicle trafficking and phy-
rohormone and vitamin biosynthesis (Deng et al. 2007). The
regulatory role of BRs in rice seed germination was elucidated
using the iTRAQ-based quantitative proteomic analysis (iso-
baric tags for relative and absolute quantification), which iden-
tified more than 800 BR-responsive proteins. These results not
only significantly enriched the BR-regulated protein database
in rice but also provided new insights into the regulatory role
of BRs in rice seed germination (Li et al. 2018). Quantitative
proteomics is an essential part of the toolbox for studying reg-
ulatory processes in plants, such as growth and development
(Yan et al. 2022).

While liquid chromatography—mass spectrometry (LC-MS)
remains a powerful analytical tool widely used in plant research
for biomolecule profiling and quantification, it is limited by
the spatial distribution of target molecules within samples. The
homogenization process during sample preparation removes
spatial information. Mass spectrometric imaging coupled with
desorption electrospray ionization mass spectrometry (DESI)
offers a solution. DESI enables label-free, multiplexed and objec-
tive measurements of molecular targets directly from com-
plex surfaces. By analyzing samples without prior homoge-
nization, researchers gain spatially resolved molecular insights
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Table 2 Overview of LC-M5 methods for the analysis of BRs developed in the last 10 years

Amount of plant

Pretreatment Detection LOD (pg/ml) tissues (mg) Plant tissues Reference
Derivatization methods
mSiOZ-SS-PBA nanofiber UPLC-MS 0,21-0.62 100 Humulus lupulus, Chen et al. 2018
A thaliana, O. sativa
2-Methyl-4-PAMBA LC-MRM-MS 0.1-1.68 1 Oryza sativa, A. thaliana, Yu et al, 2019
B. napus
BA-MNPS UPLC-MS/MS B.6-34.8 10 Oryza sativa, A. thaliana Xinetal 2018
RhB-CID (HV-P-MRM) LC=-MS 1.49-6.56 10 Brassica napus An et al. 2020
Solid-phase boronate UPLC-ESI-MS/MS 1.4-2.8 10-20 Oryza sativa, A. thaliana, B. Luo et al. 2018
affinity labeling-SPTE AdpLs
mQUEChERS-4-DM APBA UPLC-MS/MS 0.27-129 100 Oryza sativa, B, napus Ding et al. 2016
Online 2DpSPE-OCD HPLC-MS/MS 1.4=6.6 25 Lycopersicon esculentum Wu et al 2013
4-PAMBA + d;4-PAMBA SIL-LC-MBRM-M3 Mot specified 50 Brassica napus Yuetal 2018
Online PMME-ISD (2- LC=MS$ 0.1-1.29 1 Oryza sativa, P vulgaris, Wang et al. 2020
methyl-4-PAMBA W unguiculata, A. thaliana
PT-SPE-BTBA UPLC-MS/M5 0.013-0.042 05-5 Oryza sativa Deng et al. 2016
DMSPE-BTBA HPLC-MS/MS 1.38-675 05-2 Arabidopsis thaliana, Liet al 2019
B. napus
Mon-derivatization methods
Two-step SPE UPLC-ESI-M5/MS 0.05-10 50 Brassica napus Tarkowska et al. 2016
SPE-IAC UPLE-ESI-MS/MS 1-50 50 Zea mays, A, thaliana, Oklestkova et al. 2017
H. lupulus, P vulgaris
Online-SPE HPLC-MS/MS 0.01-007 1,000 Warious fruits and Huo et al, 2021
vegetables
(Wiseman et al. 2008). For example, Zhang et al. (2021} used Data Availability 1

DESI-mass spectrometric imaging to study the distribution
and abundance variations of plant harmones (jasmonic acid,
auxins and abscisic acid), their precursors and metabolites in
wounded leaves and leaf-print TLC plates. Their results not only
revealed distinct levels of phyroharmones between wounded
and unwounded leaves (as detected by LC-MS/MS analysis)
but also highlighted heterogeneous distributions and strong
correlations within wounded regions. Anticipated future appli-
cations include the extension of this method to other phytohor-
mone groups, including BRs.

Concluding Remarks

In summary, the BR analysis has made great strides in recent
years, particularly in the area of sample pretreatment and the
sensitivity and precision of the analysis itself. Sophisticated
methods for BR purification and subsequent derivatization have
significantly reduced the amount of plant material required
(down to submicrogram levels) and the overall analysis time
(summarized in Table 2). Technological advances in the devel-
opment of chromatographic and spectrometric instrumenta-
tion for the final quantification of BRs have also allowed the
detection limits, for LC-M5 to be reduced to 0.01 pg/ml (Huo
et al. 2021). Further advances in the BR analysis are expected
to contribute to a better understanding of the role of BRs in
plant development and a detailed description of the branched
BR biosynthetic pathway.

No new data were generated in this review article.
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Design, synthesis and biological activities of new
brassinosteroid analogues with a phenyl group in
the side chainf
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We have prepared and studied a series of new brassinostercid derivatives with a p-substituted phenyl
agroup in the side chain. To obtain the best comparison between molecular docking and biological activi-
ties both types of brassinosteroids were synthesized; 6-ketones, 10 examples, and B-lactones, 8 examples.
The phenyl group was introduced into the steroid skeleton by Horner—Wadsworth-Emmans.
The docking studies were carried out using AuteDock Vina 1.05. Plant biological activities were esta-
blished using different brassinosteroid bicassays in companson with natural brassinosteroids. Differences
in the production of the plant hormone ethylene were also observed in etiolated pea seedlings after treat-
ment with new brassinosteroids, The most active compounds were lactone 8f and 6-oxo derivatives 8c
and 9c, their biological activities were comparable or even better than naturally occurring brassinolide,
Finally the cytotoxicity of the new derivatives was studied using human normal and cancer cell lines.

Received 12th July 2016,
Accepted 17th August 2016

DOl: 10.1035/c6ob01475h

wiww.rsc.org/obc

Introduction

Brassinosteroids (BRs, Fig. 1) are a class of plant steroid
hormones, which are now known to be essential for many
aspects of plant growth and development, such as cell division,
elongation and differentiation, pollen tube growth, seed germi-
nation, regulation of gene expression, enzyme activation and
photosynthesis."® They are also involved in defense against a
wide range of biotic and abiotic stresses, such as water, temp-
erature, oxidative stresses and high salinity."® Moreover,
recent studies have shown that natural BRs have potential
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Fig. 1 Structures of the most common natural brassinosteroids;
castasterone (1), brassinolide (2], 24-epicastasterone (3], 24-epibrassino-
lide (4), 28-homocastasterone (5), 28-homobrassinolide (6).

application in medicine due to their antiviral™ immuno-
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modulatory and neuroprotective activities,*” and anti-proliferative
effects in animal cells in vitro.""'* In contrast to the mamma-
lian nuclear steroid receptors, BRs are perceived at the cell
surface by the transmembrane receptor complex formed by the
receptor kinase BRI1 and its co-receptor BAK1.'* " The BRI1
receptor has a binding site for BRs located in the extracellular
ectodomain. There, the nonpolar side of BRs fits into a highly

Org. Biowead. Chem, 2016, 14, BE01-B70L | 8691
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nonpolar cavity of the receptor cleft, and the hydroxyl groups
of BRs are exposed to the solvent or towards interactions with
BAK1 or SERK1.™* This structural knowledge, formed the
basis of the idea of the brassinosteroid side chain modifi-
cations using a nonpolar group such as the phenyl group.
Moreover, some analogues containing eycloalkyl substituents
at C-24 (replacing the isopropyl group of brassinolide 1) exhibi-
ted significant activity in the rice lamina inclination biotest,
where the compound with the cyclohexyl group, showed the
lowest activity, whereas the cyclopentyl analogue was compar-
ably active as brassinolide in this bioassay.>**

The aim of this study was to synthesize new brassinosteroid
derivatives with a p-substituted phenyl group in the side chain
and study their biological properties. The phenyl group was
chosen owing to its successful molecular docking into the
active site of BRI1 using AutoDock Vina, Some compounds
showed marked interactions with the BRI1 receptor. The bio-
logical activities of the newly prepared derivatives were con-
firmed by a plant bioassay pea inhibition biotest, Arabidopsis
root and hypocotyl sensitivity bioassay and BES-1 dephospho-
rylation assay). Their cytotoxic activities were studied using
human normal and cancer cell lines.

Results and discussion
Chemistry

For the preparation of the desired phenyl analogues of brassi-
nosteroids, we set out from the known aldehyde 7 ((20S)-
6,6-ethylenedioxy-5u-pregn-2-en-20-carbaldehyde) prepared
according to a published proccdurc_i" With this aldchyde
Horner-Wadsworth-Emmans (HWE) reaction was then carried
out with different commercially available p-substituted benzyl-
phosphonates. Based on the character of the BRI1 non-polar
part of the cavity for the side chain, we used these substituents
in the para position: fluorine, chlorine, bromine, iodine, nitro,
methyl, methoxy, nitrile, and isopropyl. Benzyl triphenyl-
phosphonium chloride was used for preparation of non-substi-
tuted aryl analogues.

Despite the standard use of sodium hydride as a base in
the HWE reaction, we observed isomerization of the methyl
group on C-20 (see the ESIY for detailed reaction conditions
and analysis). Using this base along with steric hindrance of
the reaction site for bulky aryl groups, the reaction time
increased and this led to enolization of the aldehyde. The aryl
group of phosphonates used is crucial for this epimerization
as it was not observed when smaller stabilizing groups were
used (e.g. COOR, CN).** Using n-butyllithium instead solved
the problem and only the desired aryl dienes 8a-17a with 228
configuration were obtained. In almost all the cases, the reac-
tion gave products in good yields (80-90%). Only compound
12a was prepared in lower yield [65%) due to the presence of
reactive iodine.

Further hydrolysis of the ketal group gave aryl dienons 8b-
17b, which were subjected to dihydroxylation in almost quanti-
tative yield. Simultaneous Sharpless dihydroxylation of both
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Scheme 1 Baeyer—Villiger oxidation of the B-ring showing formation
of natural and unnatural isomeric lactones.

double bonds was used to minimize the formation of unnatural
configurations of 22 and 23 hydroxy groups. As a chirl ligand,
we used hydroquinidine 4-chlorobenzoate, The reaction rate was
increased by addition of methanesulfonamide.** Without metha-
nesulfonamide, the reaction took more than 48 hours. Such reac-
tion conditions allowed us to isolate only the desired 228,23R-
isomers 8c-17c¢ in good yields (75-83%), The correct configur-
ation was determined according to a published alternative prepa-
ration of 8¢.** The unnatural isomers (225,235) were formed only
in trace amounts and therefore not isolated. Dihydroxylation of
the double bond on the Awing is stereocontrolled by A-ring
conformation and the presence of a methyl group on C10.
The attack of the reagent is always from the bottom side of the
molecule and thus only 2e,3e-diol was detected.

As brassinosteroids with lactone in the B-ring are known to
show a higher biological activity than the corresponding
6-ketones, we decided to prepare them as well. The direct
Baeyer-Villiger oxidation of tetrahydroxy-ketones with freshly
prepared trifluoroperoxyacetic acid led to both isomers in a
ratio of approx. 10-15:1 (with the natural isomer favoured).
However, these mixtures were inseparable even by HPLC
(Scheme 1).

For this reason, we had to prepare tetraacetates 8d-17d first
and carry out the oxidation reaction on these. This “detour”
allowed us to prepare and easily separate the required lactones
Be-11e, 13e, 14e, 16e, and 17e in good yields (79-88%).
Unfortunately, two aryl-ketones 12d and 15d were unstable
during the reaction and only a mixture of products was
obtained in both cases. The instability of the iodophenyl
derivative 12d was predictable owing to the presence of easily
oxidizable iodine. Due to the presence of the activating group,
the methoxyphenyl derivative 15d is more nucleophilic on the
benzene ring than other derivatives and thus also undergoes
the electrophilic aromatic substitution reaction (substitution
with trifluoroacetate). These two reactions also failed using
3-chloroperoxybenzoic acid.

The last reaction step was basic hydrolysis of tetraacetoxy-l-
actones to the corresponding tetrahydroxy-lactones 8f-11f,
13f, 14f, 16f, and 17f in almost quantitative yields. The reac-
tion steps can be seen in Scheme 2. All compounds were
characterized by NMR, IR and MS techniques. Compounds
used for biological testing were also characterized for purity by
elemental analysis and melting point.

Molecular docking

Molecular docking is a useful tool for understanding the pose
and energetics of a protein-ligand complex. The binding site
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10eR=C 16 R=CHCH)
1MeR=&r 1MeR=CN
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10 R=C1 16f R = CHCHa);
ERB 1 RSCN

Scheme 2 Synthesis of brassinosteroid phenyl analogues: (a] benzyltriphenylphosphonium bromide or diethyl arylphosphonates, n-BuLli/THF;
(b) 5% HCU/THF: (c) OsO,, CHSO,NH,, Ks[Fe(CN)gl, KsCO,, hydroquinidine 4-chlorobenzoate/t-BuOH, H»0; (d) Ac,O/pyridine; (e) trifluoroperoxyacetic

acid/CH,Cl,; {f) NaOH/THF, H,0.

of BRI1 is located on the surface of the receptor ectodomain as
a nonpolar cleft lined by nonpolar aromatic and aliphatic resi-
dues (1540, 1563, W564, Y599, Y642, M657, F681, 1682, 1706),
whereas hydroxyl groups form the cleft ridge (Y597, Y599,
Y642, S647). Brassinolide fits into the cleft via its nonpolar
side and displays its hydroxyl groups towards the solvent and
protein partners (Fig. 2).

Since there is a space left in the cleft around the brassino-
lide chain, we were running molecular docking of BR deriva-
tives with a phenyl ring on the tail replacing the
1',2-dimethylpropyl moiety of brassinolide. Molecular docking

Fig. 2 3D view of brassinolide with amino acids around the active site.

This joumal is © The Royal Society of Chemistry 2016

predicted similar or better binding energies than for brassino-
lide for compounds 8¢, 8f, 9¢, 9f, 10¢, 10f, and 14f (Fig. 3).
This implies that derivatives with a phenyl ring on the tail or a
phenyl ring with small groups such as fluorine, chlorine or
methyl should be accommodated within the BRI1 cleft at least
as easily as brassinolide itself and hence they were the best

Fig. 3 Pose of 8f within the BRI1 binding site. The structure of brassino-
lide and BRI1 binding sites are shown in white, and the structure of 8f is
shown in blue.
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candidates for showing similar binding experimentally. On the
other hand, derivatives with larger groups did not fit well into
the cleft and the docked pose often revealed the tail out of the
cleft completely (for the pose of all compounds see the ESIT).
In all docking cases, lactones showed better binding energies
than 6-ketones due to a better fit to cavity, close to ¥599. The
best compound to emerge from molecular docking was com-
pound 8.

Biology

The response of plant tissues to applied BRs varies with BR
concentration. In most cases, low concentration induces
elongation and curvature as a result of cell division and cell
elongation. Most BR bioassays are based on this effect.””
However, there are other ways of regulating growth by BRs. For
example, BRs inhibit the growth of etiolated pea seedlings at
high concentration and this is probably caused by increased
ethylene production. Ethylene effects alteration of the normal
planes of cell growth. Radial swelling or abnormal radial
expansion of the stem, such as that seen in the response of
etinlated pea seedlings to ethylene application, results from
inhibited elongation, increased radial expansion and probably
also accounts for leaf epinasty.” These effects are known as
the “triple response” of etiolated seedlings to cthylcne,“

The 1C;; values obtained from the pea inhibition biotest
are summarized in Table 1. The most active lactones were 8f,
9f, 11f and 14f (ICs, 2.56 * 107°-1.4 x 107° mol L") whereas
brassinolide (BL), the most active natural BR used as a positive
control, was about ten times less active (IC;, 2.2 x 1077
mol L"), 6-Oxoderivatives 8c and 9¢ were also active in this
binassay. Their 1C;, values were comparable with active
lactones [Table 1). Compounds 15¢, 13f and 16f showed no
inhibition of etiolated pea plants. Dose response curves for the
most active BR derivatives are shown in Fig. 4.

The levels of ethylene were measured in cultivation vessels
during the incubation of etiolated pea plants after treatment

Table 1 |Cupn {mol L™ values abtained from the pea inhibition biotest

Compound 1Cs (mol L7F)
Brassinolide 22%x107 2% 107°
e 25%x10" L3 %1077
8f 1.8x 107" £ 5% 107"
9 20%x107%+3 %1077
of 26x10° "t 8x107"
10¢ 18%x1077 +3x 107"
10f 23%1077 2% 107"
11e 27%x107 2% 107F
11f 1T7x10 " e3x1077
12¢ 24 %1072 ¢ 4 % 1078
13¢ 4.0x1072 5% 107*
13f Mo inhi

14c 1.8x107 £ 7% 107"
14f 1077
15¢

16¢ w
16f

17¢ 20%x107 6% 1077
17f 21x107 £ 5 %107
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Fig. 4 Effect of selected brassinosteroid derivatives on the inhibition of
etiolated pea seedlings. Error bars represent 5.0.

with different BR derivatives (Fig. 5). The highest concen-
tration of ethylene (235 and 224 nL L™} was determined after
24 h treatment with 8¢ and 14f compared to 206 nL L™ for BL
treatment. However, the level of this gaseous plant hormone
produced by untreated control pea plants was found to be sig-
nificantly lower (about 80 nL L™, Fig. 5). Arteca et al.™ also
observed stimulated ethylene production in etiolated mung
bean segments 4 hours after treatment with 1 pM BL and this
increased production became greater over the following 20 h.

The most potent compounds (8¢, 8f and 9¢) were tested in
Arabidopsis brassinosteroid sensitivity and BES-1 dephos-
phorylation bioassays. The potency of these compounds was as
follows: BL = 8f = 9¢ > 8¢ in Arabidopsis sensitivity bioassays.
The effects of the tested compounds on the Arabidopsis roots
and hypocotyls are shown in the ESI (Fig. $3 and S4f).
Compound 8f significantly increased dephosphorylation of
BES1 (Fig. 6), which is an important transcription factor in the
BR signalling pathway. Altogether, these results confirm that
the biological activity of compound 8f is comparable with
natural BR-brassinolide.

The antiproliferative activity of the prepared brassinosteroid
derivatives was tested using several models of normal and

3

LF)
g . —
—
i —
o
] —
H . . ' ! —
t a1 —
il e i i i it
o -
il d
iowm  awes  pmem  dmem  dmee  ameM aeo  Jmeel

concemtration of Sested setntance [moil)

Fig. 5 Effect of selected brassinosteroid derivatives on ethylene pro-
duction {nL mL™") in eticlated pea seedlings determined by GC-FID 24 h
after ventilation. Error bars represent 5.0.
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Fig. 6 (A) Immunoblot analysis of BES1 in Arabidopsis thaliana (Col-0)
seedlings showing dephosphorylation of BES1 after BR treatment.
(B) Graph shows the percentage of dephosphorylated BES1 relative to the
total BES1 detected in Arabidopsis. The data are the average of two bio-
logical repeats. Error bars indicate S.E.M. of pBES1 and phosphorylated
BESL

cancer cell lines. We compared the in vitro cytotoxic activity of
selected analogues against human foreskin fibroblasts (BJ)
and cancer cell lines of various histopathological origins,
including T-lymphoblastic leukemia CEM, breast carcinoma
(MCF7) and cervical carcinoma (HeLa). Cells were exposed to
six 3-fold dilutions of ecach drug for 72 h prior to determi-
nation of cell survival. The IC;, (concentration leading to 50%
inhibition of viability) values obtained from the calcein AM
cytotoxicity assay are presented in the ESI (Table S27). Most
tested BR analogues had no detectable cytotoxic activity, even
when tested in concentrations of up to 50 pM. Only com-
pounds 10f, 11f and 13f showed moderate cytotoxic activity
against CEM and HeLa cell lines (I1C;, around 35 uM). No BR
derivative mediated loss of viability was observed in the BJ
fibroblasts. 24-Epibrassinolide was used as a control. It is a
natural brassinosteroid with modest cytotoxicity against CEM
cells (IC5, 44 pMm).**

Experimental
General methods

The melting points were determined on a Stuart SMP30 instru-
ment (Bibby Scientific Ltd, UK). Elemental analyses were per-
formed using an EA 1108 elemental analyzer (Fison
Instruments); the values (C, H, N) agreed with the calculated
values within acceptable limits. The infrared spectra were
recorded on a Thermo Scientific Nicolet spectrometer iZ10
using the ATR technique. The wave numbers are given
in em™". The NMR spectra were taken on a JEOL JNM-ECA 500

This joumal is © The Royal Society of Chemistry 2016
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(JEOL, Tokyo, Japan; 'H, 500 MHz; '*C, 125 MHz) spectrometer
equipped with a 5 mm JEOL Royal probe. 'H NMR and
'*C NMR chemical shifts (3) were calibrated using tetramethyl-
silane (TMS, 'H & = 0 ppm) or solvents: CDCl; ('"H & =
7.26 ppm, *C & = 77.00 ppm) or DMSO-d, (‘H & = 2.46 ppm,
*C § = 40.00 ppm). Chemical shifts are given in ppm (5-scale),
coupling constants (/) in Hz. All values were obtained by first-
order analysis. For API HRMS analysis, the samples were dis-
solved in chloroform (or chloroform: methanol; 1:1; viv, in
the case of hydroxylated compounds) to a concentration of
10 pg mL~". The ASAP (Atmospheric Solids Analysis Probe)
was dipped into the sample solution, placed into the ion
source and analysed in full scan mode. The source of the
Synapt G2-Si mass spectrometer (Waters, Manchester, UK) was
operated in positive ionisation mode (ASAP+), if not stated
otherwise, at a source temperature of 120 °C. The corona
needle current was kept at 5 pA and the collision energy at
4 V. The probe temperature was ramped up from 50 °C to
600 °C in 3 minutes. Data were acquired from 50 to 1000 Da
with 1.0 s scan time in high resolution mode. The data were
processed using the Masslynx 4.1 software (Waters). A mass
accuracy of 1 ppm or less was achieved with the described
instrumentation for all compounds. Merck silica gel Kieselgel
60 (230-400 mesh) was used for column chromatography. The
HPLC system consisted of a Waters semi-preparative HPLC
system including a quaternary pump, a liquid handler, and
UV-VIS and ELSD detectors. The semi-preparative column was
filled with silica gel. Reagents and solvents were purchased
from Sigma-Aldrich and were not purified. For experimental
procedures and data for compounds of series b, d, ¢, and f, see
the ESLT
(22E)-6,6-Ethylenedioxy-23-phenyl-24-nor-5a-chola-2,22-
diene (8a). To a suspension of benzyl triphenylphosphonium
chloride (0.81 mmol) in dried THF (10 mL) was added n-BuLi
(1.6 M solution in n-hexane, 0.81 mmol) at 0 °C and stirred for
1 h. To the resultant red solution was added a solution of alde-
hyde 7 (200 mg, 0.54 mmol) in THF (10 mL) and stirred for 4 h
at 25 °C. The reaction mixture was quenched with water and
extracted with Et,0 (2 x 10 mL). The combined organic frac-
tions were washed with brine and dried over anhydrous mag-
nesium sulfate. Evaporation of the volatiles under reduced
pressure followed by column chromatography on silica gel
(Et,O/cyclohexane - 1/19) gave 211 mg (88%) of the title com-
pound 8a as a colorless oil: IR v (em™") 2933, 1655, 1598.
'H NMR (CDCl;) & 0.74, 0.89 (both s, 3H, CH;), 1.11 (d, 3H, J =
6.7 Hz, CH;), 1.68-1.74 (m, 2H), 1.78 (m, 2H), 1.93-2.03 (m,
3H), 2.09 (m, 1H), 2.26 (m, 1H, %/ = 37.6 Hz), 3.78 (m, 1H, &J =
24.1 Hz, OCH), 3.88-3.99 (m, 3H, 3 x OCH), 5.54 (m, 1H, H-3),
5.66 (m, 1H, H-2), 6.06 (dd, 1H, = 15.7, J' = 8.7 Hz, H-22), 6.29
(d, 1H, J = 15.7 Hz, H-23), 7.17 (m, 1H, Ar-H), 7.25-7.34 (m,
4H, 4 x Ar-H). "'C NMR § 12.25 (CH3), 13.60 (CH;), 20.41
(CH;), 20.87 (CH,), 21.43 (CH,), 24.15 (CH,), 28.36 (CH.),
33.35 (CH), 35.91 (C), 39.68 (CH,), 40.49 (CH), 41.20 (CH,),
41.24 (CH,), 42.65 (C), 48.08 (CH), 53.50 (CH), 55.93 (CH),
56.00 (CH), 64.08 (CH,), 65.56 (CH,), 110.02 (C), 124.80 (CH),
125.70 (CH), 125.90 (2 x CH), 126.64 (CH}, 127.19 (CH), 128.43
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(2 = CH), 137.30 (CH), 138.08 (C). HRMS: [API+) calculated for
CayHy50, ([M + H]') 447.3263, Found 447.3266.

General procedure for the Wadsworth-Horner-Emmons
(WHE) reaction

To a suspension of substituted diethyl phenylphosphonate
(1.08 mmol) in dried THF (10 mL) was added n-BuLi (500 pL,
1.6 M solution in n-hexane, 0.81 mmol) at 0 °C and stirred for
1 h. To the resultant yellow solution was added a solution of
aldehvde 7 {200 mg, 0.54 mmol] in THF (10 mL) and stirred
for 4 h at room temperature. The reaction mixture was
quenched with water and extracted with Et.O (2 = 10 mL). The
combined organic fractions were washed with brine and dried
over anhydrous magnesium sulfate. Evaporation of the vola-
tiles under reduced pressure followed by column chrom-
atography on silica gel gave the desired product.

(22E)-6,6-Ethylenedioxy-23-(4-fluorophenyl )-24-nor-5ee-chola-
2,22-diene (9a). The general procedure for the WHE reaction
with diethyl 4-fluorophenylphosphonate and chromatography
on silica (Et,O/cyclohexane - 1/19) yielded 221 mg (89%) of the
title compound 9a as a colorless oil: TR » (em™') 2933, 1654,
1599, '"H NMR (CDCl,) 6 0.74, 0.89 (both s, 3H, CH,), 1.11 (d,
3H, J = 6.7 Hz, CH;), 1.71 (m, 2H), 1.78 (m, 2H), 1.92-2.03 (m,
3H), 2.09 (m, 1H]}, 2.23 (m, 1H, ¥/ = 37.6 Hz), 3.77 (q, 1H, f =
6.8 Hz, OCH), 3.87-3.99 {m, 3H, 3 x OCH), 5.54 (m, 1H, H-3),
5.66 (m, 1H, H-2), 5.97 (dd, 1H, J = 15.6,]' = 8.9 Hz, H-22), 6.25
(d, 1H, J/ = 15.6 Hz, H-23), 6.94-6.98 (m, 2H, 2 = Ar-H),
7.25-7.28 (m, 2H, 2 x Ar-H). C NMR § 12.21 (CH,), 13.57
(CH3), 20.36 (CH;), 20.86 (CH,), 21.42 (CH), 24.12 {CH,),
28.37 (CH.), 33.34 (CH), 35.90 (C), 39.68 (CH,), 40.45 (CH),
41.20 (CH,), 41.24 (CH,), 42.63 (C), 48.08 (CH), 53.50 (CH),
55.92 (CHJ, 56.00 (CH), 64.07 [CH,), 65.55 (CHy), 109.99 (C),
115.22 (d, J = 21.6 Hz, 2 x CH), 124.77 (CH), 125.69 (CH),
126.04 (CH), 127.25 (d, J = 7.2 Hz, 2 x CH), 134.18 (d, J =
3.6 Hz, C), 137.01 (d, j = 2.4 Hz, CH), 161.77 (d, J = 244.7 Hz, C).
"F NMR {'H} § -116.36 (s, 1F). HRMS: [API+) calculated for
Ca3H,FO, ([M + H]') 465.3169, Found 465.3170.

(22E)-6,6-Ethylenedioxy-23-(4-chlorophenyl}-24-nor-5e-chola-
2,22-diene (10a). The general procedure for the WHE reaction
with diethyl 4-chlorophenylphosphonate and chromatography
on silica (Et,O/cyclohexane - 1/19] yielded 225 mg (87%) of the
title compound 10a as a colorless oil: 1R v (em™) 2933, 1656,
1593. '"H NMR (CDCl;) 6 0.74, 0.89 (both s, 3H, CH;), 1.11 (d,
3H, J = 6.7 Hz, CH;), 1.71 (m, 2H), 1.78 (m, 2H), 1.92-2.03 (m,
3H), 2.09 (m, 1H), 2.25 (m, 1H, X/ = 37.6 Hz), 3.78 (q, 1H, f =
6.8 Hz, OCH), 3.88-4.00 (m, 3H, 3 x OCH), 5.54 (m, 1H, H-3),
5.66 (m, 1H, H-2), 6.04 (dd, 1H, J = 15.7, ' = 8.9 Hz, H-22}, 6.25
(d, 1H, J = 15.7 Hz, H-23), 7.24 (m, 2H, 2 x Ar-H), 7.26 (m, 2H,
2 % Ar-H). “C NMR § 12.24 (CH,), 13.60 (CH,), 20.30 (CHs),
20.86 (CHy), 21.43 (CH,), 24.14 (CH3), 28.36 (CH,), 33.35 (CH),
35.91 (C), 39.68 (CH,), 40.50 (CHJ, 41.21 (CH.), 41.24 (CH.),
42,67 (C), 48.08 (CH), 53.48 (CH), 55.85 (CH), 55.98 (CH), 64.09
(CH,), 65.58 (CH,), 110.01 (C), 124.79 (CH), 125.70 (CH),
126.06 (CH), 127.11 (2 = CH), 128.53 (2 x CH), 132.13 (C),
136.56 (C), 138.02 (CH). HRMS: (API+) calculated for
CH,2ClO; ([M + H]) 481.2873, Found 481.2878.
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(22E)-6,6-Ethylenedioxy-23-{4-bromophenyl }-24-nor-5u-chola-
2,22-diene (11a). The general procedure for the WHE reaction
with diethyl 4-bromophenylphosphonate and chromatography
on silica (Et,O/cyclohexane - 1/19) afforded 231 mg (82%) of
the title compound 11a as a colorless oil: IR » (em™) 2933,
1656, 1595. 'H NMR (CDCL;) § 0.74, 0.89 (both s, 3H, CH,),
1.11 (d, 3H, J = 6.7 Hz, CH;), 1.71 (m, 2H), 1.78 (m, 2H),
1.92-2.03 (m, 3H), 2.09 (m, 1H), 2.25 (m, 1H, %/ = 37.6 Hz),
3.78 (g, 1H, J = 6.8 Hz, OCH), 3.88-4.00 (m, 3H, 3 x OCH], 5.54
(m, 1H, H-3), 5.66 (m, 1H, H-2), 6.05 (dd, 1H, ] = 15.7, J =
8.7 Hz, H-22), 6.23 (d, 1H, J = 15.7 Hz, H-23), 7.18 (m, ZH,
2 x Ar-H), 7.39 {m, 2H, 2 x Ar-H). "*C NMR 5 12.23 (CH,),
13.59 (CH,), 20.25 (CH;), 20.85 (CH,), 21.42 (CH,), 24.13
(CHy), 28.35 (CH,), 33.34 (CH), 35.90 (C), 39.68 [CHy), 40.51
(CH), 41.20 (CH.), 41.23 (CH.), 42.67 (C), 48.07 (CH), 53.47
(CH), 55.82 (CH), 55.97 (CH), 64.08 (CH,), 65.57 [CH,), 110.00
(C), 120.21 (C), 124.78 (CH), 125.69 (CH), 126.10 (CH), 127.46
(2 x CH), 131.46 (2 = CH), 137.01 [C), 138.15 (CH]. HRMS:
(API+) caleulated for CyyH,, "BrO, ([M + H]') 525.2368, Found
523.2370.

(22E)-6,6-Ethylenedioxy-23-(4-iodophenyl J-24-nor-5a-chola-
2,22-diene (12a). The general procedure for the WHE reaction
with diethyl 4-iodophenylphosphonate and chromatography
on silica (Et,(/cyclohexane - 1/19) afforded 200 mg (65%) of
the title compound 12a as a colorless oil: TR ¢ (em™') 2933,
1656, 1595. '"H NMR (CDCly) 4 0.74, 0.89 (both s, 3H, CHs),
1.11 (d, 3H, f = 6.7 Hz, CH,), 1.71 (m, 2H), 1.78 (m, 2H),
1.92-2.03 (m, 3H), 2.09 (m, 1H}, 2.24 (m, 1H, IJ = 37.1 Hz),
3.78 (q, 1H, J = 6.8 Hz, OCH), 3.88-4.00 (m, 3H, 3 x OCH), 5.54
(m, 1H, H-3), 5.66 (m, 1H, H-2), 6.06 (dd, 1H, J = 15.7, J' =
8.7 Hz, H-22), 6.21 (d, 1H, J = 15.7 Hz, H-23), 7.06 (m, 2H,
2 x Ar-H), 7.59 (m, 2H, 2 x Ar-H). *C NMR 5 12.23 (CH;),
13.59 (CHj), 20.24 (CHy), 20.85 (CH,), 21.42 (CH,), 24.13
(CH.), 28.33 (CHL), 33.34 (CH), 35.90 (C), 39.67 (CH.), 40.50
(CH), 41.20 (CH,), 41.23 (CH,), 42.67 (C), 48.07 (CH), 53.47
(CH), 55.81 (CH), 55.96 (CH), 64.08 (CH,), 65.57 (CH.), 91.52
(C), 110.00 (C), 124.78 (CH), 125.70 (CH), 126.20 (CH), 127.75
(2 % CHJ, 137.43 (2 » CH), 137.60 [C), 138.29 (CH). HRMS:
(API+) caleulated for CyH,,10, ([M + H]') 573.2229, Found

73.2230.

(22E)-6,6-Ethylenedioxy-23-(4-nitrophenyl )}-24-nor-5a-chola-
2,22-diene (13a). The general procedure for the WHE reaction
with diethyl 4-nitrophenylphosphonate and chromatography
on silica (Et.O/fcyclohexane - 1/19) afforded 230 mg (87%) of
the title compound 13a as a colorless oil: IR v (cm™") 2930,
1646, 1594, 1510, 1346. 'H NMR (CDCL;) é 0.76, 0.89 (both s,
3H, CH,), 1.15 (d, 3H, J = 6.5 Hz, CH;), 1.72 (m, 2H), 1.78 (m,
2H), 1.92-2.04 (m, 3H), 2.09 [m, 1H], 2.32 (m, 1H, % =
37.0 Hz), 3.78 (g, 1H, J = 6.8 Hz, OCH), 3.88-4.00 (m, 3H,
3 x OCH), 5.54 (m, 1H, H-3), 5.66 (m, 1H, H-2), 6.28 (dd, 1H,
J =157, ] = 8.6 Hz, H-22), 6.37 (d, 1H, J = 15.7 Hz, H-23), 7.43
(m, 2H, 2 % Ar-H]J, 8.15 (m, 2H, 2 x Ar-H). C NMR § 12.26
(CH,), 13.59 (CH;), 20.02 (CHj), 20.85 [CH,), 21.42 {CH,),
24.14 (CH,), 28.32 (CH,), 33.34 (CH), 35.90 (C), 39.68 (CH.),
40.75 (CH), 41.21 (CH.), 41.23 (CH,), 42.79 (C), 48.08 (CH),
53.46 (CH), 55.63 (CH), 55.92 (CH), 64.09 (CH,), 65.58 (CH,),
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109.97 (C), 123.94 (2 = CH), 124.74 (CH), 125.70 (2 * CH),
126.31 (2 * CH), 142.50 (CH), 144.67 (C), 146.31 (C). HRMS:
(APT+) calculated for Gy Hy,NOy (M + H]') 492.3114, Found
492.3118.

(22E)-6,6-Ethylenedioxy-23-(4-methylphenyl -24-nor-5o-chola-
2,22-diene (14a). The general procedure for the WHE reaction
with diethyl 4-methylphenylphosphonate and chromatography
on silica (Et,0O/cyclohexane - 1/19) afforded 200 mg (81%) of
the title compound 14a as a colorless oil: IR v (cm™) 2934,
1656, 1595. "H NMR (CDCL;) 8 0.74, 0.89 (both s, 3H, CH,),
1.11 (d, 3H, J = 6.7 Hz, CH;), 1.71 (m, 2H), 1.77 (m, 2H),
1.92-2.03 (m, 3H), 2.09 (m, 1H), 2.23 (m, 1H, X/ = 37.2 Hz),
2.31 (s, 3H, CH,), 3.77 (g, 1H, J = 6.5 Hz, OCH), 3.87-3.98 (m,
3H, 3 x OCH), 5.54 (m, 1H, H-3), 5.66 (m, 1H, H-2), 6.00 (dd,
1H, J = 15.6, J' = 8.9 Hz, H-22), 6.26 (d, 1H, J = 15.6 Hz, H-23),
7.08 (d, 2H, J = 7.9 Hz, 2 x Ar-H), 7.21 (d, 2H, J = 7.9 Hz,
2 % Ar-H). *C NMR § 12.20 [CH;), 13.56 (CH3), 20.42 (CH;),
20.84 (CHy), 21.07 {CHg), 21.40 (CH,), 24.11 (CH,), 28.32
(CH.), 33.32 (CH), 35.87 (C), 39.66 (CH.), 40.42 (CH), 41.16
(CH,), 41.21 [CH,), 42.58 (C), 48.04 (CH), 53.47 (CH), 55.96
(2 * CH), 64.03 {CH,), 65.53 (CH,), 109.97 (C), 124.77 (CH),
125.67 (CH), 125.76 (2 = CH), 126.96 [CH), 129.08 (2 = CH),
135.24 (C), 136.25 (CH), one aromatic C not detected. HRMS:
(APLY) caleulated for CyHu0, (M + H]') 461.3420, Found
461.3422.

(22E)-6,6-Ethylenedioxy-23-(4-methoxyphenyl)-24-nor-5o-chola-
2,22-diene (15a). The general procedure for the WHE reaction
with diethyl 4-methoxyphenylphosphonate and chromato-
graphy on silica (EtzO/cyclohexane - 1/19) afforded 203 mg
(80%) of the title compound 15a as a colorless oil: IR v (em™")
2934, 1656, 1594. 'H NMR (CDCly) § 0.74, 0.89 (both s, 3H,
CH;), 1.11 (d, 3H, J = 6.7 Hz, CH3), 1.71 (m, 2H), 1.78 (m, 2H),
1.92-2.03 (m, 3H), 2.09 (m, 1H}, 2.22 (m, 1H, &/ = 37.4 Hz),
3.77 (q, 1H, J = 6.7 Hz, OCH), 3.79 (s, 3H, OCH,), 3.87-3.99 (m,
3H, 3 x OCH), 5.54 (m, 1H, H-3), 5.66 (m, 1H, H-2), 5.91 (dd,
1H, J = 15.7,J' = 8.7 Hz, H-22), 6.24 (d, 1H, J = 15.7 Hz, H-23),
6.82 (m, 2H, 2 x Ar-H), 7.25 (m, 2H, 2 x Ar-H). "*C NMR
§ 12.21 (CHs), 13.58 (CH,), 20.50 (CH,), 20.85 (CH,), 21.41
(CH,), 24.12 (CH,), 28,38 (CH,), 33.33 (CH), 35.88 (C), 39.67
(CH,), 40.43 (CH), 41.18 (CH,), 41.22 (CH.), 42.58 (C), 48.06
(CH), 53.48 [CH]J, 55.24 (CH,), 55.99 (CH), 56.02 (CH), 64.05
(CH,), 65.54 (CH;), 109.99 (C), 113.83 (2 x CH), 124.78 (CH),
125.68 (CH), 126.48 [CH), 126.92 (2 x CH), 130.87 (C), 135.23
(CH), 158.48 (C). HRMS: (API+) calculated for Ci.H,s0;
(M + H]") 477.3369, Found 477.3371.

(22E}-6,6-Ethylenedioxy-23-(4-isopropylphenyl }-24-nor-5a-chola-
2,22-diene (16a). The general procedure for the WHE
reaction with diethyl 4-isopropylphenylphosphonate and
chromatography on silica (Et,0Ofcyclohexane - 1/19) afforded
231 mg (88%) of the title compound 16a as a colorless oil:
IR v (cm™") 2935, 1656, 1593, "H NMR (CDCL,) 4 0.74, 0.89 (both
s, 3H, CH3), 1.11 (d, 3H, J = 6.7 Hz, CH;), 1.229, 1.231 (both d,
3H, [ = 7.0 Hz, CH;), 1.71 (m, 2H), 1.78 (m, 2H), 1,93-2.03 (m,
3H), 2.09 (m, 1H), 2.24 (m, 1H, &J = 37.6 Hz), 2.87 (septet, 1H,
J = 7.0 Hz, CH(CH,),), 3.78 (g, 1H, J = 6.8 Hz, OCH), 3.88-4.00
(m, 3H, 3 » OCH), 5.54 (m, 1H, H-3), 5.66 (m, 1H, H-2),
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6.01 (dd, 1H, J = 15.8, J = 86 Hz, H-22), 627 (d, 1H, J =
15.8 Hz, H-23), 7.15 (d, 2H, J = 8.3 Hz, 2 x Ar-H), 7.26 (d, 2H,
J = 8.3 Hz, 2 x Ar-H). *C NMR 4 12.24 (CH;), 13.60 (CH;),
20.49 (CH;), 20.86 (CH,), 21.43 (CH.), 23.97 (2 * CHJ), 24.14
(CH.), 28.35 (CH,), 33.35 (CH), 33.79 (CH), 35.91 (C), 39.68
(CH,), 40.50 (CH), 41.19 [CH,), 41.24 (CH,), 42.61 (C), 48.07
(CH), 53.49 (CH), 55.97 (CH), 56.00 (CH), 64.07 (CH.), 65.56
(CH,), 110.02 (C), 124.81 (CH), 125.69 [CH), 125.86 (2 = CH),
126.50 (2 * CH), 126.97 (CH), 135.69 (C), 136.44 (CH), 147.43
(C). HRMS: (API+) caleulated for Cy,H,00, (M + H]') 489.3733,
Found 489.3736.

(22E)-6,6-Ethylenedioxy-23-{4-cyanophenyl )-24-nor-5a-chola-
2,22-diene (17a). The general procedure for the WHE reaction
with diethyl 4-cyanophenylphosphonate and chromatography
on silica (Et,Ofcyclohexane - 1/19) afforded 220 mg (87%) of
the title compound 17a as an amorphous solid: IR ¢ (em™)
2933, 2224, 1646, 1604. "H NMR (CDCL;) § 0.75, 0.89 (both s,
3H, CH3), 1.13 (d, 3H, J = 6.7 Hz, CH;), 1.71 (m, 2H), 1.78 (m,
2H), 1.93-2.03 (m, 3H), 2.09 (m, 1H), 2.30 {m, 1H, % =
37.2 Hz), 3.78 (q, 1H, J = 6.8 Hz, OCH), 3.88-4.00 (m, 3H, 3 x
QCH), 5.54 (m, 1H, H-3), 5.66 (m, 1H, H-2), 6.21 (dd, 1H, J =
15.7,] = 8.6 Hz, H-22), 6.31 (d, 1H, J = 15.7 Hz, H-23), 7.39 {m,
2H, 2 x Ar-H), 7.56 (m, 2H, 2 x Ar-H). *7C NMR § 12.25 [CH,),
13.59 (CH;), 20,07 (CH;), 20.84 (CH;), 21.42 (CH,), 24.13
(CH,), 28.32 (CH,), 33.34 (CH), 35.90 (C), 39.67 (CH.), 40.66
(CH), 41.20 {CHa.), 41.22 {CH.), 42.76 (C), 48.08 (CH), 53.45
(CHJ, 55.65 (CH), 55.92 (CH), 64.09 (CH,), 65.58 (CH,), 109.77
(C), 109.97 (C), 119.21 (C), 124.75 (CH), 125.70 (CH), 125.99
(CH), 126.36 (2 x CH), 132.30 (2 * CH), 141.46 {CH], 142.62 (C).
HRMS: (API+) caleulated for C,.H,:NO, ([M + H]') 472.3216,
Found 472.3218.

General procedure for dihydroxylation of dienes

To a solution of diene (160 mg), hydroguinidine 4-chloro-
benzoate (45 mg; 0.097 mmol), methanesulfonamide (65 mg;
0.68 mmol), potassium carbonate (280 mg; 2.03 mmol), and
potassium ferricyanide (700 mg; 2.13 mmeol) in the mixture of
t-butanol and water (15 mL; 1:1 v/v] was added 0.2 mL of
osmium tetroxide in t-butanol (1 g per 20 mL; 0.039 mmaol).
The reaction mixture was stirred at room temperature for 24 h.
A saturated solution of sodium sulfite (3 mL) was then added.
After an additional 30 minutes of stirring, the reaction mixture
was diluted with ethyl acetate (30 mL) and extracted with water
(2 = 20 mL). The combined organic fractions were dried over
anhydrous magnesium sulfate and evaporated under reduced
pressure. Column chromatography on silica gel gave the
desired product.

(22R,23R)-2ax, 30,22, 23-Tetrahydroxy-23-phenyl-24-nor-5a-cholan-
6-one (Bc). The general procedure for dihydroxylation of 8b and
chromatography on silica (MeOH/CHCl; - 1/16) afforded
144 mg (77%) of the title compound 8c¢ as a white solid:
m. p. 268-270 °C (EtOH), IR v (em™) 3344, 2940, 1708, 1496.
'H NMR (DMSO-d,) 8 0.30, 0.59 (both s, 3H, CH,), 0.86 (d, 3H,
J = 6.4 Hz, CHy), 1.80 (m, 1H), 1.86 (m, 1H), 1.97 (dd, 1H, J =
13.1, J' = 4.6 Hz), 2.07 (t, 1H, J = 12.6 Hz), 2.58 (dd, 1H, J =
12.1, /' = 3.2 Hz), 3.44 (m, 1H), 3.48 (dd, 1H, J = 84, | =
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4.4 Hz), 3.74 (m, 1H), 4.19 (d, 1H, J = 2.8 Hz, OH), 4.32 (d, 1H,
J = 6.1 Hz, OH), 4.35 (dd, 1H, J = 8.6, ' = 3.9 Hz), 4.51 (d, 1H,
J=4.3 Hz, OH), 5.14 (d, 1H, J = 3.9 Hg, OH), 7.22-7.27 (m, 3H),
7.31 (m, 2H). "*C NMR 4 11.39 (CH,), 12.47 (CH,), 13.36 (CH.),
20.79 (CH,), 23.28 (CH,), 26.82 (CH,), 27.22 (CH,), 36.29 (CH),
37.02 (CHJ, 39.14 (C), 41.84 (C), 42.03 (CH,), 45.95 (CH,), 50.28
(CH), 51.88 (CH), 52.85 (CH), 55.95 (CH), 67.10 [CH), 67.49
(CH), 75.16 (CH), 76.30 (CH), 127.01 (2 x CH), 127.21 (CH),
128.07 (2 x CH), 143.28 (C), 211.57 (C). One CH, covered by a
DMSO  multiplet. HRMS: (API4) calculated for CygH,,0;5
(M + HJ|) 471.3110, Found 471.3108. Anal. Caled for
CagH,204: C, 74.01; H, 8.99. Found: C, 73.95; H, 9.06%.

(22R,23R)-2ux, 30,22, 23-Tetrahydroxy-23-(4-fluorophenyl)-24-
nor-5a-cholan-6-one (9¢). The general procedure for dihydro-
xylation of 9b and chromatography on silica (MeOH/CHCI,; -
1/16) afforded 149 mg (80%] of the title compound 9¢ as a
white solid: m. p. 277-279 °C (EtOH), IR v (em™') 3251, 2937,
1709, 1607, 1513, 'H NMR (DMSO-d;) 4 0.33, 0.60 (both s, 3H,
CH), 0.84 (d, 3H, J = 6.7 Hz, CH;), 1.80 (m, 1H), 1.85 (m, 1H),
1.98 (dd, 1H, /= 13.0, J' = 4.8 Hz), 2.07 (t, 1H, f = 12.6 Hz), 2.58
(dd, 1H, 7 = 12.2, J = 3.1 Hz), 3.42-3.47 (m, 2H), 3.74 (m, 1H),
4.19 (d, 1H, J = 2.4 Hz, OH), 4.32 (d, 1H, J = .1 Hz, OH), 4.37
(dd, 1H, J = 8.7, J' = 3.5 Hz), 4.54 (d, 1H, J = 4.3 Hz, OH), 5.14
(d, 1H, J = 4.0 Hz, OH), 7.14 (m, 2H), 7.30 (m, 2H). **C NMR
8 11.42 (CH,), 12.44 (CH3), 13.38 (CH;), 20.80 (CH.), 23.30
(CH.,), 26.84 [CH,), 27.28 (CH,), 36.35 (CH), 37.04 (CH), 39.15
(C), 41.86 (C), 42.06 (CH,), 45.97 (CH,), 50.31 (CH), 51.89 (CH],
52.88 (CH), 55.97 (CH), 67.11 (CH), 67.51 (CH), 74.40 (CH),
76.34 (CH), 114.84 (d, J = 21.6 Hz, 2 » CH), 128.86 (d, J =
8.4 Hz, 2 x CH), 139.58 (d, J = 2.4 Hz, C), 161.26 (d, J =
242.3 Hz, C], 211,62 (C]. One CH, covered by a DMSO multiplet.
"F NMR {'H} § —=115.37 (s, 1F). HRMS: [API+) calculated for
Ca9H,FO5 ([M + H]') 489.3016, Found 489.3017. Anal. Caled for
CaeH, FO.: C, 71.28; H, 8.46. Found: C, 71.88; H, 8.55%.

(22R,23R)-2ax,34x,22,23-Tetrahydroxy-23-(4-chlorophenyl }-24-
nor-5e-cholan-6-one (10¢). The general procedure for di-
hydroxylation of 10b and chromatography on silica (MeOH/
CHCI; - 1/16) afforded 152 mg (82%) of the title compound
10¢ as a white solid: m. p. 251-253 °C (EtOH), IR » (em™)
3220, 2940, 1712, 1598, 1494. 'H NMR (DMSO-dg) & 0.34, 0.60
(both s, 3H, CH,), 0.85 (d, 3H, J = 6.7 Hz, CH;), 1.80 (m, 1H),
1.85 (m, 1H), 1.98 (dd, 1H, J = 13.0, J' = 4.8 Hz), 2.07 (t, 1H,
J=12.6 Hz), 2.58 (dd, 1H, j = 12.2, /' = 3.4 Hz), 3.42-3.48 (m,
2H), 3.74 (m, 1H), 4.19 (d, 1H, J = 2.4 Hz, OH), 4.33 (d, 1H,
J = 6.1 Hz, OH), 4.37 (dd, 1H, f = 8.4, /' = 3.8 Hz), 4.58 (d, 1H,
J = 4.6 Hz, OH), 5.20 (d, 1H, J = 3.8 Hz, OH), 7.29 (m, ZH),
7.37 (m, 2H). "C NMR § 11.46 (CH3), 12.49 (CH,), 13.38
(CH3), 20.80 (CH,), 23.30 (CH,), 26.84 (CH,), 27.29 (CH,),
36.47 (CH), 37.05 (CH), 39.15 (C), 41.87 (C), 42.07 (CH,),
45.98 (CH,), 50.31 (CH), 51.89 (CH), 52.89 (CH), 55.97 (CH),
67.12 (CH), 67.51 (CH), 74.44 (CH), 76.21 (CH), 128.10
(2 » CHJ, 128.87 (2 % CH), 131.52 (C), 142.41 (C), 211.62 (C).
One CH, covered by a DMSO multiplet. HRMS: (APIH) cal-
culated for CayH,;ClO; ([M + HJ') 505.2721, Found 505.2723.
Anal. Caled for CsoH,,ClOs: C, 68.96; H, 8.18. Found: C, 68.90;
H, 8.28%.
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(22R,23R)-2,3,22,23-Tetrahydroxy-23-(4-bromophenyl)-24-
nor-5e-cholan-6-one  (11e). The general procedure for di-
hydroxylation of 11b and chromatography on silica (MeOH/
CHCl; - 1/16) afforded 146 mg (80%]) of the title compound
11c as a white solid: m. p. 247-249 °C (i-PrOH), IR & (cm™")
3237, 2941, 1709, 1600, 1490. 'H NMR (DMSO-d,) 5 0.34, 0.60
(both s, 3H, CH3), 0.84 (d, 3H, J = 6.7 Hz, CHy), 1.79 (m, 1H),
1.87 (m, 1H), 1.98 (dd, 1H, J = 13.0, ] = 4.6 Hz), 2.07 (t, 1H, J =
12.5 Hz), 2.58 (dd, 1H, J = 12.2, J' = 3.1 Hz), 3.42-3.47 (m, 2H),
3.74 (m, 1H), 4.19 (d, 1H, J = 2.8 Hz, OH), 4.33 (d, 1H, J =
6.1 Hz, OH), 4.36 (dd, 1H, J = 8.6, J' = 3.8 Hz), 4.58 (d, 1H, J =
4.3 Hz, OH), 5.20 (d, 1H, J = 3.8 Hz, OH), 7.23 (d, 2H, J =
8.6 Hz, 2 % Ar-H), 7.51 (d, 2H, f = 8.6 Hz, 2 x Ar-H). *C NMR
4 11.49 (CHG), 12.50 (CHy), 13.38 (CH;), 20.81 (CH;), 23.31
(CH.), 26.84 (CH.), 27.30 (CH.), 36.50 (CH), 37.06 (CH), 39.15
(C), 41.87 (C), 42.08 (CH, ), 45.99 [CH,), 50.32 (CH), 51.89 (CH),
52.89 (CH), 55.98 (CH), 67.13 (CH), 67.52 (CH), 74.51 (CH),
76.16 (CH), 120.08 (C), 129.26 (2 % CH), 131.01 (2 x CH), 142.83
(C), 211.62 {C). One CH, covered by a DMSO multiplet. HRMS:
(AP1+) caleulated for CagH,, ™ BrO; ([M + HJ') 549.2216, Found
549.2216. Anal. Caled for C,H,BrOs: C, 63.38; H, 7.52.
Found: C, 63.29; H, 7.55%.

(22R,23R)-2x, 30,22 2 3-Tetrahydroxy-23-(4-iodophenyl }-24-nor-
5a-cholan-6-one (12¢). The general procedure for dihydroxy-
lation of 12b and chromatography on silica (MeOH/CHCI; -
1/16) afforded 150 mg (83%) of the title compound 12c¢ as a
white solid: m. p. 253-255 °C (EtOH), IR v (em™") 3193, 2943,
1710, 1590. "H NMR (DMSO-d,) 6 0.35, 0.60 (both s, 3H, CH;),
0.84 (d, 3H, J = 6.7 Hz, CH;), 1.79 (m, 1H), 1.86 (m, 1H), 1.98
(dd, 1H, J = 13.2, J' = 4.9 Hz), 2.07 (t, 1H, J = 12.5 Hz), 2.58 (dd,
1H, J = 12.2, ' = 3.4 Hz), 3.41-3.48 (m, 2H), 3.74 (m, 1H), 4.19
(d, 1H, J = 2.8 Hz, OH), 4.32 (d, 1H, J = 6.1 Hz, OH), 4.34 (dd,
1H, J = 8.6, ] = 3.7 Hz), 4.56 (d, 1H, J = 4.3 Hz, OH), 5.18
(d, 1H, J = 3.8 Hz, OH), 7.09 (m, 2H, 2 % Ar-H), 7.67 (m, 2H,
2 % Ar-H). *C NMR § 11.49 (CH;), 12.48 (CH;), 13.36 (CH;),
20.80 (CH,), 23.29 (CH.), 26.83 (CH,), 27.28 (CH.), 36.51 (CH),
37.03 (CH), 39,14 (C), 41.85 (€), 42.05 (CH,), 45.96 (CH,), 50.30
(CH), 51.87 (CH), 52.86 (CH), 55.95 (CHJ, 67.11 (CH), 67.49
(CH), 74.60 (CH), 76.07 (CH), 92.95 (C), 129.40 (2 x CH}, 136.83
(2 = CH]J, 143.19 (C), 211.57 (C). One CH, covered by a DMSO
multiplet. HRMS: (API+) caleulated for C.oHg10s ([M + H])
597.2077, Found 597.2076. Anal. Caled for C,4H,,105: C, 58.39;
H, 6.93. Found: C, 58.32; H, 7.01%.

(22R,23R} 20, 30,22, 23-Tetrahydroxy-23-(4-nitrophenyl)-24-nor-
5a-cholan-6-one (13c). The general procedure for dihydroxy-
lation of 13b and chromatography on silica (MeOH/CHCI; -
1/16) afforded 144 mg (78%]) of the title compound 13c¢ as a
white solid: m. p. 244-246 °C [EtOH), IR v {[em ™) 3180, 2940,
1711, 1605, 1523, 1349, "H NMR (DMSO-d,) § 0.34, 0.59 (both
s, 3H, CH;), 0.87 (d, 3H, J = 6.7 Hz, CH,), 1.80 (m, 1H), 1.86
(m, 1H), 1.97 (dd, 1H, j = 13.2, J' = 4.6 Hz), 2.06 (t, 1H, J =
12.5 Hz), 2.58 (dd, 1H, J = 12.2, J' = 3.4 Hz), 3.45 (m, 1H), 3.50
(m, 1H), 3.74 (m, 1H), 4.19 (d, 1H, J = 2.8 Hz, OH), 4.33 (d, 1H,
J = 6.1 Hz, OH), 4.53 (dd, 1H, J = 7.9, J' = 3.5 Hz), 4.74 (d, 1H,
J = 4.6 Hz, OH), 5.47 (d, 1H, J = 3.5 Hz, OH), 7.57 (m, 2H), §.19
(m, 2H). “*C NMR & 11.46 (CH.), 12.64 (CHs), 13.37 (CH,),
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20.80 (CH,), 23.30 (CH,), 26.83 (CH,), 27.32 [CH,), 36.77 (CH),
37.03 (CH), 39.14 (C), 41.86 (C), 42.09 (CH,), 45.97 (CH,), 50.31
(CH), 51.92 (CH), 52.87 (CH), 55.95 (CH), 67.11 (CH], 67.51
(CH), 74.46 (CH), 76.09 (CH), 123.31 (2 x CH), 128.25 (2 = CH),
146.62 [C), 151.53 (C), 211.61 (C). One CH, covered by a DMSO
multiplet. HRMS: (ESI-) caleulated for CpH,,NO, ([M]7)
515.2883, Found 515.2888. Anal. Caled for CyHyNO:: €,
67.55; H, 8.01. Found: C, 67.45; H, 8.09%.
(22R,23R)-2a,30x,22,23-Tetrahydroxy-23-(4-methylphenyl )-24-
nor-5a-cholan-6-one (14¢). The general procedure for di-
hydroxylation of 14b and chromatography on silica (MeOH/
CHCl; - 1/16) afforded 145 mg (78%) of the title compound
14¢ as a white solid: m. p. 271-272 °C (EtOH), IR v (em™)
3215, 2937, 1710, 1610, 1516. 'H NMR (DMSO-dg) & 0.32, 0.59
(both s, 3H, CH,), 0.84 (d, 3H, J = 6.7 Hz, CH,), 1.80 (m, 1H),
1.86 (m, 1H), 1.98 (dd, 1H, J = 13.2, [" = 4.6 Hz), 2.07 (t, 1H, =
12.5 Hz), 2.27 (s, 3H, CH,), 2.58 (dd, 1H, ] = 12.2, J' = 3.4 Hz),
3.42-3.48 (m, 2H), 3.74 (m, 1H), 4.19 (d, 1H, J = 2.8 Hz, OH),
4.31 (dd, 1H, J = 8.6, /' = 3.8 Hz), 4.34 (d, 1H, J = 6.1 Hz, OH),
4.46 (d, 1H, f = 4.4 Hz, OH), 5.00 (d, 1H, J = 3.8 Hz, OH),
7.10-7.15 (m, 4H). *C NMR § 11.50 (CH;), 12.44 (CHy), 13.40
(CHa), 20.83 (CH,, CH,), 23.32 (CH.), 26.85 (CH,), 27.28 (CH.),
36.38 (CH), 37.07 (CH), 39.15 (C), 41.89 (C), 42.07 (CH.), 46.00
(CH,), 50.33 (CH), 51.90 (CH), 52.91 (CH), 56.00 (CH), 67.14
(CH), 67.52 (CH), 74.96 (CH), 76.36 (CH), 126.99 (2 = CH),
128.71 (2 % CH), 136.15 (C), 140.20(C), 211.68 [C). One CH,
covered by a DMSO multiplet. HRMS: (API+) caleulated for
C39H,y505 ([M + H]') 485.3267, Found 485.3270. Anal. Caled for
CapHyO5: C, 74.34; H, 9.15. Found: €, 74.30; H, 9.20%.
(22R,23R)-2t, 30x,22,23-Tetrahydroxy-23-(4-methoxyphenyl )-24-
nor-5u-cholan-6-one (15¢). The general procedure for dihydro-
xylation of 15b and chromatography on silica (MeOH/CHCI; -
1/16) afforded 150 mg (81%) of the title compound 15¢ as a
white solid: m. p. 242-244 °C (EtOH), IR v (em™) 3197, 2934,
1710, 1616, 1513. '"H NMR (DMSO-d;) § 0.33, 0.60 (both s, 3H,
CH3), 0.84 (d, 3H, J = 6.7 Hz, CH3), 1.80 (m, 1H), 1.86 (m, 1H),
1.98 (dd, 1H, [ = 13.2, ' = 4.6 Hz), 2.07 [t, 1H, ] = 12.7 Hz), 2.58
(dd, 1H, J = 12.2, /' = 3.4 Hz), 3.42-3.49 (m, 2H)}, 3.72 (s, 3H,
CH3), 3.74 (m, 1H), 4.18 [d, 1H, J = 2.5 Hz, OH), 4.30 (dd, 1H,

J=8.6,J = 3.8 Hz), 4.32 (d, 1H, ] = 6.4 Hz, OH), 4.44 (d, 1H, J =

4.1 Hz, OH), 4.96 (d, 1H, f = 3.8 Hz, OH), 6.87 (m, 2H), 7.17
(m, 2H). “C NMR § 11.48 (CH,), 12.38 (CH,), 13.37 (CH;),
20.80 (CH3), 23.30 (CH3), 26.83 (CH.), 27.26 (CH3), 36.31 (CH),
37.04 (CH), 39.14 (C), 41.86 (C), 42.04 (CH,), 45.97 (CH.), 50.30
(CH), 51.89 (CH), 52.88 [CH), 54.97 (CH,), 55.98 (CH), 67.11
(CH), 67.50 [CH), 74.59 (CH), 76.29 (CH), 113.43 (2 % CH),
128.12 (2 * CH), 135.17 (C), 138.29 (C), 211.59 (C). One CH,
covered by a DMSO multiplet. HRMS: (API+) calculated for
CapHy:0, ([M + H]') 501.3218, Found 501.3216. Anal. Caled for
CaH 4106z C, 71.97; H, 8.86. Found: €, 71.91; H, 8.97%.
(22R,23R)- 24, 3,22, 23-Tetrahydroxy-23-(4-isopropylphenyl }-24-
nor-5u-cholan-6-one (16¢). The general procedure for dihydro-
xylation of 16b and chromatography on silica (MeOH/CHCI, -
1/16) afforded 146 mg (79%) of the title compound 16¢ as a
white solid: m. p. 247-249 °C (EtOH), IR v (cm™') 3215, 2938,
1710, 1617, 1513. 'H NMR (DMSO-d,) & 0.31, 0.59 (both s, 3H,
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CH;), 0.84 (d, 3H, J = 6.7 Hz, CH,), 1.17 (d, 6H, J = 6.9 Hz,
2 % CHy), 1.77-1.86 (m, 2H), 1.98 (dd, 1H, /= 13.2, J' = 4.6 Hz),
2.07 (t, 1H, J = 12.5 Hz), 2.58 (dd, 1H, 7= 12.1, ] = 3.2 Hz), 2.86
(septet, 1H, J = 6.9 Hz), 3.44 (m, 1H}, 3.50 (dt, 1H, J = 8.3, J =
4.1 Hz), 3.74 (m, 1H), 4.19 (d, 1H, J = 2.8 Hz, OH), 4.31 (dd,
1H, [ = 8.6, /' = 3.8 Hz), 4.33 (d, 1H, J = 6.1 Hz, OH), 4.44 (d,
1H, J = 4.0 Hz, OH), 5.00 (d, 1H, J = 3.8 Hz, OH), 7.17 (s, 4H).
M0 NMR 6 11.46 (CH;), 12.50 {CH.), 13.37 (CH,), 20.80 (CH.),
23.32 (CH,), 23.92 (CH,), 24.02 (CH;), 26.85 (CH,), 27.20
(CH,), 33.11 [CH), 36.33 (CH), 37.05 (CH), 39.14 (C), 41.87 (C),
42.07 (CH,), 45.98 (CH.,), 50.32 (CH), 51.97 (CH), 52.89 (CH),
55.96 (CH), 67.12 (CH), 67.52 (CH), 75.05 (CH), 76.18 (CH),
125.97 (2 x CH), 127.04 (2 x CH), 140.66 (C), 147.21 (C), 211.62 (C).
One CH, covered by a DMSO multiplet. HRMS: (API+)
calculated for C;.H,s05 ([M + H]') 513.3580, Found 513.3585.
Anal. Caled for CyaH, 05 C, 74.96; H, 9.44, Found: C, 74.89;
H, 9.51%.

(22R,23R)-2¢,3,22,23-Tetrahydroxy-23-(4-cyanophenyl )-24-
nor-5a-cholan-6-one (17¢). The general procedure for di-
hydroxylation of 17b and chromatography on silica (MeOH/
CHCI; - 1/16) afforded 139 myg (75%) of the title compound
17c as a white solid: m. p. 260-262 °C (EtOH), IR v (cm ™)
3198, 2936, 2230, 1706, 1611, 1510. "H NMR (DMSO-d,,) § 0.33,
0.59 {both s, 3H, CHg), 0.85 (d, 3H, [ = 6.7 Hz, CH;), 1.74-1.88
(m, 2H), 1.98 {dd, 1H, J = 13.2, J' = 4.8 Hz), 2.06 {t, 1H, J =
12.5 Hz), 2.57 (dd, 1H, J = 12.2, J' = 3.4 Hz), 3.46-3.50 (m, 2H),
3.74 (m, 1H), 4.20 (d, 1H, J = 2.4 Hz, OH), 4.34 (d, 1H, [ =
6.1 Hz, OH), 4.46 (dd, 1H, J= 8.1, J' = 4.3 Hz), 4.69 (d, 1H, f =
4.3 Hz, OH), 5.04 (d, 1H, J = 4.0 Hz, OH), 7.48 (d, 2H, J =
8.3 Hz, 2 x Ar-H), 7.79 (d, 2H, J = 8.3 Hz, 2 x Ar-H). "’C NMR
& 11.47 (CHg), 12.64 (CHy), 13.41 (CHg), 20.83 (CH,), 23.33
(CH,), 26.87 (CH.), 27.33 (CHy), 36.71 (CH), 37.08 (CH), 39.14
(C), 41.89 (C), 42.11 (CH,), 16.00 (CH,), 50.35 (CH), 51.94 (CH),
52.91 (CH), 55.98 [CH), 67.15 (CH), 67.54 (CH), 74.74 (CH),
76.12 (CH), 109.86 (C), 119.03 (C), 128.05 (2 x CH), 132.14
(2 = CHJ, 149.34 (C), 211.68 (C). One CH, covered by a DMSO
multiplet. HRMS: (API+) calculated for Cy0H,2NO; ([M + H]')
496.3063, Found 496.3064. Anal. Caled for CsH,,NOs: C,
72.70; H, 8.34. Found: C, 72.69; H, 8.39%.

Molecular docking

Docking was performed to prediet the conformation and
energy ranking between the BRI1 receptor (PDB 1D: 3RGZ) and
the steroid molecule. The docking studies were carried out
using AutoDock Vina 1.05.** All 3D structures of BRI1 ligands
were obtained with Marvin 5.10.3% software, which can be
used for drawing, displaying and characterization of chemical
structures, substructures and reactions. Ligands were prepared
as derivatives of the natural ligand brassinolide (BLD). Polar
hydrogens were added to all ligands and proteins with the
AutoDock Tools (ADT)' program prior to docking with the
Autodock Vina program. A grid box with a size of 40 Awas cen-
tered on the active site of the protein. The exhaustiveness para-
meter was set to 20 (default 8). After docking, we compared
the docked ligand with brassinolide crystal-like poses and the
best crystal-like poses of each ligand were analyzed.

Oy, Bliomol Chem., 2016, 14, 8501-8701 | 8699
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The pea inhibition biotest

Pea scedlings (Pisum arvense L. sort Arvica) germinating for
2 days were selected for uniformity from a large population
and then transferred into pots containing perlite and 1/10
diluted Hoagland solution (half coneentration, pH 5.7). After
24 h in a dark cultivation room (24 “C, humidity 75%) the
seedlings were treated with different amounts of tested com-
pounds in 5 pl fractionated lanolin. The substances were
applied as microdrops to the scar left after the removal of the
bract. The control plants were treated with lanolin alone.
At least seven plants were used for each experiment and the
assays were repeated at least three times. The inhibition of
etiolated pea stems was measured after 4 days and the differ-
ence in length between the treated and control plants provided
a measure of activity. For each treatment, 8 seedlings were ana-
lyzed in two biological replicates. The mean values were sub-
jected to the statistical analysis using the Student's ¢ test.

Determination of ethylene production

For measurement of ethylene production, pea scedlings
(8 plants/tested amount of substance) were placed in a 0.5 L
glass container for 24 h in the dark, One milliliter of head-
space gas from the chamber was withdrawn for each measure-
ment and injected into a gas chromatograph (Agilent
Technologies, GC Systems) equipped with a flame ionic detee-
tor (FID) and a capillary column (HP-AL/S stationary phase,
15 pm, id. = 0.535). The chromatographic analytical para-
meters were as follows: column temperature: 150 °C; detector
temperature: 220 °C; and helium was used as a carrier gas.
The area under the resultant peak (y-axis) versus sensitivity
(xc-axis; nL mL™") represented a quantitative measure of ethyl-
ene concentration. The measurements were done in triplicate
and data were statistically analyzed using the Student’s ¢ test.

Arabidopsis brassinosteroid sensitivity assays

Arabidopsis thaliana L. {Hevhn.) (Columbia ecotype, Col-0;
referred to as Arabidopsis) seedlings were stratified for 2 d at
4 °C and germinated on vertical half-strength Murashige and
Skoog (1% w/v sucrose) agar plates with different concen-
trations of BL (Fuji Chemical Industries) and BR derivatives at
22 °C in a 16 h/8 h light=dark cycle for 5 d. For the hypocotyl
assay, after stratification, the plants were exposed to light for
6 h and grown in the dark for 5 days. Roots and hypocotyls
were then straightened on solid media plates, scanned with an
Epson high-resolution scanner and the entire root and hypo-
cotyl length measured with Image] (http:/rsbweb.nih.gov/ij/).
For each treatment, more than 25 seedlings were analyzed in
two biological repeats. P values were caleulated with a two-
tailed Student ¢-test using Excel software.

BES-1 dephosphorylation assay

For BES1 dephosphorylation studies, thirty to sixty 5-day-old
Arabidopsis seedlings grown on BL and new BR derivatives in
continuous light were used., DMSO was used as the control
solvent. The protein extraction and western blot analysis were

B700 | Org. Biornol Chem., 2016, 14, BE91-E701
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carried out as previously described.” Endogenous BES1 was
detected wusing rabbit  polyclonal anti-BES1 antibodies
(1:1000)*"  and HRP-conjugated anti-rabbit antibodies
(1:10000; NA934, GE Healthcare). Signals were detected using
ECL (ECL plus, GE Healthcare).

Cell cultures

The screening cell lines: T-lymphoblastic leukemia CEM; breast
carcinoma MCF7 (estrogen-sensitive); cervical carcinoma cell
line HeLa; and human foreskin fibroblasts B] were obtained
from the American Type Culture Collection (Manassas, VA,
USA). The cells were cultured in DMEM (Dulbecco's Modified
Eagle’s Medium, Sigma, MO, USA). Media used were sup-
plemented with 10% fetal bovine serum, 2 mM c-glutamine,
and 1% penicillin-streptomycin. The cell lines were main-
tained under standard cell culture conditions at 37 °C and 5%
€0, in a humid environment. The cells were subcultured twice
or thrice a week using the standard trypsinization procedure.

Calcein AM cytotoxicity assay

Suspensions with approximately 1.0 x 10° cells per mL were
distributed in 96-well microtiter plates and after 24 h of stabi-
lization the BR analogues tested were added at the desired con-
centrations in DMSO. Control cultures were treated with
DMSO alone, and the final concentration of DMSO in the reac-
tion mixture never exceeded 0.6%. In most cases, six serial
3-fold dilutions of the test substances were added at time zero
in 20 pl aliguots to the microtiter plate wells and the highest
final concentration in the wells was 50 pM. After incubation
for 72 h, calcein AM solution (2 pM, Molecular Probes) was
added and the cells were incubated for an additional hour.
The fluorescence of the viable cells was then quantified using
a Fluoroskan Ascent instrument (Labsystems, Finland). The
percentage of the surviving cells in each well was caleulated by
dividing the intensity of the fluorescence signals from the
exposed wells by the intensity of signals from the control wells
and multiplying by 100. These ratios were then used to
construct dose-response curves from which IC;, values, the
concentrations of the respective compounds that were lethal to
50% of the tumor cells, were calculated.

Conclusions

Several novel brassinosteroid 23-phenyl analogues were syn-
thesized based on molecular docking into the BRI1 receptor.
The introduction of a phenyl group with no or small non-polar
substituents (fluorine, chlorine, methyl) resulted in new com-
pounds with plant growth promoting activities comparable
with natural brassinosteroids. The results of biological screen-
ings showed that molecular docking into BRI1 is a powerful
tool for prediction and design of new compounds with strong
brassinosteroid activities. New active compounds might be
good candidates for potential application in agriculture to
improve growth and vield or to increase the resistance of
plants against various biotic and abiotic stresses. Recent
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143



Published on 17 August 2016, Downloaded by Univerzila Palack&#233:ho v Olomouci on 2203/2017 11:57:47.

Organic & Biomolecular Chemistry

progress in the chemical synthesis also leads to overcoming 14
ecconomic restrictions, which are currently major constraints
for using BRs at a large scale in the field. 1
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ARTICLE INFO ABSTRACT

Keywords: A series of phenyl analogues of brassinosteroids was prepared via alkene cross-metathesis using commercially
Brassinosteroids available styrenes and 24-nor-Sa-chola-2,22-dien-6-one. All derivatives were successfully docked into the active
Cross-metathesis

site of BRI1 using AutoDock Vina. Plant growth promoting activity was measured using the pea inhibition biotest
and Arabidopsis root sensitivity assay and then was compared with naturally occuring brassinosteroids.

Differences in the production of plant hormone ethylene were also observed in etiolated pea seedlings after

Organic synthesis
Molecular docking

BRIT receptor kinase
Plant hinassays

1. Introduction

Brassinosteroids (BRs, Fig, 1) represent a large group of plant steroids
with more than 70 structurally and functionally related compounds (1], BRs
have been found at low concentrations throughout the plant kingdom,
widely distributed in higher and lower plants, and have been detected in
various plant parts such as pollen, seeds, leaves, stems, roots, and flowers,
They are essential for many aspects of plant growth and development, such
as cell division, elongation and differentiation, pollen tube growth, seed
germination, regulation of gene expression, enzyme activation and photo-
synthesis [ 2-51, At the molecular level, BRs change the gene expression and
the metabolism of nucleic acids and proteins. BRs have structures similar to
those of animal steroid hormone. Unlike animals, plants perceive steroids at
vell membrane, using the membrane-integral receptor kinase brassinos-
teroid insensitive 1 (BRI1) [6-8]. The encoded protein, BRI1, belongs to a
large family of plant LRR (leucine-rich repeat) receptor-like kinases, char-
acterized by an extracellular LRR domain, a single-pass transmembrane
segment and a cytoplasmic kinase domain. BRI1 has been established as an
authentic brassinosteroid receptor by genetic and biochemical investigations
[9]. Crystal structures of BRI1 in both free (PDB ID: 3RIZ, 3RGX), and
brassinolide-bound (PDB [D: 3RJO, 3BRZ), forms are available, following

treatment with the new and also five known brassic
studied wsing normal human fibroblast and human cancer cell lines.

id phenyl Antiproliferative activity was also

independent X-ray diffraction structural determinations by two groups
19,101, The structure of the ligand-binding domain resembles a superhelix of
25 twisted LRRs. A 70-amino acid island domain between LRRs 21 and 22
folds back into the interior of the superhelix, creating a surface pocket
where the brassinosteroids bind. These recently published stuctures of
Arabidopsis thaliana BRI1 enable the rational design of brassinosteroid-like
antagonists and agonists. Recent studies [11,12] have indicated that mole-
cular docking is a powerful tool to predict how effective incorporation of
different functional groups into brassinosteroid skeleton is and to design
new types of BRs with biological activities comparable to natural BRs [111,

The aim of our study is related to the synthesis of new aryl analo-
gues of BRs by alkene cross-metathesis and to study of their biological
properties. Alkene cross-metathesis was chosen for preparation of all
aryl analogues as an efficient method for construction of the new side
chains using different commercially available substituted styrenes. The
biological activities of newly prepared derivatives were evaluated using
plant bicassays (pea inhibition biotest and Arabidopsis root sensitivity
bivassay) and Caleein AM cytotoxicity assay. All derivative structures
were subjected to docking studies using AutoDock Vina [12] in order to
analvze the results with theoretical studies.
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Fig. 1. Structures of most common natural brassinosteroids; castasterone (1), brassinolide
(2], 24-epicastasterone (3), 24-cpibrassinolide (4), 28-homocastasterone (5), 28-hemo-
brassinolide (6.

2. Experimental
2.1. General methods

The melting points were determined on a Stuart SMP30 instrument
(Bibby Scientific Ltd., UK). Elemental analyses were performed using an
EA 1108 elemental analyzer (Fison Instruments); the values (C, H, N)
agreed with the calculated values within acceptable limits. The infrared
spectra were recorded on a Thermo Scientific Nicolet spectrometer iZ210
using the ATR technique. The wave numbers are given in cm ', The
NMR spectra were taken on a JEOL JNM-ECA 500 (JEOL, Tokyo, Japan;
1H, 500 MHz; 13C, 125 MHz) spectrometer equipped with a 5 mm
JEOL Royal probe. 1H NMR and 13C NMR chemical shifts (§) were
calibrated using tetramethylsilane (TMS, 1H § = 0 ppm) or solvents:
cpCl3 (1H § = 7.26 ppm, 13C § = 77.00 ppm) or DMSO-d, (1H
& = 2.46 ppm, 13C & = 40.00 ppm). Chemical shifts are given in ppm
(d-scale), coupling constants (J) in Hz. All values were obtained by first-
order analysis. For APl HRMS analysis, the samples were dissolved in
chloroform (or chloroform: methanol; 1:1; v/%, in case of hydroxylated
compounds) to a concentration 10 ug.mL ™', The ASAP (Atmospheric
Solids Analysis Probe) was dipped into the sample solution, placed into
the ion source and analysed in fullscan mode. The source of the Synapt
G2-5i Mass Spectrometer (Waters, Manchester, UK) was operated in
positive jonisation mode (ASAP +), if not stated otherwisge, at source
temperature of 120 °C, The Corona needle current was kept at 5 jiA and
the collision energy at value 4. The probe temperature was ramped up
from 50 "C to 600 °C in 3 min. Data were acquired from 50 1o 1000 Da
with 1.0 s scan time in High Resolution Mode. The data were processed
using the Masslynx 4.1 software (Waters). Mass accuracy of 1 ppm or
less was achieved with the described instrumentation for all com-
pounds, Merck silica gel Kieselgel 60 (230400 mesh) was used for
column chromatography. The HPLC system consisted of a Waters semi-
preparative HPLC system including quaternary pump, liquid handler,
UV-VIS and ELSD detectors. The semi preparative column was filled
with silica gel. Reagents and solvents were purchased from
Sigma-Aldrich and were not purified.

2.1.1. General procedure for cross metathesis
Hoveyda-Grubbs 2nd generation catalyst (19 mg; 0,03 mmol) was
added to a solution of dien 7 (100 mg; 0.21 mmol) and styrene

47
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(2.48 mmol) in dichloroethane (5 mL). The reaction mixture was he-
ated at 80 °C for 5 h. Then, another portion of H-G catalyst (19 mg;
0.03 mmol) was added and the reaction mixture was heated at 80 “C for
additional 5 h. Then, the solvent was evaporated and crude solid was
purified by column chromatography on silica gel (mobile phase - 3%
ethyl acetate in cyclohexane, R; of products 0.18-0.25). In some cases,
stated in each experiment, HPLC had to be used due to very close re-
tention time of product and starting material (mobile phase - 0.5%
ethyl acetate in cyclohexane).

2.1.2. (22F)-23-phenyl-24-nor-5a-chola-2,22-dien-6-one (8a)

The general procedure with styrene afforded 120 mg (81%) of the
title compound 8 as a colorless oil. 'H NMR (CDClLy) 8 0.72, 0.74 (both
s, 3H, CH3), 1.14 (d, 3H, J = 6.4 Hz, CHy), 1.69-1.80 (m, 2H),
1.96-2.04 (m, 4H), 2.07 (dt, 1H, J = 12.6, J' = 3.3 Hz), 2.23-2.31 (m,
2H), 2.34-2.37, (m, 2H), 5.57 (m, 1H, H-3), 5.69 (m, 1H, H-2), 6.06
(dd, 1H, J = 15.9, J/ = 8.9 Hz, H-22), 6.30 (d, 1H,.J = 15.9 Hz, H-23),
7.19 (m, 1H, Ar-H), 7.27-7.35 (m, 4H, 4 x Ar-H). '*C NMR & 12.19 (C-
18), 13.50 (C-19), 20.38 (C-21), 21.10, 21.70, 23.92, 28.21, 37.68,
39.35, 39.37, 40.04, 40.39, 42.92, 46.96, 53,40, 53.83, 55.83, 56.75,
124.49 (C-3), 124.95 (C-2), 12592 (2xC), 126.72, 127.42 (C-23),
128.45 (2% C), 136.94 (C-22), 137.98, 211.98 (C-6). Spectral data in
agreement with literature [11].

2.1.3. (22E)-23-(2-fluorophenyl)-24-nor-5a-chola-2,22-dien-6-one (8h)

The general procedure with o-fluorostyrene afforded 84 mg (65%)
of the title compound 9a as a colorless oil: IR v (em™") 2930, 1702,
1655, 1593, 1560, 965. "H NMR (CDCl,) § 0.73, 0.75 (both s, 3H, CHa);
1.15 (d, 3H, J = 6.7 Hz, CHa); 1.72-1.81 (m, 2H); 1.97-2.06 (m, 4H);
2.08 (dy, 1H, J = 12.6, J = 3.5 Hz); 2.24-2.33 (m, 2H); 2.34-2.38 (m,
2H); 5.58 (m, 1H, H-3); 5.70 (m, 1H, H-2); 6.14 (dd, 1H, J = 15.9,
J = 8.6Hz, H-22); 6.47 (d, 1H, J = 159Hz, H-23); 7.01 (ddd,
J=10.9, J =78, J'=09Hz ArH);, 7.07 (id, 1H, J= 7.8,
J = 1.2Hz, Ar-H);, 7.16 (m, 1H, Ar-H), 7.41 (td, 1H, J= 7.8,
J = 1.8 Hz, Ar-H). "*C NMR § 12.19 (C-18), 13.48 (C-19), 20.27 (C-
213, 21.08, 21.70, 23.91, 28.17, 37.65, 39.32, 39.35, 40.01, 40.76,
42.92, 46.93, 53.37, 53.80, 55.68, 56.71, 115.56 (d. J = 22.8 Hz),
119.79 (d, J = 3.6 Hz), 123.91 (d, J = 3.6 Hz), 124.48 (C-3), 124.94
(C-2), 125.62 (d, J = 13.2Hz), 126.92 (d, J = 3.6 Hz), 127.86 (d,
J = 8.4 Hz), 139.50 (d, J = 3.6 Hz), 159.94 (d, J = 248.3 Hz, C-F),
211.90 (C-6). ""F NMR {'H} § —118.83 (s, 1F). HRMS: (AP1+) cal-
culated for CagHagFO (IM+H] ") 421.2907, Found 421.2910.

2.1.4. (22E)-23-(3-fluorophenyl)-24-nor-5a-chola-2,22-dien-6-one (8¢)

The general procedure with m-fluorostyrene afforded 94 mg (73%)
of the title compound 10a as a colorless oil: IR v (em™ ') 2933, 1705,
1656, 1593, 1560, 966. "H NMR (CDCl5) § 0.73, 0.74 (both s, 3H, CHz);
1.14 (d, 3H, J = 6.7 Hz, CHa); 1.71-1.80 (m, 2H); 1.97-2.04 (m, 4H);
2,07 (dt, 1H, J = 12.5, J* = 3.2 Hz); 2.23-2.31 (m, 2H); 2.34-2.38 (m,
2H); 5.58 (m, 1H, H-3); 5.70 (m, 1H, H-2); 6.08 (dd, 1H, J = 15.7,
J = 8.7 Hz, H-22); 6.28 (d, 1H, J = 15.7 Hz, H-23); 6.88 (td, 1H,
J =83, J =26Hz ArH), 7.03 (m, 1H, Ar-H); 7.08 (b d, 1H,
J = 8.3 Hz, Ar-H); 7.24 (td, 1H, J = 7.8, J' = 6.1 Hz, Ar-H). "*C NMR &
12.16 (C-18), 13.46 (C-19), 20.22 (C-21), 21.06, 21.68, 23.87, 28.16,
37.62, 39.30, 39.32, 39.98, 40.30, 42.90, 46.90, 53.33, 53.77, 55.67,
56.66, 112.25 (d. J = 21.6 Hz), 113.44 (d, J = 21.6 Hz), 121.81 (d,
J=24Hz), 124.45 (C-3), 124.92 (C-2), 126.46 (d, J = 2.4 Hz),
129.79 (d, J = 8.4 Hz), 138.28, 140.35 (d, J = 7.2Hz), 163.08 (d,
J = 244.7 Hz, C-F), 211.82 (C-6). *F NMR {'H} § —113.78 (s, 1F).
HRMS: (API+) calculated for CogHagFO ([M4+H] ™) 421.2907, Found
421.2910.

2.1.5. (22E)-23-(4-fluorophenyl)-24-nor-5a-chola-2,22-dien-6-one (8d)
The general procedure with p-fluorostyrene afforded 96 mg (75%)

of the title compound 8 as a colorless oil. TH NMR (CDCly) 8 0.72,0.73

(both s, 3H, CHy), 1.13 (d, 3H, J = 6.7 Hz, CH,), 1.71-1.80 {m, 2H),
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1.96-2.04 (m, 4H), 2.08 (dt, 1H, J = 12.5, J = 3.2 Hz), 2.22-2.31 (m,
2H), 2.33-2.37, (m, 2H), 5.57 (m, 1H, H-3), 5.69 (m, 1H, H-2), 5.97
(dd, 1H,J = 15.7, F = 8.7 He, H-22), 6.26 (d, 1H, J = 15.7 Hz, H-23),
6.97 (m, 2H, 2 % Ar-H), 7.27 (m, 2H, 2 % Ar-H). 3 NMR 5§ 12.17 (C-18),
13.48 (C-19), 20.35 (C-21), 21.08, 21.69, 23.88, 28.21, 37.65, 39.32,
39.34, 40.01, 40.33, 42.89, 46.92, 53.36, 53.80, 55.79, 56.71, 115.25
(d, J = 20.4Hz, 2xC), 124.47 (C-3), 124.93 (C-2), 126.25 (C-23),
127.28 (d, J = B.4Hz, 2xC), 134.07 (d, J = 3.6 Hz), 136.65 (d,
J=24Hz, C22), 161.79 (d, J = 2447 Hz, C-F), 211.93 (C-6).
Spectral data in agreement with literature [11].

2.1.6. (22E)-23-(2-chlorophenyl)-24-nor-5a-chola-2,22-dien-6-one (8e)

The general procedure with o-chlorostyrene afforded 86 mg (64%)
of the title compound 11a as a colorless oil: IR v (em ™ 1) 2941, 1701,
1655, 1593, 1563, 964. “H NMR (CDCL,) 4 0.73, 0.75 (both s, 3H, CH,);
1.16 (d, 3H, J = 6.7 Hz, CH,): 1.71-1.81 (m, 2H); 1.96-2.04 (m, 4H);
2.08 (dr, 1H,J = 12,5, ' = 3.2 Hz); 2.22-2.33 (m, 2H); 2.34-2.38 (m,
2H); 5.58 (m, 1H, H-3): 5.70 (m, 1H, H-2) 6.04 (dd, 1H, J = 15.6,
J' = 8.9Hz, H22); 6.69 (d, 1H, J = 159 Hz, H-23); 7.13 (m, 1H,
£J = 16.8 Hz, Ar-H); 7.19 (m, 1H, ©J = 15.9 Hz, Ar-H); 7.33 (dd, 1H,
J=79,JF =12Hz, Ar-H): 7.47 (dd, 1H, J = 7.9, ' = 1.5 Hz, Ar-H).
30 NMR & 12.19 (C-18), 13.46 (C-19), 20.26 (C-21), 21.07, 21.68,
23.91, 28.17, 37.62, 39.30, 39.32, 30.98, 40.51, 42.93, 46.91, 53.34,
53,77, 55.63, 56.68, 123.80, 124.46 (C-3), 124.91 (G-2), 126.53,
126.64, 127.73, 129.52, 132.58, 136.00, 139.72, 211.87 (C-6). HRMS:
(AP1+) calculated for CiHaeClO ([IM+H1™) 437.2611, Found
437.2614.

2.1.7. (22E)-23-(3-chlorophenyl)-24-nor-5a-chola-2,22-dien-6-one (8f)

The general procedure with m-chlorestyrene afforded 94 mg (70%)
of the title compound 12a as a colorless oil: IR v (em ™) 2944, 1701,
1654, 1593, 1562, 964, "H NMR (CDCl.) § 0.72, 0.73 (both s, 3H, CHa);
1.13 (d, 3H, J = 6.7 Hz, CHa); 1.70-1.80 (m, 2H); 1.96-2.05 (m, 4H);,
2.07 (dt, 1H, J = 12.5, " = 3.2 Hz); 2.22-2.31 (m, 2H); 2.33-2.37 (m,
2H); 5.58 (m, 1H, H-3); 5.69 (m, 1H, H-2); 6.07 (dd, 1H, J = 15.9,
J* = 8.9 Hz, H-22); 6.25 (d, 1H, J = 15.9 He, H-23); 7.14-7.22 (m, 3H,
3xAr-H); 7.31 (t, 1H, J = 1.7 Hz, Ar-H). '°C NMR & 12.18 (C-18),
13.48 (C-19), 20.24 (C-21), 21.08, 21.69, 23.89, 28.19, 37.64, 39.31,
39.33, 40.01, 40,39, 42.92, 46.92, 53.34, 53.79, 55.66, 56.68, 124.23,
124.47 (C-3), 124.94 (C-2), 126.22, 126.63, 127.74, 129.63, 134.36,
138.47, 139.85, 211.92 (C-6). HRMS: (API+) calculated for C.oH.xCIO
(IM+H]") 437.2611, Found 437.2615.

2.1.8. (22E)-23-(4-chlorophenyl)-24-nor-5a-chola-2,22-dien-6-one (8g)
The general procedure with p-chlorestyrene afforded 100 mg (75%)
of the title compound 8 as a colorless oil. "H NMR (CDCls) § 0.72, 0.73
(both s, 3H, CHs), 1.13 (d, 3H, J = 6.7 Hz, CH1), 1.70-1.80 (m, 2H),
1.96-2.04 (m, 4H), 2.07 (dt, 1H, J = 12.5, J' = 3.4 Hz), 2.22-2.30 (m,
2H), 2.34-2.37, (m, 2H), 5.57 (m, 1H, H-3), 5.69 (m, 1H, H-2), 6.03
(dd, 1H,J = 15.9, F' = B.9 Hz, H-22), 6.27 (d, 1H, J = 15.9 Hz, H-23),
7.24 (s, 4H, 4 % Ar-H). 1*C NMR § 12.19 (C-18), 13.50 {C-19), 20.27 (C-
21), 21.09, 21.70, 23.91, 28.21, 37.66, 39.33, 39.36, 40.04, 40.39,
42.93, 46.94, 53.37, 53.82, 55.75, 56.72, 124.49 (C-3), 124.96 {C-2),
126.30 (C-23), 127.12 (2% C), 128.55 (2% C), 132.22, 136.45, 137.64
(C-22), 211.96 (C-6). Spectral data in agreement with literature [11].

2.1.9. (22E)-23-{2-bromophenyl)-24-nor-5a-chola-2,22-dien-6-one (8h)
The general procedure with o-bromostyrene afforded 87 mg (59%)
of the title compound 13a as a colorless oil: IR v (cm ™ 1) 2944, 1699,
1654, 1593, 1564, 964. "H NMR (CDCls) & 0.72, 0.75 (both s, 3H, CHa);
1.15 (d, 3H, J = 6.7 Hz, CH,); 1.71-1.81 (m, 2H); 1.96-2.04 (m, 4H);
2.08 (dt, 1H, J = 12.5, J = 3.1 Hz); 2.22-2.38 (m, 4H}; 5.57 (m, 1H,
H-3); 5.60 (m, 1H, H-2); 5.99 (dd, 1H, J = 15.6, J/ = 8.9 Hz, H-22);
6.63 (d, 1H, J = 15.6 He, H-23); 7.05 (m, 1H, =J = 16,8 Hz, Ar-H);
7.23 (m, 1H, £J = 16.2 Hz, Ar-H); 7.45 (dd, 1H, J = 7.6, = 1.5 Hz,
Ar-H); 7.52 (m, 1H, J = 9.2 Hz, Ar-H). “*C NMR § 12.24 (C-18), 13.51
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(C-19), 20.28 (C-21), 21.10, 21.70, 23.96, 28.21, 37.66, 39.34, 39.36,
40.03, 40.47, 42.98, 46.95, 53.39, 53.83, 55.66, 56.72, 123.26, 124.50
(C-3), 124.96 (C-2), 126.50, 126.81, 127.33, 128.06, 132.77, 137.80,
139.93, 211.97 (C-6). HRMS: [API+) calculated for CooHag*BrO ([M
+H] ") 481.2106, Found 481.2107.

2.1.10. (22E)-23-(3-bromophenyl)-24-nor-5a-chola-2,22-dien-6-one (8i)

The general procedure with m-bromostyrene afforded 97 mg (66%)
of the title compound 14a as a colorless ail: IR & (em ™ 'y 2044, 1700,
1655, 1588, 1560, 964. 'H NMR (CDCl3) § 0.72, 0.73 (both s, 3H, CHa);
1.13 (d, 3H, J = 6.7 Hz, CHy); 1,71-1,80 (m, 2H); 1,96-2.04 (m, 4H);
2.06 (dt, 1H,J = 12.5, ) = 3.4 Hz): 2.22-2.31 (m, 2H); 2.34-2.37, (m,
2H); 5.58 (m, 1H, H-3): 5.60 (m, 1H, H-2); 6.06 (dd, 1H, J = 157,
J'= 87 Hz, H-22); 6.23 (d, 1H, J = 157 Hz, H-23); 7.14 (1, 1H,
J = 7.8 Hgz, Ar-H); 7.22 (m, 1H, Ar-H); 7.30 (m, 1H, Ar-H); 7.47 (1, 1H,
J = 1.7 Hz, Ar-H). '*C NMR § 12.19 (C-18), 13.50 (C-19), 20.25 (C-21),
21.09, 21.70, 23.91, 28.20, 37.66, 39.34, 39.36, 40.03, 40.41, 42,95,
46.94, 53.37, 53.82, 55.69, 56.71, 122.69, 124.48 (C-3), 124.69,
124.96 (C-2), 126.15, 128.70, 120,56, 120.05, 138,55, 140.17, 211.92
(C-6). HRMS: (API + ) caleulated for CooHae” Bro ([M+H]*) 481.2106,
Found 481.2108.

2.1.11. (22F)-23-(4-bromaophenyl)-24-nor-5a-chola-2,22-dien-6-one (8j)

The general procedure with p-bromostyrene afforded 107 mg (73%)
of the title compound 8 as a colorless oil. "H NMR (CDCl,) 8 0.72, 0.73
(both s, 3H, CHa), 1.13 (d, 3H, J = 6.7 Hz, CHy), 1.70-1.79 (m, 2H),
1.96-2.04 (m, 4H), 2.07 (dt, 1H, J = 12.5, J' = 3.3 Hz), 2.22-2.30 (m,
2H), 2.33-2.37, (m, 2H), 5.57 (m, 1H, H-3), 5.69 (m, 1H, H-2), 6.05
(dd, 1H,J = 15.7, J' = 8.7 Hz, H-22), 6.24 (d, 1H, J = 15.7 He, H-23),
7.18 (m, 2H, 2 % Ar-H), 7.39 (m, 2H, 2 Ar-H), "*CNMR & 12,19 (C-18),
13.49 (C-19), 20.24 (C21), 21.08, 21.70, 23.90, 28.19, 37.65, 39.32,
39.35, 40.02, 40.40, 42.92, 46.93, 53.36, 53.81, 55.71, 56.70, 120.30,
124,47 (C-3), 124.95 (C-2), 126.33 (C-23), 127.47 (2xC), 131.48
(2xC), 136.89, 137.77 (C-22), 211.92 (C-6). Speciral data in agree-
ment with literature [11].

2.1.12. (22E)-23-(2-methylphenyl)-24-nor-5a-chola-2,22-dien-6-one (8k)

The general procedure with o-methylstyrene afforded 83 mg (65%)
of the title compound 15a as a colorless oil: IR » (em™ ") 2932, 1701,
1653, 1593, 1563, 964. "H NMR (CDCly) § 0.72, 0.74 (both s, 3H, CHa);
1.14 (d, 3H, J = 6.7 Hz, CH.); 1.71-1.80 (m, 2H); 1.96-2.04 (m, 4H);
2,07 (dt, 1H, J = 12,6, J' = 3.6 Hz); 2.22-2.31 (m, 2H); 2.32 (s, 3H,
Ar-CHy); 2.33-2.37 (m, 2H) 557 (m, 1H, H-3); 569 (m, 1H,
J = 15.6 Hz, H-2); 5.89 (dd, 1H, J = 15.6, J' = 8.9 Hz, H-22); 6.49 (d,
1H, J = 15.6 Hz, H-23); 7.10-7.15 (m, 3H, 3= Ar-H); 7.37 (d, 1H,
J = 7.3 He, Ar-H). '*C NMR § 12,20 (C-18), 13.48 (C-19), 19.58 (Ar-
CHs), 20.53 (C-21), 21.08, 21.69, 23.92, 28.30, 37.65, 39.31, 39.34,
40.01, 40.72, 42.87, 46.93, 53.35, 53.78, 55.71, 56.73, 124.48 (C-3),
124.93 (C-2), 125.28, 125.45, 125.92, 126.67, 130.06, 134.94, 137.15,
138.43, 211.98 (C-6). HRMS: (API+) calculated for CagHsO ([M
+H] ") 417.3157, Found 417.3160.

2.1.13. (22E)-23-(3-methylphenyl)-24-nor-5a-chola-2,22-dien-6-one (81)

The general procedure with m-methylstyrene afforded 88 mg (69%)
of the title compound 16a as a colorless oil: IR v (em- 1y 20933, 1700,
1653, 1593, 1562, 964. "H NMR (CDCl) § 0.71, 0.73 (both s, 3H, CHa);
1.12 (d, 3H, J = 6.7 Hz, CH,); 1.71-1.79 (m, 2H); 1.95-2.04 (m, 4H);
2.06 (dt, 1H, J = 12.6, J' = 3.5 Hz); 2.20-2.30 (m, 2H); 2.32 (s, 3H,
Ar-CHg); 2.33-2.37 (m, 2H); 5.57 (m, 1H, H-3); 5.68 (m, 1H, H-2); 6.04
(dd, 1H, J = 15.9, ' = 8.9 Hz, H-22); 6.27 (d, 1H, .J = 15.9 Hz, H-23);
7.00 (d, v, J = 7.3 Hz, Ar-H); 7.11-7.19 (m, 3H, 3 x Ar-H). "*C NMR &
12.19 (C-18), 13.49 (C-19), 20,40 (C-21), 21.09, 21.40 (Ar-CHj), 21.70,
23.00, 28.20, 37.66, 39.32, 39.35, 40.03, 40.40, 42.88, 46.94, 53.37,
53.80, 55.82, 56.73, 123.09, 124.49 (C-3), 124.94 (C-2), 126.60,
127.45, 127.51, 128.36, 136,73, 137.89, 137.95, 211.99 (C-6), HRMS:
(API+) calculated for C,H,, O ([M+H] ) 417.3157, Found 417.3161.
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2.1.14. (22E)-23-(4-methylphenyl)-24-nor-5a-chola-2,22-dien-6-one
(8m)

The general procedure with p-methylstyrene afforded 91 mg (71%)
of the title compound 8 as a colorless oil. 'H NMR (CDCl,) § 'H NMR
(CDCL,) & 0.72, 0.73 (both s, 3H, CHy), 1.12 (d, 3H, J = 6.7 Hz, CH.),
1.70-1.79 (m, 2H), 1.96-2.04 (m, 4H), 2.07 (dt, 1H, J = 12.5,
J* = 3.4 Hz), 2.22-2.30 (m, 2H), 2.32 (s, 3H, CH3), 2.33-2.37, (m, 2H),
557 (m, 1H, H-3), 5.69 (m, 1H, H-2), 6.00 (dd, 1H, J = 15.9,
J = B9Hz, H-22), 6.27 (d, 1H, J = 15.9Hz, H-23), 7.09 (d, 2H,
J = 7.9 Hz, 2% Ar-H), 7.22 (d, 2H, J = 7.9 Hz, 2x Ar-H). *C NMR §
12,19 (C-18), 13.49 (C-19), 20.42 (C-21), 21,09 (CH,, Ar-CHj), 21.70,
23.90, 28.19, 37.68, 39.34, 39.36, 40.04, 40.34, 42.88, 46.95, 53.39,
53.81, 55.89, 56.75, 124.50 (C-3), 124.95 (C-2), 125.80 (2% C), 127.21
(C-23), 129,13 (2xC), 135.18, 135.94 (C-22), 136,40, 212.00 (C-6).
Spectral data in agreement with literature [11].

2.1.15. (22F)-23-(2-rrifluoromethylphenyl)-24-nor-5a-chola-2,22-dien-6-
one (8n)

The general procedure with o-trifluoromethylstyrene afforded
82 mg (57%) of the title compound 17a as a colorless oil: IR v (cm™')
2942, 1701, 1653, 1593, 1560, 1128, 964. 'H NMR (CDCls) § 0.73,
0.76 {both s, 3H, CHa); 1.15 (d, 3H, J = 6.7 Hz, CHx); 1.71-1.81 (m,
2H): 1.96-2.04 (m, 4H); 2.07 (dt, 1H, J = 12.6, 0’ = 3.6 Hz); 2.23-2.31
(m, 2H); 2.31-2.38 (m, 2H); 5.58 (m, 1H, H-3); 5.69 (m, 1H, H-2); 6.00
(dd, 1H, J =156, J' = 8.9Hz, H-22); 6.68 (qd, 1H, J = 15.6,
J = 21Hz, H-23); 7.29 (t, 1H, J= 7.7Hz, Ar-H); 746 (1, 1H,
J=7.7Hz, ArH); 7.55 (d, 1H, J=7.7Hz, Ar-H); 7.60 (d, 1H,
J = 7.7 He, Ar-H). *CNMR 8 12,19 (C-18), 13.48 (C-19), 20.17 (C-21),
21.08, 21.70, 23.94, 28.02, 37.63, 39.32 (2= C), 40.00, 40.59, 42.95,
46,92, 53.37, 53.80, 55.68, 56.69, 123.72, 124.38 (g, J = 273.5 Hz),
124.47 (C-3), 124,93 (C-2), 125.58 (q, J = 6.0 Hz), 126.44, 126.92 (q,
J = 30.0 Hz), 127.28, 131.65, 137.26, 141.19, 211.90 (C-6). ""F NMR
{'H} & -59.56 (5, 1F). HRMS: (API+) calculated for CaoHasF30 (M
+HI17) 471.2875, Found 471.2876.

2.1.16. (22E)-23-(3-trifluoromethylphenyl)-24-nor-5a-chola-2,22-dien-6-
one (8o}

The general procedure with m-trifluoromethylstyrene afforded
95 mg (66%) of the title compound 18 as a colorless oil: IR v (cm ™)
2940, 1701, 1655, 1593, 1561, 1124, 964. "H NMR (CDCl,) § 0.72,
0.74 {both 5, 3H, CH.); 1.14 (d, 3H, J = 6.7 Hz, CH;); 1.71-1.80 (m,
2H); 1.97-2.05 (m, 4H); 2.07 (dt, 1H, J = 12.6,J° = 3.3 Hz); 2.22-2.32
(m, 2H); 2.34-2.37 (m, 2H); 5.58 (m, 1H, H-3); 5.69 (m, 1H, H-2); 6.14
(dd, 1H.J = 15.7, J = 8.7 Hz, H-22); 6.34 (d, 1H, J = 15.7 Hz, H-23);
7.37-7.44 (m, 2H, 2xAr-H); 7.48 (d, 1H, J = 7.3 Hz, Ar-H), 7.56 (b s,
1H, Ar-H). °C NMR § 12.19 (C-18), 13.50 (C-19), 20.24 (C-21), 21.09,
21.70, 23.91, 28.23, 37.66, 30.36, 39.37, 40.03, 40.48, 42.96, 46.93,
53.37, 53.82, 55.64, 56.71, 12252 (g, J = 3.6Hz), 123.26 (q,
J =3.6Hz), 12419 (g, J = 272.3 Hz), 124.48 (C-3), 124.96 (C-2),
126.27, 128.85, 120.14, 130.81 (g, J = 324 Hz), 138.71, 138.90,
211.92 (C-6). "'F NMR {'H} § -62.59 (s, 1F). HRMS: (API+) calculated
for CagHagFs0 ([M+H] ') 471.2875, Found 471.2879.

2.1.17. (22E)-23-(4-trifluoromethylphenyl)-24-nor-5a-chola-2, 22-dien-6-
one (8p)

The general procedure with p-trifluoromethylstyrene afforded
102 mg (71%) of the title compound 19a as a colorless oil: IR v (cm ™ B
2040, 1702, 1653, 1593, 1562, 1127, 963. 'H NMR (CDCl) § 0.72,
0.74 (both s, 3H, CHa); 1.15 (d, 3H, J = 6.7 Hz, CHs); 1.71-1.81 {m,
2H); 1.96-2.05 (m, 4H); 2.07 (dt, 1H, J = 12.5, J = 3.4 Hz); 2.21-2.31
{(m, 2H); 2.34-2.37 (m, 2H); 5.58 (m, 1H, H-3); 5.69 (m, 1H, H-2); 6.17
(dd, 1H,J = 15.7, /' = 8.7 Hz, H-22); 6.34 (d, 1H, J = 15.7 Hz, H-23);
7.41 (d, 2H, J = 8.4 Hz, 2% Ar-H); 7.53 (d, 2H, J = 8.4 Hz, 2 % Ar-H).
3C NMR & 12.21 (C-18), 12.51 (C-19), 20.19 (C-21), 21.10, 21.70,
23,92, 28.19, 37.67, 39.34, 39,37, 40.04, 40,49, 42.99, 46.94, 53,38,
53.83, 55.85, 56,70, 124.28 (q, J = 271.5 Hz), 124.48 (C-3), 124.97 (C-
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2), 125.38, 12540 (g, J = 3.6 Hz, 2xC), 126.04 (2% C), 126.35,
128.56 (q, J = 32.4 Hz), 139.66, 211.91 (C-6). '*F NMR {'H} § -62.25
(s, 1F). HRMS: (API+) calculated for CooHagF5O ([M+H] ") 471.2875,
Found 471.2879.

2.1.18. (22E)-23-(2 4-dimethylphenyl)-24-nor-5a-chola-2,22-dien-6-one
(8q)

The general procedure with 2,4-dimethylstyrene and purification on
HPLC afforded 81 mg (61%) of the title compound 20a as a colorless
oil: IR & (em ™ ') 2935, 1701, 1652, 1593, 1560, 964. "H NMR (CDCls) &
0.72, 0.74 (both 5, 3H, CHy); 1.13 (d, 3H, J = 6.7 Hz, CH5); 1.71-1.80
(m, 2H); 1.96-2.04 (m, 4H); 2.07 (dt, 1H, J = 125, J' = 3.4 Hz):
2.20-2.37 (m, 4H): 2.28 (s, 6 H, 2 % Ar-CHy): 5.57 (m, 1H, H-3); 5.69
(m, 1H, H-2); 5.85 (dd, 1H, J = 15.6, J' = 8.9 Hz, H-22); 6.45 (d, 1H,
J = 15.6 Hz, H-23); 6.94 (s, 1H, Ar-H); 6.95 (d, 1H, J = B.3 Hz, Ar-H);
7.27 (d, 1H, J = 8.3 Hz, Ar-H). '*C NMR § 12.20 (C-18), 13.48 (C-19),
19.76 (Ar-CHy), 20.57 (C-21), 20.97 (Ar-CH3), 21.08, 21.70, 23.92,
28.28, 37.66, 39.32, 39.35, 40.02, 40.68, 42.85, 46.93, 53.37, 53.79,
55.78, 56.75, 12448 (C-3), 124.93 (C-2), 125.00, 125.38, 126.64,
130.84, 134.29, 134.77, 136.28, 137.58, 211,98 (C-6). HRMS: (API+)
calculated for CaiHqs0 ([M+H]") 431.3314, Found 431.3318.

2.1.19. (22F)-23-(2,5-dimethylphenyl)-24-nor-5a-chola-2,22-dien-6-one
(8r)

The general procedure with 2,5-dimethylstyrene and purification on
HPLC afforded 77 mg (58%) of the title compound 21a as a colorless
oil: TR v (em ™ ') 2931, 1699, 1653, 1593, 1560, 963, "H NMR (CDCl,) &
0.72, 0.74 (both 5, 3H, CHa); 1.13 (d, 3H, J = 6.7 Hz, CH3); 1.71-1.80
(m, 2H); 1.96-2.04 (m, 4H); 2.08 (di, 1H, J = 12.5, J' = 3.3 Hz);
2,22-2.31 (m, 2H); 2.27, 2.30 (both s, 3H, Ar-CHa); 2.32-2.37 (m, 2H);
5.57 (m, 1H, H-3); 5.69 (m, 1H, H-2); 5.88 (dd, 1H, J = 15.6,
J = 8.9Hz, H-22); 6.46 (d, 1H, J = 15.6 Hz, H-23); 6.92 (dd, 1H,
J = 7.6,J = 1.2 Hz, Ar-H); 7.00 (d, 1H, J = 7.6 Hz, Ar-H);, 7.18 (b s,
1H, Ar-H). C NMR § 12.20 (C-18), 13.48 (C-19), 19.36 (Ar-CHa),
20.57 (C-21), 21.00 (Ar-CHa), 21.09, 21.70, 23.92, 28.31, 37.66, 39.33,
30.37, 40.02, 40.73, 42.87, 46.93, 53.37, 53.80, 55.74, 56.77, 124.48
(C-3), 124.94 (C-2), 125.37, 126.07, 127.43, 130.01, 131.89, 135.23,
136.88, 138.12, 211.95 (C-6). HRMS: (AP1+) calculated for C,,H,,0
([M+H] ") 431.3314, Found 431.3318.

2.1.20. (22E)-23-(4-t-butylphenyl)-24-nor-5a-chola-2,22-dien-6-one (8s)

The general procedure with p-t-butylstyrene and purification on
HPLC afforded 84 mg (60%) of the title compound 22a as a colorless
oil: [R » {em ™ ') 2939, 1702, 1651, 1593, 1564, 1372, 963. 'H NMR
(CDCl2) & 0.73, 0.74 (both s, 3H, CHa); 1.13 (d, 3H, J = 6.7 Hz, CHz);
1.32 (s, 9 H, t-Bu); 1.71-1.80 (m, 2H); 1.97-2.05 (m, 4H); 2.08 (dt, 1H,
J =127, J" = 3.4 Hz); 2.23-2.32 (m, 2H); 2.35-2.38 (m, 2H); 5.59 (m,
1H, H-3)%; 5.70 (m, 1H, H-2); 6.03 (dd, 1H, J = 15.7, J' = 8.7 Hz, H-
22); 6.30 (d, 1H, J = 15.7 Hz, H-23); 7.27-7.29 (m, 2H, 2 x Ar-H);
7.32-7.34 (m, 2H, 2x Ar-H). '°C NMR 5 12.18 (C-18), 13.48 (C-19),
20.46 (C-21), 21.08, 21.70, 23.90, 28.17, 31.28 (3= C, t-Bu), 37.66,
39.32, 39.35, 40.02, 40.39, 42.86, 46.94, 53.38, 53.80, 55.84, 56.74,
124.48 (C-3), 124.94 (C-2), 125.35 (2xC), 125.60 (2xC), 127.08,
135.17, 136.17, 149.72, 211.97 (C-6). HRMS: (API+) calculated for
CaqHyO ([M+H] ') 459.3627, Found 459.3629,

2.1.21. (22E)-23-{4-phenylphenyl)-24-nor-5a-chola-2,22-dien-6-one (8t)

The general procedure with p-phenylstyrene afforded 47 mg (32%)
of the title compound 23a as a colorless oil: IR v (cm- 1y 2949, 1700,
1654, 1593, 1565, 1465, 960. 'H NMR (CDCls) 8 0.72, 0.75 (both s, 3H,
CHy); 1.15 (d, 3H, J = 6.7 Hz, CH3); 1.71-1.80 (m, 2H); 1.96-2.04 (m,
4H); 2.08 (dt, 1H,J = 12,5, = 3.1 Hz); 2.22-2.31 (m, 2H); 2.33-2.37
(m, 2H); 5.57 (m, 1H, H-3); 5.69 (m, 1H, H-2); 6.11 (dd, 1H,J = 157,
J = 8.7 Hz, H-22); 6.34 (d, 1H, J = 15.7 Hz, H-23); 7.33 (m, 1H, Ar-
H); 7.39-7.44 (m, 4H, 4xAr-H); 7.52-7.54 (m, 2H, 2xArH):
7.57-7.60 (m, 2H, 2x Ar-H). **C NMR § 12.20 (C-18), 13.50 (C-19),
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20.39 (C-21), 21.10, 21.70, 23.92, 2821, 37.68, 39.34, 39.37, 40.04,
40.47, 42.93, 46.95, 53.39, 53.82, 55.84, 56.74, 124.50 (C-3), 124.96
(C-2), 126.32 (2% C), 126.86 (2xC), 126.98, 127.12, 127.16 (2% C),
128.73 (2% C), 137.04, 137.15, 139,51, 140.83, 211.98 (C-6). HRMS:
(AP1+) calculated for CygHas0 ([M+H] ") 479.3314, Found 479.3317.

2.1.22. (22E)-23-(2-isopropoxyphenyl)-24-nor-5a-chola-2,22-dien-6-one
(&)

The general procedure with different bis-ortho substinuted styrene or
without styrene afforded 20 mg (14%) of the title compound 9 as a
colorless oil: IR ¢ (em ™ ') 2940, 1701, 1653, 1591, 1561, 963, 'H NMR
(CDCl,) § 0.72, 0.74 (both s, 3H, CH,); 1.14 (d, 3H, J = 6.7 Hz, CH,);
1.34 (d, 34, J = 6.1 Hz, CH{CH,),); 1.35 (d, 3H, J = 6.1 Hz, CH
(CH;),); 1.71-1,81 (m, 2H); 1.96-2.02 (m, 41); 2.08 (dr, 1H, J = 125,
J = 3.2Hz); 2.22-2.31 (m, ZH); 2.33-2.37 (m, 2H); 4.49 (septet, 1H,
J = 6.1 Hz, OCH(CH,),); 5.58 (m, 1H, H-3); 5.69 (m, 1H, H-2); 6.03
(dd, 1H, J = 15.9, ' = 8.9 Hz, H-22); 6.62 (d, 1H, J = 15.9 Hz, H-23);
6.85-6.90 (m, 2H); 7.13 {m, 1H); 7.40 (dd, 1H, J = 7.6, F = 1.5 Hz).
B0 NMR & 12.21 (C-18), 12.50 (C-19), 20.51 (C-21), 21.10, 21.70,
22.25 (2% C, CH(CHa)z), 23.94, 28.21, 37.69, 39.34, 39.37, 40.05,
40,70, 42.89, 46.97, 53.41, 53.82, 55.94, 56.77, 71.04 (OCH(CHa)a),
114.70, 120,71, 122.32, 12451 (C-3), 124.94 (C-2), 126.31, 12749,
128.43, 137,13, 154.79, 212.05 (C-6). HRMS: (API+) calculated for
Gy2Hys0s (IM+HI ™) 461.3420, Found 461.3423.

2.2. General procedure for dihydroxylation of dienes

To a solution of diene (0.2 mmol); hydroguinidine 4-chlorobenzoate
(23 mg; 0.049 mmol); methansulfonamide (33 mg; 0.35 mmol); po-
tassium carbonate (140 mg, 1.01 mmel); and potassium ferricyanide
(350 mg; 1.06 mmol) in the mixture of t-butanol and water (15 ml;
1:1 v/v) was added 0.1 mL of osmium tetroxide in t-butanol (1 g/
20 mL; 0.02 mmel). Reaction mixture was stirred at room temperature
for 24 h. A saturated solution of sodium sulfite (3 mL) was then added.
Adter an additional 30 min of stirring, the reaction mixture was diluted
with ethyl acetate (30 mL) and extracted with water (2 x 20 mL). The
combined organic fractions were dried over anhydrous magnesium
sulfate and evaporated under reduced pressure. Column chromato-
graphy on silica gel (mobile phase - MeOH/CHCl; - 1/16) gave the
desired product.

Compounds 10a (m. p. 269-271 °C, EtOH), 10d (m. p. 276-278 °C,
EtOH), 10g (m. p. 251-253 °C, ELOH), 10j (m. p. 248-249 °C, i-PrOH),
and 10m (m. p. 271-273 "C, EtOH) were prepared according to general
procedure which is also described in literature [11]. All data for these
compounds are in agreement with same literature.

2.2.1. (22R, 23R)-20,30,22,23-tetrahydroxy-23-(2-fluorophenyl)-24-nor-
Sa-cholan-6-one (10b)

The general procedure for dihydroxylation of 8b (60 mg;
0.14 mmol) afforded 54 mg (77%) of the title compound 10b as a white
solid: m. p. 288-200°C (EtOH): IR v (em™ ') 3348 vb, 2041, 1710,
1620, 1587, 1492, 757. 'H NMR (DMS0-d,,) & 0.34 (H-18), 0.60 (H-19)
(both s, 3H, CH.); 0.86 (d, 3H, J = 6.4 Hz, H-21, CHa); 1.80 (m, 1H);
1.87 (m, 1H); 1.98 (m, 1H); 2.07 (t, 1H, J = 12.6 Hz); 2.58 (d, 1H,
J = 12.4 Hz); 3.44 (m, 1H, H-2); 3.58 (m, 1H, H-3); 3.74 (m, 1H, H-22);
418 (br 5, 1H, OH); 4.31 (d, 1H, J = 5.8 Hz, OH); 4.62 (d, 1H,
J = 1.8 Hz, OH); 4.66 (d, 1H, J = 8.3 Hz, H-23); 5.25 (br s, 1H, OH);
7.12 (m, 1H); 7.18 (m, 1H); 7.29 {m, 1H); 7.38 (m, 1H). ’C NMR &
11.32 (C-18), 1251 (C-19), 13.30 (C-21), 20.73, 23.27, 26.73, 27.21
36.77, 36.98, 39.06, 40.10, 41.79, 42.00, 45.94, 50.25, 51.89, 52.86,
55.93, 67.08 (C-2), 67.45 (C-3), 68.48 (C-23), 75.65 (C-22), 114.92 (d,
J = 22.8Hz), 124.31 (d, J = 3.6 Hz), 128.82 (d, J = 3.6 Hz), 128.87,
130.01 (d, J = 14.2 Hz), 159.61 (d, J = 243.5 Hz, C-F), 211.39 (C-6).
g NMR {'H} § —118.49 (s, 1F). HRMS: (API+) calculated for
CagHypFO5 ([M+H] ™) 489.3016, Found 489.3017. Anal. Caled for
CyoH4 FOS: C, 71.28; H, 8.46. Found: C, 71.30; H, 8.45%.
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222 (22R, 23R)-2a,3a,22,23-tetrahydroxy-23-(3-fluorophenyl}-24-nor-
Sa-cholan-6-one {10c)

The general procedure for dihydroxylation of Be (60 mg:
0.14 mmol) afforded 59 mg (85%) of the title compound 10c as a white
solid: m. p. 278-279°C (EtOH); IR v (cm ') 3334 vb, 2939, 1710,
1615, 1591, 1461, 763. 'H NMR (DMSO-d,) 8 0.34 (H-18), 0.59 (H-19)
(both s, 3H, CH3); 0.86 (d, 3H, J = 6.4 Hez, H-21, CH3); 1.80 (m, 1H);
1.86 (m, 1H); 1.98 (dd, 1H, J = 12.8, J° = 4.4 Hz); 2.07 (&, 1H,
J =12.8 Hz): 2.57 (dd, 1H, J = 12.0, J = 3.0 Hz); 3.43-3.48 (m, 2H,
H-2, H-3); 3.74 (m, 1H, H-22); 4.18 (d, 1H, J = 2.4 Hz, OH); 4.32 (d,
1H, J = 6.1 Hz, OH); 4.39 (dd, 1H, J = 7.9, J' = 3.4 Hz, H-23); 4.57
(d, 1H, J = 4.3 Hz, OH): 5.24 (d, 1H, J = 4.0 Hz, OH); 7.04-7.12 (m,
3H); 7.35 (m, 1H). *C NMR § 11.38 (C-18), 12.53 (C-19), 13.35 (C-21),
20.78, 23.28, 26,81, 27.25 36.48, 37.01, 39.08, 40.09, 41.83, 42,05,
45.94, 50.28, 51.88, 52.85, 55.94, 67.09 (C-2), 67.48 (C-3), 74.56 (C-
23), 76.17 (C-22), 113.46 (d, J = 21.6 Hz), 113.88 (d, J = 21.6 Hz),
123.05, 129.96 (d, J = 8.4 Hz), 14653 (d, J = 7.2 Hz), 162.04 (d,
J = 2423 Hz, C-F), 211,54 (C-6). “°F NMR {1H} § -113.41 (s, 1F).
HRMS: (API+) calculated for CagHaaFOs ([M+H] 1) 489.3016, Found
489.2017. Anal. Caled for CaeH4 FOs: C, 71.28; H, 8.46. Found: C,
71.26: H, 8.49%.

2.2.3. (22R, 23R)-2a,3a,22, 23-terrahydroxy-23-(2-chlorophenyl)-24-nor-
Sa-cholan-6-one (10e)

The general procedure for dihydroxylation of 8e (60 mg;
0.14 mmol) afforded 54 mg (78%) of the title compound 10e as a white
solid: m. p. 290-292 °C (EtOH); IR » (em™') 3307 vb, 2936, 1693,
1595, 1572, 1463, 760. 'H NMR (DMSO-ds) & 0.38 (H-18), 0.60 (H-19)
(both s, 3H, CH4); 0.93 (d, 3H, J = 6.7 He, H-21, CHa); 1.79 (m, 1H);
1.89 (m, 1H); 1.98 (dd, 1H, J = 13.4, J'= 4.7 Hz); 2.07 (1, 1H,
J = 12.3 Hz); 2.58 (dd, 1H, J = 12.3, J' = 3.4 He); 3.45 (m, 1H, H-2);
3.58 (bd, 1H, J = 8.0 Hz, H-3); 3.74 (m, 1H, H-22); 4.18 (bd, 1H,
J=24Hz, OH); 4.31 (d, 1H, J=61Hz, OH);, 458 (bd, 1H,
J = 3.4Hz, H-23); 4.79 (d, 1H, J = 7.3 Hz, OH); 5.28 (bs, 1H, OH);
7.26 (m, 1H); 7.34 (td, 1H,J = 7.5,/ = 1.2 Hz); 7.39 (dd, 1H, J = 7.9,
J' = 1.2 Hz); 7.44 (dd, 1H, J = 7.8, ' = 1.7 Hz). "*C NMR & 11.37 (C-
18), 13.36 (C-19), 13.39 (C-21), 20.76, 23.33, 26.81, 27.40, 37.01,
37.36, 39.04, 40.10, 41.82, 42.08, 45.93, 50.26, 52.13, 52.84, 55.93,
67.09 (C-2), 67.47 (C-3), 71.00 (C-23), 75.66 (C-22), 127.19, 128.65,
12892, 129.13, 131.92, 141.13, 211.54 (C-6). HRMS: (API+) calcu-
lated for CaeH,.ClO, ([M+H] ") 505.2721, Found 505.2720. Anal.
Caled for CagHy ClOg: C, 68.96; H, 8.18. Found: C, 68.93; H, 8.19%.

2.2.4. (22R, 23R)-2a,30.22,23-tetrahydroxy-23-(3-chloropheny)-24-nor-
Sa-cholan-6-one (10f)

The general procedure for dihydroxylation of 8f (60 mg;
(.14 mmol) afforded 56 mg (80%) of the title compound 10f as a white
solid: m. p. 260-270°C (EtOH); IR v (cm ') 3257 vb, 2036, 1709,
1600, 1576, 1461, 781, 699. 'H NMR (DMS0O-d,) & 0.35 (H-18), 0.60
(H-19) (both s, 3H, CH.); 0.86 (d, 3H, J = 6.7 Hz, H-21, CH,); 1.79 (m,
1H); 1.87 (m, 1H); 1.96 (dd, 1H, J = 13.4, / = 4.6 Hz); 2.07 (t, 1H,
J = 12.3 Hz); 2.58 (dd, 1H, J = 12.3, ' = 3.2 Hz); 3.43-3.46 (m, 2H,
H-2, H-3); 3.74 (m, 1H, H-22); 4.18 (bd, 1H, J = 2.1 Hz, OH); 4.33 (d,
1H, J = 5.8Hz, OH); 4.38 (bd, 1H, J = 8.3 Hz, H-23); 4.59 (d, 1H,
J = 3.4 Hz, OH); 5.26 (bs, 1H, OH); 7.23 (m, 1H); 7.29-7.31 (m, 2H);
7.35 (t, 1H, J = 7.6 Hz). '*C NMR & 11.44 (C-18), 12.58 (C-19), 13.39
(C-21), 20.81, 23.33, 26.85, 27.31, 36.59, 37.06, 30.12, 40.11, 41.88,
42,09, 45.98, 50.33, 51.93, 52.90, 55.98, 67.13 (C-2), 67.52 (C-3),
74.56 (C-23), 76.16 (C-22), 125.73, 126.77, 127.12, 130.01, 132.75,
146.12, 211.64 (C-6). HRMS: (API+) calculated for CpoH,2ClOs ([M
+H]*) 505.2721, Found 505.2716. Anal. Caled for CuoH,,ClOg: C,
68.96; H, 8.18. Found: C, 68.95; H, 8.23%.

2.2.5. (22R, 23R)-2a,30,22,23-tetrahydroxy-23-(2-bromaophenyl)-24-nor-
Sa-cholan-6-one (10h)
The general procedure for dihydroxylation of 8h (60 mg;
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(.13 mmol) afforded 55 mg (81%) of the title compound 10h as a white
solid: m. p. 288-289 °C (EtOH): IR » (cm ') 3313 vb, 2944, 1699,
1593, 1564, 1471, 786, 682. 'H NMR (DMSO-d,) & 0.39 (H-18), 0.60
(H-19) (both s, 3H, CH,); 0.95 (d, 3H, J = 6.7 Hz, H-21, CH,}; 1.78(m,
1H); 1.89 (m, 1H); 1.98 (dd, 1H, J = 13.1, J' = 4.6 Hz); 2.07 (¢, 1H,
J =123 Hz); 258 (dd, 1H, J = 12.3, J' = 3.2 Hz); 3.46 (m, 1H, H-2);
3.58 (bd, 1H, J = 7.0 Hz, H-3); 3.74 (m, 1H, H-22); 4.20 (d, 1H,
J = 1.8Hz, OH); 4.34 (d, 1H, J = 5.8 Hz, OH); 4.58 (m, 1H, H-23)%;
4.73(d, 1H, J = 7.0 Hz, OH): 5.31 (bs, 1H, OH); 7.18 (m, 1H): 7.38 (m,
1H) 7.42 (dd, 1H, J=7.9, J' = 1.8Hg}; 7.55 (dd, 1H J =79,
J =1,2Hz). ¥C NMR & 11.45 (C-18), 13.40 (C-19), 13.69 (C-21),
20.81, 23.40, 26.86, 27.47, 37.07, 37.60, 39.10, 40.10, 41.89, 4215,
45.08, 50.34, 52.22, 52.89, 55.97, 67.13 (C-2), 67.52 (C-3), 73.47 (C-
23), 75.65 (C-22), 122,72, 127.76, 129.08, 129.46, 132.26, 142,83,
211.68 (C-6). HRMS: (API+) calculated for CogHy,  BrOs ([M+H]™)
549.2216, Found 549.2211. Anal. Caled for CpqHy BrOs: C, 63.38; H,
7.52. Found: C, 63.35; H, 7.56%.

2.2.6. (22R, 23R)-20, 30,22, 23-teirahydroxy-23-(3-bromophenyl}-24-nor-
Se-cholan-6-one (101)

The general procedure for dihydroxylation of 8i (60 mg; 0.13 mmol)
afforded 54 mg (79%) of the title compound 10i as a white solid: m. p.
264-265 °C (F1OH); IR v (em™') 3242 vb, 2935, 1709, 1596, 1572,
1460, 782, 700. *H NMR (DMSO-de) & 0.35 (H-18), 0.60 (H-19) (both s,
3H, CHa); 0.86 (d, 3H, J = 6.7 Hz, H-21, CH3); 1.79 (m, 1H); 1.87 (m,
1H); 1.98 (dd, 1H, J = 13.1, J' = 4.8 Hz); 2.07 (t, 1H, J = 12.3 Hz);
2,58 (dd, 1H, J = 12.3, /' = 3.2 Hz); 3.42-3.46 (m, 2H, H-2, H-3); 3.74
(m, 1H, H-22); 4.19 (bs, 1H, OH}; 4.33 (bd, 1H, J = 5.5 Hz, OH); 4.37
(bd, 1H, J = 8.3 He, H-23); 4.59 (bs, 1H, OH); 5.26 (bs, 1H, OH);
7.26-7.30 (m, 2H); 7.43 (m, 1H); 7.45 (m, 1H). *°C NMR & 11.44 (C-
18), 12.58 (C-19), 13.38 (C-21), 20.80, 23.32, 26.84, 27.30, 36.60,
37.05, 39.11, 40.10, 41.87, 42.09, 45.97, 50.32, 51.93, 52.89, 55.97,
67.12 (C-2), 67.51 (C-3), 74.52 (C-23), 76.15 (C-22), 121.39, 126.10,
129.69, 130.00, 130.33, 146.38, 211.62 (C-6). HRMS: (API+) calcu-
lated for CasHaa""BrOs ([M+H]7) 549.2216, Found 549.2211. Anal.
Caled for CzeHsiBrOs: C, 63.38; H, 7.52. Found: C, 63.32; H, 7.59%.

2.2.7. (22R,  23R)-2a,3a.22,23-tetrahydroxy-23-(2-methylphenyl)-24-
nor-5a-cholan-6-one (10k)

The general procedure for dihydroxylation of 8k (60 mg;
0.14 mmol) afforded 53 mg (76%) of the title compound 10k as a white
solid: m. p. 269-271 °C (EtOH); IR v (cm ~T) 3300 vb, 2942, 1706,
1631, 1604, 1461, 981, 759, "H NMR (DMSO-d,) & 0.29 (H-18), 0.55
(H-19) (both s, 3H, CHz); 0.81 (d, 3H, J = 6.4 Hz, H-21, CH3); 1.76 (m,
1H); 1.83 (m, 1H); 1.97 (dd, 1H, J = 13.1, J* = 4.9 Hz); 2.02 (¢, 1H,
J = 12.3 Hz); 2.26 (s, 3H, CHz); 2,58 (dd, 1H, J = 12.3, J' = 3.2 Hz);
3.40 (m, 1H, H-2); 3.59 (dd, 1H, J = 8.1, J' = 2.6 Hz, H-3); 3.69 (m,
1H, H-22); 4.13 (d, 1H, J = 2.1 He, OH); 4.27 (d, 1H, J = 5.8 Hz, OH);
4.44 (d, 1H, J = 4.0 Hz, OH); 4.52 (dd, 1H, J = 8.3, J' = 1.8 Hz, H-
23); 4.94 (d, 1H, J = 3.4 Hz, OH); 7.06-7.08 (m, 2H); 7.10 (m, 1H)
7.20 (d, 1H, J = 7.3 He). '*C NMR § 11.42 (C-18), 13.25 (C-19), 13.37
(C-21), 19.32 (Ar-CHg), 20.79, 23.35, 26.83, 27.35, 36.79, 37.04,
39.07, 40.10, 41.86, 42.09, 45.96, 50.31, 52.21, 52.87, 55.95, 67.11 (C-
2), 67.50 (C-3), 71.41 (C-23), 75.50 (C-22), 125.74, 126.82, 127.38,
130.15, 135.06, 141.42, 211.61 (C-6). HRMS: (API+) calculated for
CapHas0- ([M+H]') 485.3267, Found 485.3268. Anal. Caled for
CapHasOo: C, 74.34; H, 9.15. Found: C, 74.29; H, 9.19%.

2.2.8. (22R, 23R)-2a,3a,22,23-tetrahydroxy-23-(3-methylphenyl)-24-
nor-5a-cholan-6-one (100)

The general procedure for dihydroxylation of 81 (60 mg; 0.14 mmaol)
afforded 55 mg (79%) of the title compound 101 as a white solid: m. p.
276-278 °C (EtOH); TR v (em ™) 3315 vb, 2938, 1708, 1611, 1593,
1460, 988, 707. "H NMR (DMSO0-dg) § 0.32 (H-18), 0.60 (H-19) (both s,
3H, CHy); 0.85 (d, 3H, J = 6.4 Hz, H-21, CHg); 1.80 (m, 1H); 1.87 (m,
1H); 1.98 (dd, 1H, J = 13.2, J' = 49 Hz); 2.07 (1, 1H, J = 12.6 Hz);

51

Steroids 127 (2017) 46-55

2.28 (s, 3H, CH,); 2.58 (dd, 1H, J = 12.1, /' = 3.2 Hz); 3.44-3.49 (m,
2H, H-2, H-3); 3.74 (m, 1H, H-22); 4.18 (d, 1H, J = 2.1 Hz, OH);
4.30-4.33 (m, 2H, H-23, OH); 4.46 (d, 1H, J = 4.0 Hz, OH); 5.03 (d,
1H, J = 3.4 Hz, OH); 7.03-7.05 (m, 2H); 7.07 (s, 1H); 7.19 (1, 1H,
J = 7.5 Hz). "*C NMR 5 11.45 (C-18), 12.51 (C-19), 13.37 (C-21), 18.59
(Ar-CH), 20.80, 23.32, 26.83, 27.23, 36.35, 37.04, 39.12, 40.10,
41.86, 42.08, 45.97, 50.31, 51.91, 52.88, 55.97, 67.11 (C-2), 67.50 (C-
3), 75.15 (C-23), 76.21 (C-22), 124.15, 127.67, 127.83, 127.94, 136.99,
143.20, 211.62 (C-6). HRMS: (API+) calculated for CapHasOs ([M
+H] ") 485.3267, Found 485.3269. Anal. Caled for CagHagOs: C, 74.34;
H, 9.15. Found: C, 74.31; H, 9.16%.

22.9. (22R, 23R)-20,30,22, 23-terrahydroxy-23-(2-trifiuoromethylphenyl)-24-
nor-5a-cholan-6-one (10n)

The general procedure for dihydroxylation of 8n (60 mg;
0.13 mmol) afforded 50 mg (73%) of the title compound 10n as a white
solid: m. p. 268-270 °C (EtOH); IR & {em ™) 3418 vb, 2939, 1701,
1613, 1589, 1315, 1114, 772. 'H NMR (DMS0-d;) § 0.38 (H-18), 0.60
(H-19) (both s, 3H, CHa); 0.87 (d, 3H,.J = 6.4 Hz, H-21, CHy); 1.82 (m,
TH); 1.88 (m, 1H); 1.99 (dd, 1H, J = 13.1, J = 4.6 Hz); 2.07 (1, 1H,
J=12.6 Hz): 2.58 (dd, 1H, J = 12.2, J' = 3.1 Hz); 3.45 (m, 1H, H-2):
3.66 (m, 1H, H-3); 3.74 (bs, 1H, H-22); 4.18 (d, 1H, J = 2.1 Hz, OH);
4.31 (d, 1H, J = 6.1 Hz, OH); 4.63 (d, 1H, J = 4.3 Hz, H-23); 4.70 (d,
1H, J = 4.6 Hz, OH); 5.32 (bs, 1H, OH); 7.46 (m, 1H); 7.65-7.70 (m,
3H). *C NMR § 11.31 (C-18), 12.83 (C-19), 13.35 (C-21), 20.75, 23.34,
26.81, 27.38, 37.00, 37.77, 39.04, 40.10, 41.82, 42.11, 45.91, 50.28,
52.32, 52,84, 55.91, 67.09 (C-2), 67.47 (C-3), 69.76 (C-23), 75.19 (C-
22), 124,49 (g, J = 274.7 Hz, CF,), 126.26 (q, J = 28.8 Hz), 125.21 (q,
J = 5.0 Hz), 127.59, 129.38, 132.39, 142.56, 211.54 (C-6). "F NMR
{'H} & -55.95 (s, 1F), HRMS: (API+) caleulated for CayHyaFa05 ([M
+H] ") 539.2984, Found 539.2986. Anal. Caled for CipHaiFa0s: C,
66.89; H, 7.67. Found: C, 66.88; H, 7.69%.

2.2.10. (22R, 23R)-2a,30,22,23-terahydroxy-23-(3-trifluoromethyiphenyl)-
24-nor-5a-cholan-6-one (100)

The general procedure for dihydroxylation of 8o (60 mg;
(.13 mmol) afforded 53 mg (77%) of the title compound 100 as a white
solid: m. p. 243-245 °C (EtOH); IR v (em™ ") 3257 vb, 2934, 1712,
1618, 1457, 1329, 1113, 706. "H NMR (DMSO-d,) & 0.32 (H-18), 0.59
(H-19) (both s, 3H, CH4); 0.86 (d, 3H, J = 6.4 Hz, H-21, CH4); 1.79 (m,
1H); 1.86 (m, 1H); 1.97 (dd, 1H, J = 13.1, J* = 4.6 Hz); 2.07 (t, 1H,
J = 12.6 Hz); 2.57 (dd, 1H, J = 12.2, J* = 3.3 Hz); 3.42-3.49 {m, 2H,
H-2, H-3); 3.74 (bs, 1H, H-22); 4.19 (d, 1H, J = 1.8 He, OH); 4.33 (d,
1H, J = 5.5 Hz, OH); 4.50 (d, 1H, J = 7.9 Hz, OH); 4.65 (bs, 1H, H-23);
5.35 (bs, 1H, OH); 7.54-7.62 (m, 4H). '*C NMR & 11.30 (C-18), 12.59
(C-19), 13.36 (C-21), 20.78, 23.30, 26.83, 27.22, 36.54, 37.01, 39.08,
40.10, 41.84, 42.09, 45.94, 50.31, 51.93, 52.86, 55.94, 67.11 (C-2),
67.50 (C-3), 74.52 (C-23), 76.23 (C-22), 123.38 (q, J = 4.0 Hz), 123.84
{q, J=4.0Hz), 12437 (q, J=272.3Hz, CFj, 128.77 (q,
J = 31.8 Hz), 129.14, 131.12, 145.01, 211.59 (C-6). '°F NMR {'H} §
-60.97 (s, 1F). HRMS: (AP1+) calculated for CagHyaFi05 ([M+H]*)
539.2984, Found 539.2985. Anal. Caled for CagHa F505: C, 66.89; H,
7.67. Found: C, 66.85; H, 7.71%.

2211 (22R, 23R)-2a,3a 22, 23-tetrahydroxy-23-(4-riftuoromethylphenyl)-
24-nor-5a-cholan-6-one (10p)

The general procedure for dihydroxylation of 8p (60 mg;
0.13 mmol) afforded 54 mg (78%) of the title compound 10p as a white
solid: m. p. 265-266 °C (EtOH); IR v (cm ™ ') 3224 vb, 2937, 1710,
1621, 1461, 1321, 1121, 838. 'H NMR (DMS0-ds) & 0.33 (H-18), 0.59
(H-19) (both s, 3H, CHa); 0.86 (d, 3H, J = 6.4 Hz, H-21, CHs}; 1.80 (m,
1H); 1.86 (m, 1H); 1.98 (dd, 1H, J = 13.1, J' = 4.6 He); 2.07 (t, 1H,
J =126 Hz); 2.58 (dd, 1H, J = 12.2, 7' = 3.1 Hg); .44 (m, 1H, H-2);
3.50 (d, 1H, J = 7.6 Hz, H-3); 3.74 (bs, 1H, H-22); 4.19 (bs, 1H, OH);
4.33 (d, 1H, J = 4.6 Hz, OH); 4,47 (d, 1H, J = 8.3 Hz, H-23); 4.66 (bs,
1H, OH); 5.34 (bs, 1H, OH): 7.50 (d, 2H, J = 8.1 Hz); 7.68 (d, 2H,
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J =8.1Hz). '"C NMR § 11.41 (C-18), 12.57 (C-19), 13.36 (C-21),
20.80, 23.29, 26.83, 27.26, 36.61, 37.03, 39.11, 40.10, 41.85, 42.07,
45.96, 50.31, 51.92, 52.87, 55.95, 67.11 (C-2), 67.50 (C-3), 74.68 (C-
23), 76.10 (C-22), 124.40 (g, J = 271.9 Hz, CF,), 124.96 (g, 2%C,
J = 3.6 Hz), 127.70 (q, J = 31.2 Hz), 127.80 (2xC), 148.29, 211.59
(C-6). YF NMR {'H} & -60.59 (s, 1F). HRMS: (AP1+) calculated for
CagHazF305 ([M+H] ") 539.2084, Found 539.2086. Anal. Caled for
CagHai F30s: C, 66.89; H, 7.67. Found: C, 66.86; H, 7.70%.

2212 (22R, 23R)-2a,3a,22 23-tetrahydroxy-23-(2,4-dimethylphenyl)-
24-nor-5a-cholan-6-one (10q)

The general procedure for dihydroxylation of 8gq (60 mg;
0.14 mmol) afforded 52 mg (75%) of the ritle compound 10q as a white
solid: m. p. 253-255°C (EtOH); IR » (em™*) 3350 vb, 2943, 1693,
1617, 1502, 1458, 987, 817, *H NMR (DMSO-d,) 8 0.35 (H-18), 0.60
{H-19) (both s, 3H, CH): 0.85 (d, 3H, J= 6.4Hz, H-21, CHy):
1.78-1.88 (m, 2H); 1.98 (dd, 1H, J = 13.1, ' = 4.6 Hz); 2.07 (1, 1H,
J = 125Hz); 2.22 (5, 3H, Ar-CHz); 2.26 (s, 3H, Ar-CH3); 2.58 (dd, 1H,
J =121, = 3.0 Hz); 3.44 (m, 1H, H-2); 3.63 (dd, 1H, J = 8.3 Hz, H-
3); 3.74 (m, 1H, H-22): 4.19 (bs, 1H, OH); 4.33 (bs, 1H, OH): 4.46 (bs,
1H, OH): 4.52 (d, 1H, J = 8.3 Hz, H-23); 4.89 (bs, 1H, OH); 6.93 (s,
1H): 696 (d, 1H, J = 7.9 Hz): 7.12 (d, 1H, J = 7.9 Hz). '*C NMR §
11.50 (C-18), 13.13 (C-19), 13.38 (C-21), 19.25 (Ar-CHa), 20.65 (Ar-
CHay), 20.80, 23.36, 26.84, 27.36, 36.79, 37.05, 39.09, 40,10, 41.87,
42.09, 45.98, 50.31, 52.17, 52.88, 55.97, 67.12 (C-2), 67.51 (C-3),
71.26 (C-23), 75.44 (C-22), 126.41, 127.40, 130.84, 134.94, 135.62,
138.30, 211.64 (C-6), HRMS: (API+) calculated for C31Hyz05 ([M
+H17) 499.3423, Found 499.3426. Anal. Caled for CyyHyeDs: C, 74.66;
H, 9.30. Found: C, 74.63; H, 9.32%.

2.2.13. (23R, 23R)-20,30,22,23-tetrahydroxy-23-(2,5-dimethylphenyl)-
24-nor-5a-cholan-6-one (10r)

The general procedure for dihydroxylation of 8r (60 mg;
0.14 mmol) afforded 49 mg (71%) of the title compound 10r as a white
solid: m. p. 281-283°C (EtOH); IR v (em™") 3332 vb, 2933, 1707,
1616, 1506, 1461, 985, "H NMR (DMS0-dy) & 0.36 (H-18), 0.60 (H-19)
(both s, 3H, CH,); 0.86 (d, 3H, J = 6.4 Hz, H-21, CHy); 1.82 (m, 1HX
1.87 (m, 1H); 1.98 (dd, 1H, J =131, J = 4.6 Hz); 2.07 (t, 1H,
J = 12.6 Hz); 2.23 (s, 3H, Ar-CH;); 2.24 (s, 3H, Ar-CH,); 2.58 (dd, 1H,
J =12.0,J' = 3.1 Hz); 3.45 (m, 1H, H-2); 3.61 (bd, 1H, J = 7.9 Hz, H-
3% 3.74 (bs, 1H, H-22); 4.20 (bs, 1H, OH); 4.34 (d, 1H, J = 5.2 He,
OH); 4.47 (bs, 1H, OH); 4.52 (d, 1H, J = 7.9 He, H-23); 4.94 (bs, 1H,
OH); 6.92 (dd, 1H, J = 7.6, ' = 1.2 Hz); 6.99 (d, 1H, J = 7.6 Hz); 7.06
(bs, 1H). "°C NMR & 11.47 (C-18), 13.29 (C-19), 13.40 (C-21), 18.92
(Ar-CHa), 20.81, 20.85 (Ar-CHs), 23.42, 26.86, 27.32, 36.91, 37.08,
39.10, 40.11, 41.88, 42,13, 45.98, 50.34, 52.25, 52.91, 55.98, 67.14 (C-
2), 67.52 (C-3), 71.45 (C-23), 75.53 (C-22), 127.46, 127.99, 130.08,
131.91, 134.34, 141.26, 211.68 (C-6). HRMS: (API+) calculated for
CyHyrO5 ([M+H]') 499.3423, Found 499.3425. Anal. Caled for
CyyHaoOs: C, 74.66; H, 9.30. Found: C, 74.61; H, 9.33%.

2.2.14. (22R, 23R)-2a,3a,22,23-tetrahydroxy-23-(4-t-butylphenyl)-24-
nor-5a-cholan-6-one (10s)

The general procedure for dihydroxylation of 8s (60 mg;
0.13 mmol) afforded 53 mg (77%]) of the title compound 10s as a white
solid: m. p. 255-256 °C (EtOH); IR v (cm ') 3234 vb, 2938, 1709,
1616, 1512, 1461, 1084, 991, 831. 'H NMR (DMSO-d,) & 0.32 (H-18),
0.59 (H-19) (both s, 3H, CHg); 0.85 (d, 3H, J = 6.4 Hz, H-21, CHg);
1.26 (s, 3H, ¢Bu); 1.77-1.88 (m, 2H); 1.98 (dd, 1H, J = 13.1,
J'=46Hz); 207 (1, 1H, J=12.6Hz); 258 (dd, 1H, J =123,
J° = 3.4 Hz); 3.44 (m, 1H, H-2); 3.51 (d, 1H, J = 8.3 Hz, H-3); 3.74 (m,
1H, H-22); 4.20 (vb's, 2H, 2 X OH); 4.32 (d, 1H, J = 8.3 Hz, H-23); 4.42
(vb s, 1H, OH); 4.99 (vh s, 1H, OH); 7.18 (d, 2H, J = 8.5 Hz); 7.33 (d,
2H, J = 8.5 Hz), '*C NMR & 11.44 (C-18), 12.48 (C-19), 13.33 (C-21),
20.77, 23.29, 26,81, 27.13, 31.19 (3« C, +Bu), 34.21, 36.33, 37.00,
39,10, 40.10, 41.81, 42.03, 45.94, 50.27, 51.95, 52.84, 55,92, 67.08 (C-
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2), 67.47 (C-3), 74.95 (C-23), 76.05 (C-22), 124.72 (2xC), 126.75
(2xC), 140.23, 149.41, 211.53 (C-6). HRMS: (API+) calculated for
CaaHs, 05 ([M+H] ") 527.3736, Found 527.3734. Anal Caled for
CaaHsgOg C, 75.25; H, 9.57. Found: C, 75.22; H, 9.61%.

2215 (22R, 23R)-2a,3a 22 23-tetrahydroxy-23-(4-phenylphenyl)-24-
nor-5a-cholan-6-one (10t)

The general procedure for dihydroxylation of 8t (40 mg:
0.08 mmol) afforded 33 mg (72%) of the title compound 10t as a white
solid: m. p. 251-253 “C (EtOH); IR » (em~!) 3328 vb, 2955, 1705,
1643, 1600, 1580, 1465, 967, 763. 'H NMR (DMSO-ds) § 0.34 (H-18),
0.59 (H-19) (both s, 3H, CHa); 0.89 (d, 3H, J = 6.4 Hz, H-21, CHz);
1.78-1.89 (m, 2H); 1.97 (dd, 1H, J = 13.1, J' = 4.6 Hz); 2.07 (t, 1H,
J=12.6Hz); 2.58 (dd, 1H, J = 12.1, F' = 3.0 Hz); 3.44 (m, 1H, H-2):
3.54 (d, 1H, J = 8.6 Hz, H-3); 3.74 (bs, 1H, H-22); 4.19 (bs, 1H, OH);
4.33 (bs, 1H, OH); 4.41 (d, 1H, J = 8.9 Hz, H-23); 4.55 (bs, 1H, OH);
5.15 (bs, 1H, OH); 7.33-7.37 (m, 3H); 7.45 (1, 2H, J = 7.6 Hz); 7.64 (d,
2H, J = 8.3 Hz); 7.68 (t, 2H, J = 8.3 Hz). **C NMR § 11.49 (C-18),
12.52 (C-19), 13.35 (C-21), 20.79, 23.29, 26.81, 27.27, 36.52, 37.02,
39.12, 40.09, 41.83, 42.05, 45.95, 50.28, 51.92, 52.86, 55.95, 67.10 (C-
2), 67.48 (C-3), 74.87 (C-23), 76,17 (C-22), 126.26 (2% C), 126.51
(2%C), 127.38, 127.67 (2% C), 128.96 (2% C), 138.74, 130.80, 142,58,
211.57 (C-6). HRMS: (API+) calculated for CasHirOs ([M+H]F)
547.3423, Found 547.3421. Anal. Caled for CysHy4eOs: C, 76.89; H,
8.48. Found: C, 76.85; H, 8.53%.

3. Molecular docking

Docking was performed prediction of conformation and energy
ranking between BRIL receptor (PDBID: 3RGZ) and. Docking studies
was carried out using AutoDock Vina 1.05 [13]. All 3D structures of
BRI1 ligands were prepared with Marvin 5.10.3 [10], software which
can be used for drawing, displaying and characterization of chemical
structure, substructures and reactions. Ligands were prepared as deri-
vatives of natural ligand brassinolide (BLD). Polar hydrogens were
added to all ligands and proteins with the AutoDock Tools (ADT) [14]
program prior to docking with Autodock Vina program. Grid box with
size of 40 A were centered on active site of protein. Exhaustiveness
parameter was set to 20 (default 8). After docking we compared docked
ligand with brassinolide crystal-like poses and the best crystal-like
poses of each ligand were analyzed.

4. The pea inhibition biotest

Pea seedlings (Pisum arvense L. sort Arvica) germinating for 2 days
were selected for uniformity from a large population and then trans-
ferred into pots containing perlite and 1,/10 diluted Hoagland solution
(half concentration, pH 5.7} After 24 h in a dark cultivation room
(24 °C, humidity 75%) the seedlings were treated with different
amounts of tested compounds in 5 pl fractionated lanolin. The sub-
stances were applied as microdrops to the scar left after the removal of
bract. The control plants were treated with lanolin alone. At least seven
plants were used for each experiment and the assays were repeated at
least three times. The inhibition of etiolated pea stems were measured
after 4 days and the difference in length between treated and control
plants provided a measure of activity. For each treatment, 8 seedlings
were analyzed in two biclogical replicates. The mean values were
subjected to the statistical analysis using the Student's ¢ test.

5. Determination of ethylene production

For measurement of ethylene production, pea seedlings (8 plants/
tested amount of substance) were placed in a 0.5 L glass container for
24 h in the dark. One milliliter of headspace gas from the chamber was
withdrawn for each measurement and injected into a gas chromato-
graph (Agilent Technologies, GC System, USA) equipped with a flame
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Table 1
Isolated yields of products in alkene cross-metathesis.
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and helium was used as carrier gas. The area under the resultant peak
(y-axis) versus sensitivity (x-axis; nL.ml 1) was representing a quanti-
tative measure of ethylene concentration. The measurements were done
in triplicates and data were statistically analyzed using the Student's ¢
test.

6. Arabidopsis brassinosteroid sensitivity assay

Arabidopsis thalizna L. (Heyhn.) (Columbia ecotype, Col-0; referred
to Arabidopsis) seedlings were stratified for 2 d at 4 °C and germinated
on vertical half-strength Murashige and Skoog (1% w/v sucrose) agar
plates with different concentrations of 24-epiBL and BR derivatives at
22°C in a 16 h/8 h light-dark cycle for 5d. Roots were then straigh-
tened on solid media plates, scanned with an Epson high-resolution
scanner and the entire root length measured with Imagel (http://
rsbweb.nih.gov/ij/). For each treatment, more than 15 seedlings were
analyzed in two biological repeats. P values were calculated with a two-
tailed Student t-test using Excel software.

7. Cytotoxicity

Caleein AM cytotoxicity assay was performed exactly as described
earlier [11].

8. Results and discussion
8.1. Chemistry

For the preparation of above mentioned compounds we started with
the known [15] 24-nor-5c-chola-2,22-dien-6-one (7). With this com-
pound cross-metathesis were carried out using twenty commercially
available styrenes substituted with fluorine, chlorine, bromine, tri-
fluoromethyl, alkyls and phenyl group. The reaction was catalyzed by
Hoveyda-Grubbs  second generation catalyst in refluxing di-
chloroethane. This catalyst has proven to be efficient for different
steroid side chain cross-metatheses [15-18]. Due to the fact that com-
pound 7 and used styrenes belongs to the group of type | olefins (non-,
meta- and para- substituted styrenes) and type Il olefins (ortho- sub-
stituted styrenes) if Hoveyda-Grubbs second generation catalyst is used
119], the reactions proceed in two steps. Firstly, the homodimerization
of styrene with strong release of ethylene takes place followed by the
secondary cross-metathesis of steroid and in-siti formed stilbene. This is
the main reason of long reaction time. In most cases, the cross-me-
tathesis gave the corresponding 23-aryl products in good isolated yields
B60-80% (see Scheme 1). Lower yield is typical for ortho-substituted
styrenes as their homodimers are sparingly consumable during sec-
ondary cross-metathesis. In the case of 4-phenylstyrene the low yield
(32%) is caused by formation of poorly soluble 4,4'-diphenylstilbene

Scheme 1. Preparation of aryldienones and aryl-tetrzols, For Ar see
"\-.._,-? Table 1.
—Ar
HO
0
10a-t
Scheme 2. F of i ¥ derd 9 if bisartho sub.

stituted or no styrenes are used in the reaction.
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Table 2

ICsp (mol/L) values obtained from the pea inhibition biotest.
Compounds 10a, 104, 10g, 10§, and 10m are presented for
comparison; the results were published 1111,

Compound 1Css (molsL)
24.epibrassinolide 1.66 % 107"
10f 1.80 % 107"
10b 215 =% 107°
10n 2,30 % 1077
100 252 = 107"
10d 20 % 107%
10g 1.8 % 107%
10 27 x 107*
10m 18 = 107"

during homodimerization step. No desired products were observed if
bis-ortho substituted styrenes were used. In these cases we were able to
isolate only very small amount of 2-isopropoxyphenyl derivative 9 as a
product of reaction between steroid olefin and Hoveyda-Grubbs catalyst
(see Scheme 2). This was probably caused by steric hindrance near
steroidal terminal double bond. All products 8a-t were obtained as trans
double bond isomers as indicated by NMR analysis.

Next, Sharpless simultaneous dihydroxylation of both double bonds
was used to minimize formation of unnatural configuration of 22 and
23 hydroxy groups. Hydroguinidine 4-chlorobenzoate was used as
chiral ligand. The reaction rate was increased by addition of methan-
sulfonamide [20]. Such reaction conditions led only to the desired
22R,23R-isomers 10a-t in very good yields (75-83%).

All compounds were characterized by NMR, IR and MS techniques
together with elemental analysis for all tetraols. Compounds 10a, 10d,
10g, 10j, and 10m were also prepared by different synthetic strategy
[11] (see Table 1).

8.2. Biological activity and docking

Biological activity of new BRs derivatives was monitored by pea
inhibition biotest. This test is based on that BRs inhibit the growth of
etiolated seedlings at high concentration and the inhibition is probably
caused by ethylene production which is mediated by BRs. Dose re-
sponse curves for all prepared BRs derivatives are shown in 5Fig. 1. The
1Cs;, values obtained from the pea inhibition biotest are summarized in
I'able 2. The most active BRs derivatives were 10f, 10b, and 10n (1C.,
1.8 % 10°°-2.3 x 10 *molL™ ") compared to 24-epibrassinolide
(ICs 1.6 % 10 5 mol.L ™ "), used as a positive control (Fig. 2).

The crosstalk of BRs and ethylene regulates various aspects of plant
growth and development. Hansen et al. [21] showed that exogenously
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Fig. 2. Effect of selected brassinosterold derivatives on the inhibition of eticlated pea
seedlings. Error bars represent s.d.
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Fig. 3. Effect of selected brassinosteroid derivatives on ethylene production (nL.mL~") in
etiolated pea seedlings determined by GC-FID 24 h after ventilation. Error bars represent
s,

applied BRs stimulate ethylene production by stabilizing the ACS pro-
tein. When low levels of ethylene are applied to etiolated pea seedlings,
the characteristic triple response can be observed: inhibition of stem
elongation, radial swelling of the stem and the absence of a normal
geotropic response [22]. Production of ethylene was measured in cul-
tivation vessels during the incubation of etiolated pea plants after
treatment of different BR derivatives (SIig. 2). The high concentrations
of ethylene (196, 142 and 165 nL.L~ Yy were determined after treatment
of 10f, 10b and 10n and compared to 229 nL.L ! for 24-epiBL treat-
ment. While level of this gaseous plant hormone produced by untreated
control pea plants, was found to be significantly lower (about
60 nL.L™ %, Fig, 3).

BRs derivatives were further assessed for biological activity based
on their inhibitory effect on Arabidopsis root growth [23]. The effects
of compounds 10f, 10b and 10n on the Arabidopsis roots are shown in
Fig. 4. Results of all prepared analogues are summarized in SFig. 3.

Molecular docking into BRIl receptor shows that several com-
pounds binds with very high binding energy. In some cases the binding
energy was even betrer than for naturally occurring brassinolide
(—10.6 keal/maol) [11] (see 51 for molecular docking of all new com-
pounds). The high binding affinity of compounds 10f (- 11.0 keal/
mol), 10b {—10.7 keal/mol), and 10n (—11.9 keal/mol) also proves
the good biological acrivities of these analogues (Fig. 5).

Relationship between biological activity and substitution pattern in
the phenyl group shows that no substitution or substitution with one
small group (fluorine, chlorine) led to promising compounds with high

il

tion of tested

iz000
11000
10000
20,00
BO0.00
70,00

[ ]
80,00 24episL

miof
Dok
B1i0n

50,00

relative lenght of root (%)

pound (nmol/t)

Fig. 4. Effect of selected brassinosteroid derivatives on the inhibition of Arabidopsis root
lenght. 5 days old Arabidopsis thaliona seedlings (Columbis ecotype, Col-0) were treated
by DMSO/24epiBL/BR analogues. For each treatment more than 25 seedlings were
analyzed in two biclogical repeats.
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Fig. 5. Poses of 24-epibrassinolide (yellow) and three new analogues of brassinosteroids,
10b (green), 10f (cyan), and 10n (grey) within BRI1 binding site.

plant activities. The most active are compounds 10a (no substitution),
10b and 10c (fluorine in ortho and para position), and 10f (chlorine in
meta position). On the other hand, substitution with bulky groups
(phenyl, t-butyl, methyl or trifl hyl) or substitution with more
than one group (e.g. 10q and 10r) causes significant decrease or
complete loss of plant activity. The only exception from bulky groups is
compound 10n which showed good activity in two of the three assays.
This may be explained by smaller interaction of substituents in ortho
position with receptor cavity - the group can be oriented out of the
cavity.

Antiproliferative activity of BRs derivatives was screened towards
various tumor cell lines and normal cells, including T-lymphoblastic
leukemia CEM, breast carcinoma (MCF7) and cervical carcinoma
(HeLa) and h foreskin fibrobl. (BJ). All tested BR analogues
had no detectable cytotoxic activity, even when tested in concentra-
tions up to 50 pM (data not shown).

9. Conclusions

Overall 15 novel and 5 known phenyl analogues of brassi: oid
were synthesized via alkene cross hesis. The hesis showed as
an effective method for preparation of new brassinosteroid derivatives
with plant growth promoting activities comparable with natural bras-
sinosteroids. The results of biological screenings showed that molecular
docking into BRI is a powerful tool for prediction and design of new
compounds with strong brassinosteroid activities. Very potent brassi-
nosteroids analogues prepared by this synthesis can be also used for
potential application in agriculture to improve growth and yield or to
increase the resistance of plants against various biotic and abiotic
stresses.
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ABSTRACT

Synthesis and structure-aetivity relationship analysis of a two groups of 2,3-seco analogues of brassinosteroids
(BRs) were performed to examine their antiproliferative activities. Two steroid skeletons were chosen for the
preparation of seco @ - chol and stigr The synthetic strategy consists of multistep reac-
tions and detailed analysis of compounds prepared. We have discovered unpublished behaviour of 2,3-seco-2,3-
dihydroxy-6-ketones leading to formation of intramolecular ketal with two new steroidal rings. Their reaction
intermediates were also characterized in some cases. All compounds prepared were fully characterized with
NMR and MS techniques, Mast of compounds were tested for in vitro cytotoxicity on three cancer cell lines (CEM,
MCF7?, and Hela) and normal human fibroblasts (BJ). It was discovered that some seco analogues caused

apoptosis in cancer cells. The most promising seco derivative 28 proved to have high therapeutic index.

1. Introduction

Brassinosteroids (BRs) represent a large group of plant steroids that
include = 70 structurally and functionally related compounds [1-4].
The most important are castasterone and brassinolide and their 24-
epimers and 28-homoanalogues (see Fig. 1). BRs have been found in a
wide range of plant species, including higher and lower plants, and
have been detected in various plant parts such as seeds, pollen, roots,
leaves, stems and flowers. They demonstrate various kinds of regulatory
action on the growth and development of plants, such as cell division
and stimulation of cell enlargement, improvement of the biomass for-
mation, vield and quality of seeds, and plant adaptability [5-9]. They
also protect plants from stresses, such as drought, chilling, salinity, lack
of water and nutrients etc. [10,11]. At the molecular level, BRs change
the gene expression and metabolism of nucleic acids and proteins [12].
BRs have structures similar to those of animal steroid hormones. In
addition to their extensively studied activity on plants, they also act as
antiproliferative and antiangiogenic agents in human cancer and/or
endothelial cells with influence on steroid receptors.

* Corresponding auther.
E-mail address: kvasnica@ueb.cas.cz (M. Kvasnica).

https://dolorg/10.1016/].steroids. 2019.03.004

Even so, knowledge of the effects of BRs and their synthetic ana-
logues in animal cells is still limited: increase in the mitochondrial
membrane potential or fraction of cells in the Go/G, phase and decrease
in S-phase cells by 24-epibrassinolide (24-epiBL) in cultured hybridoma
mouse cells, were shown at concentrations 10~ and 107" mol/l
112], Natural brassinosteroids caused apoptosis in breast cancer cells
114], in prostate cancer cells [15,16], and in colon cancer cells [17], An
inhibitory effect of the natural BRs, 24-epiBL and 28-homocastasterone
[28-homaCs), on the growth and viability of different normal and
cancer cell lines has been reported [18]. A cytotoxic effect of narural
BRs was found in cancer cells but not in untransformed human fibro-
blasts. Evidently, BRs can induce different responses in cancer cells and
in normal fibroblasts. Natural BRs have been also shown to cause cell
cycle arrest and apoptosis of human breast cancer cells irrespective of
estrogen status [18].

We showed that BRs inhibited cell growth and induced block in the
G,-phase of the cell cyele. In breast carcinoma cell line MCF?, estrogen
receptor-a (ER-a1) immunoreactivity was uniformly present in the cell
nucleus, while in cells treated with 28-homoCS or 24-epiBL (ICsq, 24 h),

Received 9 January 2019; Received in revised form 21 February 2019; Accepted 9 March 2019
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0039-128X/ © 2019 Elsevier Inc, All rights reserved.
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eytoplasmic speckles of ER-a immunofluorescence appeared [14]. After
treatment with 28-homoCS, re-localization of estrogen receptor-f (ER-
f) to nuclei was evident, while in 24-epiBL-treated cells, ER-p was
found predominantly at the periphery of the nuclei. These changes were
accompanied by down-regulation of ERs after the treatment. Applica-
tion of BR to MDA-MB-468 cells resulted not only in Gy-phase arrest but
also in increase of the subG, fraction containing apoptotic bodies. In
both cell lines, TUNEL (Terminal deoxynucleoatidyl transferase dUTP
nick end labeling) staining, however, confirmed the possible induction
of apoptosis by BRs. The expression of apoptosis related proteins was
differently modulated by BRs for each cell line [14]. Some of the cho-
lestane derivatives structurally related to BRs, were found to have
strong cylotoxic activity in several human normal and cancer cell lines.
The presence of a 3-hydroxy, 2,3-vicinal diol or 3,4-vicinal diol moiety
were found to be necessary for optimum biclogical activity, as well as a
six-membered B ring. According to the profiling of all steroid receptors
in both agonist and antagonist mode, the majority of the cholestanes
were weakly active or inactive compared to the natural ligands. Two
active cholestane derivatives were shown to strongly influence cell
viability, proliferation, cell cyele distribution, apoptesis and molecular
pathways responsible for these processes in hormone-sensitive/in-
sensitive (MCF7/MDA-MB-468) breast cancer cell lines [19]. In this
article we describe the synthesis and antiproliferative activity of ster-
oids with two primary hydroxyl groups instead of steroids with stan-
dard vicinal diols on the A ring.

2. Experimental
2.1. General methods

The NMR spectra were taken on a JEOL JNM-ECA 500 (JEOL,
Tokyo, Japan; 'H, 500 MHz; '?C, 125 MHz) spectrometer equipped with
a 5mm JEOL Royal probe. 'H NMR and '°C NMR chemical shifts (8)
were calibrated using tetramethylsilane (TMS, 'H § = 0 ppm) or sol-
vents: CDCl; (*H & = 7.26 ppm, '*C § = 77.00 ppm) or DMSO-ds ('H
& = 2.46 ppm, ¢ 5 = 40.00 ppm). Chemical shifts are given in ppm (8-
scale), coupling constants (J) in Hz. All values were obtained by first-
order analysis. For API HRMS analysis, the samples were dissolved in
chloroform {or chloreform:methanol; 1:1; v/v, in the case of hydro-
xylated compounds) to a concentration 10ugmL~ L The ASAP
(Atmospheric Solids Analysis Probe) was dipped into the sample
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solution, placed into the ion source and analysed in fullscan mode. The
source of the Synapt G2.5i Mass Spectrometer (Waters, Manchester,
UK) was operated in positive ionisation mode (ASAP+) and, if not
stated otherwise, at source temperature of 120°C. The Corona needle
current was kept at 5 uA and the collision energy at value 4. The probe
temperature was ramped up from 50 °C to 600°C in 3 min. Data were
acquired from 50 to 1000 Da with 1.0s scan time in High Resolution
Mode and processed using the Masslynx 4.1 software (Waters). Mass
accuracy of 1ppm or less was achieved with the described in-
strumentation for all compounds. Merck silica gel Kieselgel 60
(230-400 mesh) was used for column chromatography. The HPLC
system consisted of a Waters semi-preparative HPLC system including
quaternary pump, liquid handler, UV-VIS and ELSD detectors. The semi
preparative column was filled with silica gel. Reagents and solvents
were purchased from Sigma-Aldrich and were not purified.

2.2, Work-up methods

Methad A refers to pouring the reaction mixture into Ho0, extraction
of the product with ethyl acetate or diethylether, washing the organic
layer successively with HaO followed by drying over MgSO,, filtration,
and evaporation of the filtrate under reduced pressure. Analytical
samples were dried over P20s under diminished pressure.

Method B refers 1o pouring the reaction mixture into diluted HCI
(1:10), extraction of the product with ethyl acetate or CHCl,, washing
the organic layer successively with H.O followed by drying over
MgSQy, filtration, and evaporation of the filtrate under reduced pres-
sure. Analytical samples were dried over P.Og under diminished pres-
sure.

Method C refers to pouring the reaction mixture into saturated
aqueous solution of NaHCOs, extraction of the product with ethyl
acetate, washing the organic layer successively with HaO followed by
drying over MgSQ, filtration, and evaporation of the filtrate under
reduced pressure. Analytical samples were dried over P2Os under di-
minished pressure.

2.3. General procedure for Upfohn difydroxylation of 2,3-double bond

N-methylmorpholine-N-oxide (4.0 mmol} was added to a solution of
sterpidal olefin (1.0mmol) in tetrahydrofuran (20mL), acetone
(20 mL), and water (2mL). A solution of osmium tetroxide (0.2 mmol)
in t-butanol (1 mL) was then added dropwise. The reaction was stirred
at room temperature for 10-15 h until no starting material was detected
on TLC plates. The reaction is stopped by addition of a saturated aqu-
eous solution of sodium sulfite (2mL). The work-up (method A) and
column chromatography afforded both diols, major 2a,3a-diol and
minor 2f,3f-diol.

2.4. General procedure for ketal formation

Ethyleneglycol {1mL; 18 mmol) and p-toluensulfonic acid (9 mg;
0.05 mmol) was added to a solution of steroidal ketone (0.5 mmol) in
toluene (15 mL). The solution was refluxed with a Dean-Stark apparatus
to remove water. After 4h, the mixture was worked up (method C).
Column chromatography on silica afforded the desired ketal.

2.5. General procedure for ketal deprotection

5% aqueous solution of hydrochloric acid (1 mL) was added to a
solution of ketal (0.7 mmol) in tetrahydrofuran (10 mL). The mixture
was stirred at 40 °C for 2h. Work-up {method A) and column chroma-
tography on silica yielded the desired ketone,

2.6. General procedure for acetylation

Acetic anhydride (2 ml.) was added to a solution of steroidal alcohol
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(1 mmol) in pyridine (10 mL). The reaction mixture was stirred at room
temperature or at 60 °C (see in each experiment) for 12h. The reaction
was quenched by addition of methanol {3 mL) and stirred for an addi-
tional 10 min. Work-up (method B) and column chromatography on
silica yielded the desired acetate.

2.7. General procedure for hydrolysis of acetates

5.3 M solution of sodium methoxide in methanol (1 mL) was added
o a solution of steroidal acetate (0.7 mmol) in dry retrahydrofuran
(20 mL). The reaction was stirred at room temperature for 30 min. 5%
aqueous solution of hydrochloric acid (1 mL) was then added. Work-up
(method A} and column chromarography on silica gave the desired
alcohol.

2.8 General procedure for oxidative cleavage of 2,3-diols

Sodium periodate supported on silica gel (3 g; 25 wr%) was added to
a solution of diol {2 mmol) in dichloromethane (10 mL). The reaction
was stirred vigorously for 3h. The silica gel was then filtered off and
dichloromethane evaporated under reduced pressure. The prepared
dialdehydes have sufficient purity and can be used for other purposes
without purification.

2.9. General procedure for aldehyde reduction

1M solution of lithium aluminium hydride in diethylether (2.5 mL)
was added to a solution of steroidal dialdehyde (1 mmol) in anhydrous
tetrahydrofuran (10 mL). The reaction mixture was refluxed for 5 h. The
reaction was then cooled and a saturated solution of potassium sodium
tartrate (3 mL) was added dropwise. The work-up method (A) and
column chromatography yielded the desired 2,3-secodiol.

2.10. General procedure for baeyer-villiger oxidation

A solution of trifluoroperoxyacetic acid, freshly prepared from tri-
fluoroacetic anhydride (0.45mL, 3.2mmol) and hydrogen peroxide
(30%; 0.1 mL) in dichloromethane {3 mL), was added to a solution of 6-
oxocompound (0.40 mmol) in dichloromethane (8 mL). After standing
at room temperature for 5h, the reaction mixture was poured into
water and taken up in chloroform (50 mL). The chloroform extract was
washed with a saturated solution of sodium bicarbonate and sodium
sulfite, water, and dried over anhydrous sodium sulfate. Solvents were
evaporated under reduced pressure and products were separated and
purified by column chromatography.

2.11. 6,6-Ethylenedioxy-5a-cholest-2-ene (2)

The general procedure for ketal formation with olefin 1 [20] (2g,
5.2 mmol) afforded compound 2 (2.1 g; 94%) as colorless oil. 'H NMR
(CDCL,) & 0.81 (s, 3H, CH,); 0.793, 0.797 (both d, 3H, J = 6.8 Hz,
2 % CHg); 0.81 (s, 3H, CH;); 0.84 (d, 3H, J = 6.7 Hz, CH,); 1.64 (dd,
1H, J = 11.1 and 5.1 Hz); 1.68-1.78 (m, 3H); 1.84-1.96 (m, 3H); 2.02
{m, TH); 3.71 (m, 1H, Hy,,); 3.81-3.93 (m, 3H, 3 % Hy,); 5.47 (m,
1H, H-2); 5.59 (m, 1H, H-3). C NMR § 11.97, 13.59, 18.67, 20.86,
21.43, 22.55, 22.81, 23.79, 24.16, 28.00, 28.13, 33.35, 35.76, 35.89,
36.14, 39.49, 39.78, 41.22, 41.24, 42.52, 48.08, 53.48, 55.97, 56.17,
64.08, 65.56, 110.09, 124.84, 125.68. HRMS: (AP1+) calculated for
CooHagOs ([M+H] ") 429.3733, Found 429.3733.

2.12. Upjohn dihydroxylation of ketal 2

The general procedure for Upjohn dihydroxylation with ketal 2
(2.3 g; 5.37 mmol) and column chromatography (mobile phase — ethyl
acetate:cyclohexane 2:3) afforded two products as amorphous solid;
minor 2f,3f-diol 3a (202mg; 8%) and major 2a,3a-diol 3b (2.1 g;
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85%). An analytical sample of both diols was also purified on HPLC
(ethyl acetate:cyclohexane 1:1).

b, 6-Ethylenedioxy-5a-cholestan-2, 3-diol (3a): 'H NMR (CDCl,) &
0.67 (s, 3H, CH,); 0.864, 0.868 (both d, 3H, J = 6.7 He, 2 % CH.); 0.91
(d, 3H, J = 6.5Hz, CHy); 1.13 (s, 3H, CHa); 1.99 (dt, 1H, J = 12.6 and
3.5Hz): 2.07 (dd, 1H, J = 14.7 and 2.8 Hz); 3.63 (dt, 1H, J = 11.3 and
4.3Hz; H-3a); 3.80 (m, 1H, Hyea); 3.90-3.95 (m, 2H, 2 % Hypu);
3.96-4.02 (m, 2H, H-2at, Hyea)- "°C NMR § 12.05, 16.64, 18.63, 21.10,
22.54, 22.81, 23.68, 22.78, 24.16, 28.00, 28.13, 32.84, 35.74, 36.12,
36.67, 39.48, 39.75, 41.24, 42.60, 44.34, 51.15, 54.51, 55.91, 56.15,
64.25, 6551, 69.69, 72.68, 109.56. HRMS: [API+) calculated for
CagHso0, ([M+H] ™) 462.3787, Found 462.3789.

6,6-Ethylenedioxy-Sa-cholestan-2a,3a-diol (3b): "H NMR (CDCL,) 8
0,67 (s, 3H, CH); 0.866, 0.871 (both d, 3H, J = 6.7 Hz, 2 x CH,); 0.91
(d, 3H, J = 6.5Hz, CH.): 0.94 (s, 3H, CH.): 1.71 (dd, 1H, J = 12.1 and
47 Hz); 1.76 (dd, 1H, J = 13.1 and 4.0 Hz); 1.85-1.94 (m, 5H); 2.00
(dr, 1H, J=125 and 3.4Hz); 3.73-2.79 (m, 2H, H-3p, H..);
3.89-3.95 (m, 3H, 3 % Hy.,); 4.06 (q, 1H, J = 3.0 Hz, H-2p). **C NMR
$12.03, 14.51, 18.65, 20.74, 22,55, 22.81, 23.80, 24.15, 25.86, 28.00,
28.15, 33.22, 35,75, 36.12, 38.44, 39.49, 39.67, 41.14, 42.22, 42.56,
44.29, 53.44, 55.92, 56.10, 64.13, 65.39, 68,75, 68.94, 109.98, HRMS:
(API+) calculated for CagHsoOs ((M+HI'T) 462.3787, Found
462.3787.

2.13. a,6-Ethylenedioxy-2,3-seco-5a-cholestane-2,3-dial (4)

The general procedure for oxidative cleavage with diols 3a and 3b
(650 mg; 1.4 mmol) yielded the desired dialdehyde 4 (613 mg; 95%) as
a viscous oil. "H NMR (CDCLL) & 0,69 (s, 3H, CH.); 0.869, 0.873 (both d,
3H, J = 6.7 Hz, 2 x CHy); 0.91 (d, 3H, J = 6.6 Hz, GHa); 0.93 (s, 3H,
CHa); 1.82 (dd, 1H, J = 13.2 and 3.4 Hz); 1.85 (m, 1H); 2.04 (dt, 1H,
J=12.8 and 3.5Hz); 2.23 (dd, 1H, J = 15.9 and 2.3 Hz, H-5a); 2.30
{dd, 1H, J = 15.5 and 3.2 Hz, H-1a); 2.45 (ddd, 1H, J = 15.9, 10.3 and
5.2 Hz, H-4a); 2.58 (dd, 1H, J = 15.5 and 2.6 Hz, H-1b); 2.63 (dd, 1H,
J=10.3 and 2.3Hz, H-4b); 3.59 (g, 1H, J = 7.1 Hz, Hiew); 3.78 (1d,
1H, J = 7.1 and 5.7 Hz, Hiewa); 3.92-4.01 (m, 2H, 2 % Hyeal; 9.52 (d,
1H, J = 5.2 Hz, H-3); 9.87 (bt, 1H, J ~ 3.0 Hz, H-2). "*C NMR § 11.91,
17.43, 18.62, 22.09, 22.53, 22.79, 23.79, 24.17, 26.90, 27.99, 28.11,
33.01, 35.73, 36.09, 38.90, 39.49, 40.00, 41.99, 42.41, 46.05, 48.76,
50.46, 55.71, 56.10, 62.44, 65.38, 109.73, 200.65, 202.46. HRMS: (AP]
4 caleulated for CagHagO4 ([M+H] ") 461.3631, Found 461.3632.

2.14. 6,6-Ethylenedioxy-2,3-seco-5a-cholestane-2,3-diol (5)

The general procedure for aldehyde reduction with dialdehyde 4
(500 mg; 1.09mmol) and column chromatography (mobile phase -
ethyl acetate:cyclohexane 7:3) yielded diol 5 (453 myg; 90%) as a waxy
solid. 'H NMR (DMSO-ds) § 0.61 (s, 3H, CH3); 0.73 (s, 3H, CHa); 0.837,
0.842 (both d, 3H, J = 6.7 Hz, 2 x CHy); 0.88 (d, 3H, J = 6.7 Hz, CHz);
1.68 (dd, 1H, J = 13.1 and 3.4 Hz); 1.76 (m, 1H); 1.91 (m, 1H); 3.46
(m, 1H); 3.30-3.41 (m, 3H); 3.69 (q, 1H, J = 7.1 Hz, Hy,.); 3.80 (td,
1H,J = 7.1 and 4.7 Hz, Hy,,); 3.86 (g, LH, J = 7.1 Hz, Hy_,,\); 3.96 (td,
1H, J=7.1 and 4.7Hz, Hy.); 4.24 (bs, 1H, OH); 4.32 (bt, 1H,
J = 4.6Hz, OH). 1°C NMR § 11.74, 17.88, 18.54, 20.80, 21.20, 22.44,
22.70, 23.17, 23.86, 27.42, 27.78, 27.87, 32.59, 35.18, 35.62, 38.95,
39.11, 39.61, 40.06, 42.00, 45.48, 46.94, 55.40, 55.63, 56.22, 62.51,
62.82, 64.96, 110.76. HRMS: (API+) calculated for CooHs O
([(M—Hz0)+H] ") 447.3838, Found 447.3834.

2.15. Ketal deprotection of diol 5

The general procedure for ketal deprotection with diol 5 (100 mg;
0.22 mmol) and column chromatography on silica gel (mobile phase -
ethyl acetatercyclohexane 1:9) yielded unsaturated ether 6a (46 mg;
53%). Unsaturated ether 6a was not stable in CDCl; and changed to
ketal 6b spontaneously within several hours.
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3, 6-epoxy-2, 3-secocholest-5(6 )-en-2-ol (6a): 'H NMR (CDCL,) & 0.68
(s, 3H, CHa); 0.870, 0.874 (both d, 3H, J = 6.7 Hz, 2 x CHa); 0.92 (d,
3H, J = 6.5Hz, CH,); 0.93 (s, 3H, CH.); 1.78 (ddd, 1H, J = 14.1, 8.8
and 5.8 Hz); 1.84 (m, 1H); 2.00-2.05 (m, 2H); 2.49-2.63 (m, 2H, H-4a,
H-4b); 3.53 (td, 1H, J = 9.8 and 5.8 Hz, H-2a); 3.62 (td, 1H, J = 9.8
and 5.5 Hz, H-2b): 4.23 (dt, 1H, J = 10.4 and 8.7 Hz, H-4a); 4.32 (ddd,
1H, J = 10.4, 8.8 and 6.7 He, H-4b). *C NMR § 11.78, 18.68, 21.22,
22,54, 22,68, 22.80, 23.77, 24.31, 28.00, 28.11, 28.92, 29.08, 33.09,
35.73, 36.11, 36.68, 39.48, 39.49, 39.56, 42.41, 43.83, 56.09, 56.62,
50.05, 68.85, 112.18, 150.79. HRMS: (API+) calculated for CorHar 02
{[M+H] ") 403.3576, Found 403.3575,

2,6:3,6-Diepoxy-2,3-seco-5a-cholestane (6b): "H NMR (CDCl) & 0.67
(s, 3H, CH,): 0.858, 0.863 (both d, 3H, J = 6.6 Hz, 2 x CH,): 0.90 (d,
3H, J = 6.5 Hz, CHy); 0.94 (5, 3H, CHy); 1.92 (dd, 1H, J = 12.0 and
7.2Hz, H-5); 1.99 (m, 1H, H-4a); 2.01 (m, 1H, H-12[7); 2.03 (dd, 1H,
J = 14.8 and 6.2 Hz, H-7a); 3.78 (m, 2H, H-2a and H-2b); 3.96 (q, 1H,
J = B.0Hz, H-3a); 4.10 (ddd, 1H, J = 9.6, 8.0 and 2.3Hz, H-3b). ¢
NMR & 12.39, 18.60, 22.21, 22.54, 22,80, 23.70, 23.76, 23.80, 24.94,
27.90, 28.22, 3265, 34.31, 35.19, 35.20, 35.72, 36.09, 39.46, 40.64,
42.78, 46.70, 46.98, 56.12, 56.35, 59.75, 68.22, 105.18. HRMS: (API
+) calculated for CapHazO2 (IM+H] ') 403.3576, Found 403.3579.

2.16. 6,6-Ethylenedioxy-2, 3-seco-5a-cholestane-2, 3-diyl diacetate (7)

The general procedure for acetylation with diol 5 (300mg;
0.65 mmol) and column chromatography on silica gel (mobile phase —
ethyl acetate:cyclohexane 3:17) afforded the desired diacetate 7
(322 mg; 91%) as a viscous oil. *H NMR (CDCly) & 0.67 (s, 3H, CHa);
0.83 (s, 3H, CHy); 0.864, 0.868 (both d, 3H, J = 6.7 Hz, 2 »x CH); 0.91
{d, 3H, J = 6.5 Hz, CHy); 2.04, 2.05 (both 5, 3H, 2 = CH,); 3.82 (m, 1H,
Hiewt); 3.88 (m, 1H, Hiew); 3.97 (q, 1H, J = 7.0 Hz, Hiewl); 4.01-4.16
(m, 4H, 2 x H-2, H-3a, Hyew); 4.29 (ddd, 1H, J = 10.5, 8.2 and 4.9 Hz,
H-3b). **C NMR & 11.93, 17.56, 18.80, 21.05, 21.08, 21.59, 22,54,
22,81, 23.74, 23.79, 24.18, 27.99, 28.13, 32.89, 34.97, 35.74, 36.09,
39.48, 39.69, 40.20, 40.22, 42.38, 45.70, 47.64, 55.92, 56.14, 60.78,
63.13, 65.32, 66.01, 111.28, 171.19, 171.23. HRMS: (API+) calculated
for CayHea0. ([(M—AcOH) + H] ") 489.3944, Found 489.3947.

2.17. Deprotection of diacetate 7

The general procedure for ketal deprotection with acetate 7
(300 mg; 0.55mmol)} and column chromatography on silica gel al-
forded two products; firstly, mobile phase (ethyl acetateicyclohexane
3:17) eluted major acetate 8a (234 mg; 85%) and then (ethyl acet-
atezcyclohexane 7:17) eluted minor monoacetate 8b (20 mg; 8%), both
as a viscous oil.

6-Ox0-2,3-seco-5a-cholestane-2,3-diyl  diacetate (8a): 'H NMR
(CDCLs) 80465 (s, 3H, CHa); 0.69 (s, 3H, CHa); 0.867, 0.872 (both d, 3H,
J=6.7Hz, 2% CHy); 0.91 (d, 3H, J = 6.7Hz, CHs); 1.97 (t, 1H,
J = 12.8 Hz, H-7a); 2.04, 2.07 (both s, 3H, 2 x CH,); 2.36 (dd, 1H,
J =125 and 4.3Hz, H-70); 2.45 (bd, 1H, J = 10.7 Hz, H-5c); 3.87
(ddd, 1H, J = 10.9, 9.4 and 5.0 Hz, H-3a); 4.14-4.21 (m, 2H); 4.11 (m,
1H). “*C NMR & 11.87, 17.55, 18.57, 20.95, 21.02, 21.90, 22.12, 22.53,
22,80, 23.81, 23.96, 27.98, 28.01, 34.21, 35.68, 36.02, 37.90, 39.43,
30.47, 42.79, 44.05, 47.35, 48.17, 53.52, 56.12, 56.82, 59.97, 63.68,
171.13 (2 x C), 210.97. HRMS: (API+) calculated for CpoHaoO4
([(M—AcOH)+H] *) 445.3682, Found 445.3678.

2-Hydroxy-6-0x0-2,3-seco-5a-cholestane-3-yl acetate (8b): 'H NMR
(CDCLy) 8 0.65 (s, 3H, CHa); 0.66 (s, 3H, CHa); 0.867, 0.872 (both d, 3H,
J=6.7Hz, 2% CHs); 0.91 (d, 3H, J=67FHz, CHs): 1.96 (t, 1H,
J = 12.7 Hz, H-7a); 2.04 (s, 3H, CHa); 2.05 (m, 1H); 2.13 (m, 1H, H-
4a); 2.34 (dd, 1H, J=127 and 41Hz, H-7B); 253 (bd, 1H,
J = 104 Hz, H-5a); 3.69-3.78 (m, 2H, H-2a, H-2b); 3.91 (ddd, 1H,
J =109, 8.6 and 6.0Hz, H-3a); 4.13 (ddd, 1H, J=10.9, 6.6 and
4.7 Hz, H-3h). '*C NMR § 11.86, 17.64, 18.58, 21.02, 21.96, 22,15,
22,52, 22.78, 23.77, 23.95, 27.96, 28.00, 35.65, 36.02, 37.85, 38.65,
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30.42, 39.47, 42.80, 44.10, 47.34, 48.04, 53.89, 56.09, 56.82, 58.06,
64.07, 17126, 211.40. HRMS: (API+) calculated for C,Hg0,
([{M — AcOH) +H] *) 403.3576, Found 403.3578.

2.18. Baeyer-Villiger oxidation of acetate 8a

The general procedure for Baeyer-Villiger oxidation with acetate 8a
(200 mg; 0.40 mmel) and column chromatography on silica gel (mobile
phase — ethyl acetate:cyclohexane 1:4) yielded two products as a vis-
cous oil; minor lactone 9a (55 mg; 27%) and major lactone 9b (132 mg;
654%).

7a-Homo-7-oxa-6-0x0-2, 3-seco-Sa-cholestane-2,3-diyl diacetate (9a):
'H NMR (CDCly) & 0.69 (s, 3H, CHy); 0.863, 0.868 (bhoth d, 3H,
J=6.7Hz, 2 x CH;); 0.876 (s, 3H, CH); 0,90 (d, 3H, J = 6.5 Hz, CHy);
1.94 {m, 1H); 2.03 (m, 1H); 2.05, 2.07 (both s, 3H, 2 x CH,); 2.18 (m,
1H, £J = 34.2 Hz); 2.99 (dd, 1H,J = 11.9 and 1.8 Hz, H-5a); 3.91-3.97
(m, 2H, H-2a, H-2b); 4.01 (dd, 1H, J = 125 and 9.8 Hz, H-7ap); 4.09
(m, 1H, H-3a); 412 (dd, 1H, J = 125 and 1.8 Hz, H-7aa): 4.26 (ddd,
1H, J=11.0, 5.7 and 4.4 Hz, H-3b). *C NMR & 11.81, 18.49, 19.30,
20.94, 22.52, 22.77, 22.88, 23.76, 24.73, 26.70, 27.96 (2 X C), 29.68,
35.08, 35.68, 35.93, 38.40, 38.99, 39,39, 39.56, 42.64, 45.12, 51.54,
52.12, 56.04, 59.66, 63.31, 70.41, 171.07, 171.11, 175.10. HRMS: (AP
+1 caleulated for CagHaeOs ([(M—AcOH)+H]Y) 461.3631, Found
461.3630.

7a-Homo-6-oxa-7-ox0-2, 3-seco-5a-cholestane-2,3-diyl diacetate (9b):
'H NMR (CDCLy) & 0.69 (s, 3H, CHi); 0.862, 0.864 (both d, 3H,
J=67Hz, 2 x CHg); 0.893 (s, 3H, CHy); 0.894 (d, 3H, J = 6.7Hz,
CHy); 1.86 (m, 1H); 1.91-2.02 (m, 3H); 2.06, 2.07 (both s, 3H,
2 % CHa); 2,39 (dd, 1H, J = 12.9 and 11.9Hz, H-7ap); 2.53 (bd, 1H,
J = 12.9Hz, H-7ac); 3.92 (ud, 1H, J = 10.7 and 5.7 He, H-2a}; 4.07 (1d,
1H, J=10.7 and 5.8Hz, H-2b); 4.16 (ddd, 1H, J = 10.9, 9.1 and
5.2Hg, H-3a). 4.32 (ddd, 1H, J = 10.9, 6.2 and 4.1 Hz, H-3b); 4.44 (dd,
1H, J = 11.0 and 2.1 Hz, H-5c). "*C NMR § 11.79, 16.13, 18.48, 20,91,
20.93, 22,51, 22.76, 22.91, 23.75, 25.21, 27.58, 27.94, 29.45, 34.57,
35.29, 35.64, 35.87, 37.62, 39.38, 39.60, 41.59, 42.62, 51.82, 55.63,
56.40, 59.39, 61.27, 80.94, 170.98 (2 x C), 174.37. HRMS: (API+)
calculated for CogHaeO4 ([(M-AcOH)+H]") 461.3631, Found
461.3629.

2.19. 7a-Homo-2,3-dihydroxy-6-oxa-2,3-seco-5a-cholestan-7-one (10)

The general procedure for hydrolysis of acetates with lactone 9b
(100 mg; 0.19 mmeol) yielded the desired dihydroxylactone 10 (75 mg;
89%) as a white erystal (MeOH). "H NMR (CDCls) & 0.70 (s, 3H, CHa);
0.866, 0.870 (both d, 3H, J = 6.6 Hz, 2 = CHs): 0.88 (s, 3H, CHz); 0.90
(d, 3H, J=6.7Hz, CHa); 1.82-1.90 (m, 3H); 1.99-2.08 (m, 2H);
2.48-2.51 (m, 2H. H-Tap, H-7aa), 3.61 (m, 1H); 3.68 (m, 1H);
3.75-3.84 (m, 2H); 4.64 (dd, 1H, J = 11.0 and 1.8 Hz, H-5a). "C NMR
511.82, 16.23, 18.53, 22,52, 22.78, 22.99, 23.76, 25.27, 27.61, 27.97,
30.28, 32.70, 34.60, 35.66, 35.91, 37.77, 39.28, 39.41, 39.68, 41.61,
42.66, 51.69, 55.70, 56.40, 59.23, 81.73, 174.27. HRMS: (API+) cal-
culated for CprHagOy4 ([M+H] ") 437.3631, Found 437.3627.

2.20. Hydrolysis of acetate 9a

The general procedure for hydrolysis of acetates with lactone 9a
(45mg; 0.09mmol} yielded the unexpected dihydroxylactone 11
(11 mg: 29%) as a solid Iyophilized from +-BuOH. 'H NMR (CDCl3) §
0.68 (s, 3H. CHz); 0.862, (.867 (both d, 3H, J = 6.6 Hz, 2 x CHs); 0.90
(d, 3H, J = 6.7 Hz, CHs); 1.19 (s, 3H, CHs); 1.84-2.04 (m, 4H); 2.89
(bd, 1H, J = 10.1 Hz, H-5a); 3.66 (dd, 1H, J = 11.6 and 1.8 Hz, H-7a);
3.77 (1, 2H, J = 5.8 Hz, 2 x H-3); 3.87 (dd, 1H, J = 11.6 and 2.1 Hz, H-
7h): 4.38 (ddd, 1H, J = 11.6, 9.5 and 5.2Hz, H-2a); 4.38 (ddd, 1H,
J=11.6, 6.2 and 4.9 Hz, H-2b). '*C NMR & 11.79, 18.48, 22.52, 22.76,
23,73, 23.91, 24,66, 25.21, 27.60, 27.87, 27.95, 30.96, 35.79, 35,02,
38.69, 39.42, 39.73, 40.48, 42.05, 43.73, 46.39, 51.49, 56.27, 61.62,
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62.29, 65.95, 177.01. HRMS: (API+) calculated for CpHyO, ([M
+H] ") 437.3631, Found 437.3632.

2.21. 6,6-Ethylenedioxy-5a-stigmasta-2,22-diene (13)

The general procedure for ketal formation with olefin 12 [21]
(2.0 g, 4.9 mmol) yielded compound 13 (2.13 g; 94%) as a colorless oil.
'H NMR (CDClz) & 0.71 (s, 3H, CH3); 0.80 {d, 3H, J = 6.7 Hz, CHa);
0.81 (t, 3H, J = 7.3Hz, CH3); 0.85 (d, 3H, J = 6.7 Hz, CHs); 0.89 (s,
3H, CH3); 1.02 (d, 3H, J = 6.5 Hz, CHs); 1.76-1.81 {m, 2H); 1.93-2.13
{m, 5H); 3.78 (m, 1H, H ) 3.89-4.01 (m, 3H, 3 x Hy,,,); 5.02 (dd,
1H, J = 15.3 and 8.7 Hz, H-23); 5.15 (dd, 1H, J = 15.3 and 8.6 Hz, H-
22); 5.55 (m, 1H, H-2); 5.66 (m, 1H, H-3). *C NMR § 12.16, 12.24,
13,59, 18.98, 20.85, 21,08, 21.21, 21.44, 24,21, 25.38, 28.81, 31.86,
33.35, 35.90, 39.68, 40.50, 41.22, 41.24, 42.41, 48.10, 51.22, 53.51,
55.97, 56.07, 64.09, 65.57, 110.07, 124.82, 125.68, 129.24, 138.31.
HRMS: (API+) calculated for Cs;Hs 0, ([M+H] ") 455.3889, Found
455.3892.

2.22. Upjohn dilydroxylation of ketal 13

The general procedure for Upjohn dihydroxylation with ketal 13
(2.0g; 4.4 mmol) and column chromatography (mobile phase — ethyl
acetate:cyclohexane 2:3) afforded two products as a waxy solid; minor
2(,3p-diol 14a (258 mg; 12%) and major 2a,3u-diol 14b (1.79 g; 83%).

6,6-Ethylenedioxy-5a-stigmast-22-ene-2p,3p-diol  (14a); 'H NMR
(CDCly) & 0.69 (s, 3H, CH3); 0.798 (d, 3H, J = 6.7 He, CHy); 0.805 (1,
3H, J=7.3Hz, CHy); 0.85 (d, 3H, J=6.7Hz, CHi); 1.01 (d, 3H,
J = 6.6 He, CHu); 1.14 (s, 3H, CHy); 1.73 (dd, 1H, J = 13.1 and 4.0 Hz);
1.79 {m, 1H); 1.95-2.05 (m, 4H); 2.07 (dd, 1H, J = 14.5 and 2.9 Hz);
3.63 (m, 1H, ZJ = 20.2Hz, H-3a); 3.80 (m, 1H, Hiew); 3.91-32.96 (m,
2H, 2 % Hiew); 3.97-4.02 (m, 2H, H-2a, Hyewa); 5.01 (dd, 1H, J = 15.3
and 8.8 He, H-23); 5,14 (dd, 1H, J = 15.3 and 8.7 Hz, H-22). ""CNMR §
12.24 (2 % C), 16.64, 18.98, 21.08, 21.17, 23.70, 24.22, 25.38, 28.82,
31.85, 32.84, 36.69, 39.65, 40.47, 41.24, 42.50, 44.34, 51.18, 51.21,
54,53, 55.95, 56.02, 64.26, 65.52, 69.70, 72.68, 109.55, 129.29,
138.24. HRMS: (API+ ) calculated for CyyHesOg ([M+H] ") 489.3944,
Found 489.3942.

6,6-Ethylenedioxy-5a-stigmast-22-ene-2a, 3a-diol  (14b): "H NMR
(CDCLy) 6 0.69 (s, 3H, CHy); 0.80 (d, 3H, J = 6.7 Hz, CHy); 0.81 (t, 3H,
J=73Hez, CHyk; 0.85 (d, 3H, J=67Hz, CHi): 094 (d, 3H,
J = 6.6 He, CH3); 1.02 (s, 3H, CH,); 1.69-1.78 (m, 2H); 1.85-1.93 (m,
2H); 1.95-2.06 (m, 2H); 3.72-3.78 (m, 2H, H-3ct, Hypmy); 3.87-3.95 (m,
3H, 3 ® Hyew); 4.05 (m, 1H, H-2c); 5.01 (dd, 1H, J = 15.3 and 8.7 Hz,
H-23); 5.15 (dd, 1H, J = 15.3 and 8.6 Hz, H-22). '*C NMR § 12.22,
12.24, 14.50, 18.98, 20.73, 21.08, 21.21, 24.22, 25.38, 25.86, 28.82,
31.85, 33.21, 38.44, 39.57, 40.50, 41.13, 42.20, 42.45, 44.29, 51.20,
53.47, 55.88, 56.01, 64.13, 65.39, 68.73, 68.91, 110.00, 129.28,
138.24. HRMS: (AP1+) calculated for CyyHe304 ([M+H] ) 489.3944,
Found 489.3944.

2.23. 6,6-Ethylenedioxy-2, 3-seco-5a-stigmast-22-ene-2, 3-dial {15)

The general procedure for oxidative cleavage with diols 14a and
14b (1.5 g; 3.07 mmol) afforded the desired dialdehyde 4 (1.39 g; 93%)
as a viscous oil. 'H NMR (CDCl) 8 0.70 (s, 3H, CHa); 0.798 (d, 3H,
J=6.6Hz, CHy); 0.805 (t, 3H, J=72Hz, CHy); 0.85 (d, 3H,
J = 6.6 Hz, CHz); 0.93 (s, 3H, CHg); 1.01 (d, 3H, J = 6.9 Hz, CH;); 1.81
(dd, 1H, J=13.2 and 3.4Hz); 1.99-2.08 (m, 2H); 2.23 (dd, 1H,
J = 15.9 and 2.4 Hz, H-5a); 2.30 (dd, 1H, J = 15.5 and 3.2 Hz, H-1a);
2.44 (ddd, 1H, J = 15.9, 10.3 and 5.3 Hz, H-4a); 2.58 (dd, 1H, J = 15.5
and 2.8 Hz, H-1b); 2.63 (dd, 1H, J = 10.3 and 2.3 Hz, H-4b); 3.59 (q,
1H, J=71Hz, Hy ) 3.77 (m, 1H, H.,) 3.92-400 (m, 2H,
2 % Hye); 5.03 (dd, 1H, J = 15.3 and 8.6 Hz, H-23); 5.15 (dd, 1H,
J = 15.3 and 8.6 Hz, H-22); 9.51 (d, 1H, J = 5.2 Hz, H-3); 9.87 (bt, 1H,
J — 3.0 Hz, H-2). **C NMR § 12.10, 12.22, 17.44, 19.00, 21.06, 21.17,

w
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22.08, 24.23, 25.36, 28.75, 31.85, 33.01, 35.90, 39.39, 40.00, 40.41,
42.01, 42.31, 46.07, 48.78, 50.47, 51.22, 55.81, 55.91, 62.45, 65.39,
109.72, 120,52, 138.04, 200,68, 202.49. HRMS: (APl +) calculated for
CayHs, O, ([M+H] ") 487.3787, Found 487.3790.

2.24. 6,6-Ethyl 22.ene-2,3-diol (16)

dioxy-2,3-seco-5

The general procedure for aldehyde reduction with dialdehyde 15
(1.0 g; 2.06 mmol) and filtration through silica gel in ethyl acetate af-
forded diol 16 (887 mg; 88%) as a waxy solid. 'H NMR (DMSO-d;) &
0,63 (5, 3H, CHy); 0.73 (s, 3H, CH3); 0.769 (d, 3H, J = 6.4 Hz, CHy);
0.772 (1, 3H, J = 7.3 Hz, CH,); 0.82 (d, 3H, J = 6.4 Hz, CH.); 0.98 (d,
3H, J = 6.7 Hz, CH;); 1.62 (m, 1H); 1.67 (dd, 1H, J = 13.1 and 3.4 Hz);
1.90 (m, 1H); 2.01 (m, 1H); 3.29-3.41 (m, 3H, 3 x CH-OH}; 3.47 (1d,
1H, J = 9.5 and 4.9 Hz, CH-OH); 3.69 (q, 1H, J = 7.0 Hz, Hy.,)); 3.80
{td, 1H,.J = 7.0 and 4.7 Hz, H,_,,\): 3.86 (q, 1H, J = 7.0 Hz, H,,,,): 3.96
(td, 1H, J = 7.0 and 4.7 Hz, Hy,); 4.24 (bs, 1H, OH); 4.32 (bs, 1H,
J=4.6Hz, OH); 5.01 (dd, 1H, J = 15.1 and 8.9 Hz, H-23); 5.14 (dd,
1H, J = 15.1 and 8.6 Hz, H-22). "*C NMR § 11.90, 12,16, 17.87, 18.88,
20.97, 21.12, 21.17, 23.85, 24.88, 27.87, 28.49, 31.24, 32.58, 39.07,
39.42, 39.99, 40.09, 41.88, 45.51, 46.97, 48.61, 50.59, 55.39, 55.49,
62.50 (2  C), 62.85, 64.99, 110.76, 128.81, 138.08. HRMS: (API+)
calculated for CayHssOy (IM+H] ') 491 4100, Found 491.4096.

2,25, Ketal deprotection of diol 16

The general procedure for ketal deprotection with diol 16 (200 mg;
0.41 mmol) and column chromatography on silica gel (mobile phase —
ethyl acetate:cyclohexane 1:9) afforded intramolecular ketal 17
(113 mg; 65%) as an waxy solid.

2,6:3,6-Digpoxy-2,3-seco-5a-stigmast-22-ene (17): "H NMR (CDCly) &
0.70 (s, 3H, CH:); 0.796 (d, 3H, J= 6.6Hz, CHs) 0.806 (1, 3H,
J = 7.4 Hz, CH:); 0.85 (d, 3H, J = 6.6 Hz, CHa); 0.95 (s, 3H, CHz); 1.01
(d, 3H, J = 6.6 Hz, CHa); 1.93 (m, 1H); 1.98-2.07 (m, 4H); 3.79 (m, 1H,
H-2a); 3.80 (bd, 1H, J = 7.4 Hz, H-2b); 3.97 (g, 1H, J = 8.0H-3a); 4.11
(ddd, 1H, J = 9.6, 8.2, and 2.4 Hz, H-3b); 5.02 (dd, 1H, J = 15.2 and
8.9 Hz, H-23); 5.14 (dd, 1H, J = 15.2 and = 8.7 Hz, H:22). "*C NMR §
12.24, 12.57, 18.95, 21.08, 21.10, 22.20, 23.71, 23.82, 24.89, 2541,
28.96, 31.86, 32.65, 34.28, 35,17 (2 = C), 40.49 (2 = C), 42,65, 46.69,
46.98, 51.22, 55.89, 56.45, 59.75, 68.22, 105.12, 129.39, 138.15.
HRMS: (AP1+) caleulated for CooHaoOs ([M+H] ") 429.3733, Found
429.3736.

2.26. Sharpless dihydroxylation of diol 16

Osmium tetroxide in &-butanol (0.3 mL; 1 g/ 20 mL; 0.06 mmeol) was
added to a solution of diol 16 (600 mg; 1.2 mmel); hydroguinidine 4-
chlorobenzoate (140 mg; 0.3mmol); methansulfonamide (285 mg;
3.0mmol); potassium carbonate (830mg; 6.0 mmol); and potassium
ferricyanide (2.0g; 6.0mmol) in a mixture of t-butanol and water
(40mL: 1:1 v/v). The reaction mixture was stirred at room temperature
for 7days. A saturated solution of sodium sulfite (5mL) was then
added. After an additional 30 min of stirring, the reaction mixture was
diluted with ethyl acetate (70ml) and extracted with water
(2 % 70mL). The combined organic fractions were dried over anhy-
drous magnesium sulfate and evaporated under reduced pressure.
Column chromatography on silica gel (mobile phase - methanol:-
chloroform - 1:19) gave the two main products; tetraol 18a (115 mg;
18%) and tetracl 18b (194 mg; 30%) in a ratio 18a:18b 2:3.

(228,235)-6,6-Ethylenedioxy-2, 3-seco-5a-stigmastane-2f, 34,22, 23 tet-
raol (18a): 'H NMR (DMSO0-dg) & 8 0.63 (s, 3H, CHs); 0.73 (s, 3H, CH3);
0.78 (d, 3H, J = 6.7 Hz, CH,); 0.87 (t, 3H, J = 7.5Hz, CHy); 0.89 (d,
3H, J=6.7He, CHy); 0.93 (d, 3H, J = 6.7 Hz, CHy); 1.67 (dd, 1H,
J=12.8 and 3.4 Hz); 1.69 (m, 1H); 1.94 (m, 1H); 2.06 (td, 1H, J = 6.9
and 2.4 Hz); 3,30-3,51 (m, 6H); 3.69 (g, 1H, J = 7.0Hz, Hy); 3.75
(d, 1H, J=7.6Hz, sec-OH): 3.80 (m, 1H, Hy..): 3.85 (g, 1H,
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J = 7.0 He, Hyu); 3.96 (m, 1H, Hy ) 4.20 (d, 1H, J = 6.4 Hz, sec-
OH); 4.25 (b t, 1H, J = 5.0Hz, prim-0H); 4.34 (b t, 1H, J = 5.2 Hz,
prim-OH). '®C NMR § 11.68, 14.29, 14.44, 17.54, 17.90, 18.27, 21.25,
21.94, 24.17, 26.23, 27.56, 27.89, 29.07, 32.66, 39.62, 40.08, 42.04,
42.49, 45.52, 46.95, 48.78, 52.26, 55.10, 56.27, 62.54 (2 % C), 62.89,
65.00, 59.49, 71.05, 110.82. HRMS: (AP1+) calculated for CsyHo70,
(IM+H] ") 525.4155, Found 525.4153.

(22R, 23R)-0,6-Ethylenedioxy-2,3-seco-Sa-stigmastane-2f, 35,22, 23-
tetraol (18b): 'H NMR (DMSO-ds) & 0.63 (s, 3H, CHs); 0.75 (s, 3H, CHg):
0.81 (d, 3H, J = 6.7 Hz, CHz); 0.884 (t, 3H, J = 7.5Hz, CHs); 0.891 (d,
3H, J = 6.7 Hz, CH;); 0.90 (d, 3H, J = 6,7 Hz, CH;); 1.70 (dd, 1H,
J=12.8and 3.4 Hz); 1.76 (dq, 1H,J = 13.3 and 6.7 Hz); 1.85-1.94 (m,
2H); 3.31-3.42 (m, 4H); 3.46-3.52 (m, 2H); 3.71 (q, 1H, J = 7.0 Hz,
Hya; 3.81 (d, 1H, J = 4.0 Hz, sec-OH); 3.82 (m, 1H, Hy,,); 3.88 (q,
1H, J = 7.0 Hz, Hyou): 3.97 (m, 1H, Hy.,): 4.06 (d, 1H, J = 4.6 Hz,
sec-OH); 4.12 (t, 1H, J = 5.0Hz, prim-OH); 4.19 (t, 1H, J = 5.2Hg,
prim—OH). '*C NMR & 11.65, 12,12, 13.54, 17.91, 18.85, 19.76, 21.12,
21.29, 23.75, 27.30, 27.89, 28,62, 29.07, 31.34, 32.72, 36.95, 40.08,
41,74, 45.54, 46.05, 47.02, 52,23, 55.59, 56.28, 52.55 (2 x C), 62.86,
65.03, 71.17, 73.11, 110.81. HRMS: (API+) calculated for CayHs704
(IM+H]") 525.4155, Found 525.4150.

2.27. (22R,23R)-2a,3a,22,23-Tetrahydroxy-2,3-seco-5a-stigmastane-6-
one (19)

5% aqueous solution of hydrochloric acid (0.25 mL) was added to a
solution of ketal 18b (50 mg; 0.1 mmol) in tetrahydrofuran (5 mL). The
mixture was stirred at room temperature for 1 h, Work-up (method A)
and evaporation of ethyl acetate in 25 bath afforded the desired tet-
rahydroxyketon 19 (42 mg; 94%) in 85-90% purity (based on "H NMR).
Purification on silica or crystallization always led to decomposition and
formation of several less polar compounds, "H NMR (DMSO-ds) § 0.54
(s, 3H, CHa); 0.61 (s, 3H, CHs); 0.80 (d, 3H, J = 6.4 Hz, CHa); 0.871 (1,
3H, J = 7.5Hz, CH:); 0.878 (d, 3H, J= 6.4Hz, CH:); 0.89 (d, 3H,
J = 6.6 He, CHa); 1.86-1.87 (m, 4H); 2.06 (m, 1H, H-5a); 3.13 (m, 1H);
3.38 (m, 1H); 3.45-3.50 (m, 4H); 2.95 (d, 1H, J = 4.3 Hz, sec-OH); 4.22
(d, 1H, J = 4.9 Hz, sec-OH); 4.32 (1, 1H, J = 5.0 Hz, prim-0OH); 4.38 (¢,
1H, J = 5.3 Hz, prim-OH). '’C NMR § 11.56, 12.05, 13.51, 17.55,
18.80, 19.70, 21.07, 22.57, 23.44, 25.60, 27.14, 28.60, 31.31, 36.82,
37.55, 38.74, 42,08, 43.41, 46.00, 46.82, 47.16, 52.13, 52.48, 55.71,
56.15, 59.80, 71.15, 73.04, 211.41. HRMS: (API+) calculated for
CapHesOs (IM+H] ') 481.3893, Found 481.3893.

2.28. (22R,23R)-6-0x0-3a,5-cyclo-5Sa-stigmastane-22, 23-diyl diacetate
(21)

The general procedure for acetylation with diol 20 [22] (2.0g;
4.5 mmol) and column chromatography on silica gel (mobile phase —
ethyl acetatercyclohexane 1:9) afforded the desired diacetate 21
(2.23g; 94%) as a wviscous oil. 'H NMR (CDCly) 8 0.72 (1, 1H,
J = 4.9 Hz, H-4f); 0.74 (s, 3H, CHy); 0.84 (d, 3H, J = 6.7 Hz, CH,);
0.97 (d, 3H, J = 6.7 Hz, CHy); 0.98 (t, 3H, J = 7.5 Hz, CH,); 1.00 (s,
3H, CHa); 1.04 (d, 3H, J = 6.7 Hz, CHa); 1.97 (s, 3H, CHa); 2.02 (s, 3H,
CH.); 1.98-2.10 (m, 3H); 2.43 (dd, 1H, J = 15.1 and 2.9 Hz, H-7B);
5.18 (bd, 1H, J = 9.3 Hz, H-22); 5.31 (dd, 1H, J = 9.3and 1.2 Hz, H-
23). JCNMR 4 11.61, 11.77, 12.83, 13.05, 18.58, 19.54, 19.66, 20.87,
20.96, 21.10, 22.81, 23.91, 25.86, 28.14, 28.24, 33.44, 34.77, 35.31,
36.94, 39.59, 42.54, 44.64, 45.69, 45.95, 46.26, 46.70, 52.47, 56.84,
7280, 75.56, 170.40, 170.55, 209.55. HRMS: (API1+) calculated for
CasHss05 ((M+H] ") 529.3893, Found 529.3896.

2.29. (22R,23R)-6-Oxo-5a-stigmast-2-ene-22,23-diyl diacetate (22)
Pyridinium p-toluensulfonate (200 mg; 0.8 mmol) and lithium bro-

mide (220 mg; 2.5 mmol) were added to a solution of diacetare 21
(2.1 g; 4.0mmol) in dimethylacetamide (25 mL). The reaction mixture
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was heated at 170 °C for 6 h. Then, it was diluted with ethyl acetate and
worked up (method A). The crude product was purified on silica gel
(mobile phase - ethyl acetate:cyclohexane 1:9) to afford desired olefin
22 (1.89 g: 90%) as waxy solid. IH NMR (CDCL;) § 0.63 (s, 3H, CHZ); §
0.64 (s, 3H, CHs); 0.77 (d, 3H, J=6.9Hz, CHs) 0.90 (d, 3H,
J = 6.9 Hz, CH.); 0.91 (t, 3H, J = 7.4 Hz, CH,); 0.97 (d, 3H, J = 6.8 Hz,
CH3); 1.90 (s, 3H, CHa); 1.95 (s, 3H, CHs); 1.87-2.03 (m, 5H, 2 % H-1,
H-4a, H-7a, H-16a); 2.18 (m, 1H, H-4f); 2.25-2.30 (m, 2H, H-5a, H-
7p); 5.11 (dd, 1H, J = 9.3 and 1.1 Hz, H-22); 5.31 (dd, 1H, J = 9.3 and
1.4 Hz, H-23); 5.50 (m, 1H, H-2); 5.61 (m, 1H, H-3). “*C NMR § 11.67,
12.81, 13.04, 12.49, 18.59, 19.55, 20.86, 20.94, 21.08 (2 x C), 21.69,
23.81, 28.03, 28.26, 36.95, 37.68, 39.34, 39.40, 39.97, 42,65, 45.73,
46.85, 52.53, 53.33, 53.79, 56.63, 72.86, 75.57, 124.45 12497,
170.26, 170.54, 211.82. HRMS: [API+) calculated for CyqHs;05 ([M
+H] ") 529.3893, Found 529.3896,

2.30. (22R,23R)-6,6-Ethylenedioxy-5a-stigmast-2-ene-22,23-diyl
diacetate (23)

The general procedure for ketal formation with diacetate 22 (1.80 g,
3.4mmol) and column chromatography on silica gel (mobile phase -
ethyl acetate:eyelohexane 1:9) afforded compound 23 (1.81 g; 92%) as
a colorless oil. "H NMR (CDCly) § 0.71 (s, 3H, CHg); 0.85 (d, 3H,
J = 6.8 Hz, CHy); 0.89 (s, 3H, CHa); 0.97 (d, 3H, J = 6.8 Hz, CHJ); 0.99
(t, 3H, J = 7.5 Hz, CH); 1.03 (d, 3H, J = 6.7 Hz, CHy); 1.69-1.79 (m,
4H); 1.97 (s, 3H, CH3); 2.02 (s, 3H, CH;3); 1.92-2.04 (m, 4H); 2.08 (m,
1H, H-4p); 3.78 (m, 1H, Hyear); 3.90-4.01 (m, 3H, 3 % Hyew; 5.18 (dd,
1H, J = 9.3 and 1.1 Hz, H-22); 5.31 (dd, 1H, J = 9.3 and 1.4 Hz, H-23);
5.54 (m, 1H, H-2); 5.66 (m, 1H, H-3). "*C NMR & 11.71, 12.81, 13.02,
13.60, 18.60, 19.55, 20,83, 20.89, 20,96, 21.10, 21.41, 24,02, 26.89,
28.13, 28.22, 33.39, 35.85, 36.95, 39.68, 41.09, 41.23, 45.66, 48.03,
52.55, 53.37, 55.85, 64.10, 65.57, 72.90, 75.66, 109.97, 124.74,
125.69, 170.60 (2 = C). HRMS: (API+) calculated for CasHs»Os ([M
+HI1") 573.4155, Found 573.4160.

2.31. Upjohn difyydroxylation of ketone 22

The general procedure for Upjohn dihydroxylation with ketone 22
(100 mg; 0.19mmol) and column chromatography (mobile phase -
ethyl acetate:cyclohexane 3:2) afforded a mixture of two products
(minor 2f,33-diol 24a and major 2a,3a-diol 24b) as a solid in an
overall yield 97 mg (92%) and a ratio 2B,3(:2a,3c — 1:9. An analytical
sample of mixture was used for HPLC (mobile phase - ethyl acet-
atereyclohexane 3:2) to separate and analyze both isomers.

(22R,23R)-2§, 3f-dihydroxy-6-oxo-5a-stigmastane-22, 23-diyl diacetate
(24a): "H NMR (CDCl3) & 0.69 (s, 3H, CH=); 0.84 (d, 3H, J = 6.9 He,
CHz); 0.96 (d, 3H, J = 6.7 Hz, CHs); 0.977 (t, 3H, J = 7.5Hz, CHa);
0.979 (s, 3H, CHa) 1.03 (d, 3H, J = 6.7 Hz, CHa); 1.97 (s, 3H, CHa);
2.02 (s, 3H, CH,); 2.12 (dd, 1H, J = 12.5 and 2.8 Hz, H-7a); 2.20 (dd,
1H, J = 12.5 and 2.8 Hz, H-7f); 2.30 (dd, 1H, .J = 13.4 and 4.6 Hz, H-
Sa): 3.63 (m, 1H, H-2a); 4.03 (m, 1H, H-3c)); 5.17 (dd, 1H, J = 9.4 and
0.9 Hz, H-22); 5.30 (dd, 1H, J = 9.4 and 1.4 Hz, H-23). '*C NMR §
11.77, 12.79, 13.03, 15.22, 18.56, 19.54, 20.88, 20.95, 21.09, 21.49,
23.81, 24.19, 28.04, 28.21, 36.92, 37.20, 39.39, 40.51, 42.34, 42.82,
45.68, 46.31, 52,50, 54.58, 56.50, 57.07, 69.05, 71.75, 72.79, 75.59,
170.39, 170.59, 210.48. HRMS: (API+) calculated for CigHas0y ([M
+H] ") 545.3948, Found 545.3950.

(22R,23R)-2a,3a-dihydroxy-6-oxo-5a-stigmastane-22,23-diyl  diace-
tate (24b): "H NMR (CDCl3) & 0.68 (s, 3H, CHa); 0.75 (s, 3H, CHs); 0.84
(d, 3H, J = 6.7 Hz, CHy); 0.96 (d, 3H, J = 6.7 Hz, CHs); 0.98 (t, 3H,
J = 7.5Hz, CH3); 1.03 (d, 3H, J = 6.7 Hz, CHg); 1.97 (s, 3H, CHa); 2.03
(s, 3H, CH3); 1.91 (dt, 1H, J = 15.0 and 3.4 Hz, H-4a); 1.95-2.03 (m,
2H, H-7a, H-160): 2.28 (dd, 1H, J = 13.3 and 4.4 Hz, H-7f): 2.67 (dd,
1H, J = 9.4 and 1.4 Hz, H-5a); 3.76 (m, 1H, £J = 19.9 Hz, H-2R); 4.04
(m, 1H, H-3p); 5.17 (dd, 1H, J = 9,5 and 0.9 Hz, H-22); 5.30 (dd, 1H,
J=95 and 1.2Hz, H-23). *C NMR & 11.71, 12.78, 13.01, 13.51,
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18.54, 19.50, 20.86, 20,92, 21.07, 21.10, 23.78, 26.25, 26.86, 27.99,
28.19, 36.87, 37.62, 39.25, 40.10, 42.74, 45.67, 46.58, 50.65, 52.42,
53.55, 56.45, 68.20, 68.31, 72.80, 75.51, 170.44, 170.59, 212.08.
HRMS: (API+) calculated for CazHasOy ([M+H] ') 5453948, Found
545.3949.

2.32. Upjohn difydroxylation of ketal 23

The general procedure for Upjohn dihydroxylation with ketal 23
(1.7 g; 3.0mmaol) and column chromatography (mobile phase — ethyl
acetate:cyclohexane 3:2) afforded a mixture of two produets (minor
2f,3p-diol 25a and major 2a,3a-diol 25b) as a solid in an overall yield
1.66g (92%) and a ratio 23,3f:2a,3a — 1:10. Analytical sample of
mixture was used for HPLC (maobile phase - ethyl acetate:cyclohexane
3:2) to separate and analyze both isomers.

(22R, 23R)-2f, 3p-dihydroxy-6,6-ethylenedioxy-5a-stigmastane-22,23-
diyl diacetate (25a): *H NMR (CDCl,) & 0.69 (s, 3H, CH,); 0.84 (d, 3H,
J = 6.9 He, CHy); 0.97 (d, 3H, J = 6.9 Hz, CHa); 0.98 (t, 3H,J = 7.5 Hz,
CHg); 1.02 (d, 3H, J = 6.7 Hz, CHy); 1.13 (s, 3H, CHy); 1.97 (s, 3H,
CHa); 1.98 (m, 1H); 2.02 (s, 3H, CHy): 2.07 (dd, 1H, J = 14.4 and
2.4 Hz); 3.63 (m, 1H, H-3a); 3.80 (m, 1H, Hyew); 3.90-3.95 (m, 2H,
2 % Hierar); 3.96-4.02 (m, 2H, H-2a, Hyera); 5.17 (d, 1H, J = 9.1 Hz, H-
22); 5.30 (d, 1H, J = 9.1 Hz, H-23). "*C NMR #§ 11,78, 12.80, 13.01,
16.63, 18.58, 19.54, 20.89, 20,95, 21.07, 21.09, 23.64, 24.03, 26.88,
28,13, 28.21, 32.87, 36.63, 36.93, 39.64, 41.12, 42.48, 45.65, 51.11,
52,54, 54,39, 55.79, 64.28, 65.52, 69.64, 72.62, 72.87, 75.65, 109.45,
170.40, 170.63. HRMS: (API+) calculated for CisHseOg (IM+HI™)
607.4210, Found 607.4211.

(22R,23R)-2a, 3a-dihydroxy-6,6-ethylenedioxy-5a-stigmastane-22,23-
diyl diacetate (25b): "H NMR (CDCls) & 0.68 (s, 3H, CHa); 0.83 (d, 3H,
J = 6.9 He, CHa); 0.93 (s, 3H, CHa); 0.96 (d, 3H, J = 6.9 Hz, CH.); 0.97
(t, 3H, J = 7.5 Hz, CHa); 1.01 (d, 3H, J = 6.7 Hz, CHa); 1.86 (dd, 1H,
J =127 and 2.9Hz); 1.91 (dt, 1H, J = 14.1 and 3.1 Hz); 1.96 (s, 3H,
CHa); 2.02 (s, 3H, CHa); 3.72-3.79 (m, 2H, H-3p, Hiewa); 3.86-3.94 (m,
3H, 3 % Higwa); 4.05 (bd, 1H, J = 2.8 Hz, H-2p3); 5.17 (dd, 1H, J = 9.3
and 0.9 He, H-22); 5.29 (dd, 1H, J = 9.3 and 1.7 Hz, H-23). "°C NMR &
11.76, 12.79, 13.01, 14.50, 18.58, 19.52, 20.67, 20.89, 20.93, 21.08,
24.02, 25.84, 26.87, 28,11, 28.20, 33.24, 36.90, 30.54, 40.97, 42.13,
42,42, 44.23, 45.85, 52.48, 53.29, 55.75, 64.12, 65.38, 68.66, 68.85,
72,90, 75.60, 109.91, 170.42, 170.64. HRMS: (AP1+) calculated for
CasHaegOg (IM+H] ") 607.4210, Found 607.4212.

2.33. (22R,23R)-2.3,6-Trioxo-2,3-seco-5a-stigmastane-22, 23-diyl
diacetate (26)

The general procedure for oxidative cleavage with a mixture of diols
24a and 24b (70mg; 0.12mmol) afforded desired dialdehyde 26
(62 mg; 89%) as a viscous oil. The product was lyophilized from ben-
zene. 'H NMR (CDCLy) § 0.69 (s, 3H, CH.): 0.76 (s, 3H, CH.); 0.84 (d,
3H, J = 6.7 Hz, CHs); 0.96 (d, 3H, J = 6.9Hgz, CH.); 0.98 (t, 3H,
J = 7.5He, CHa); 1.03 (d, 3H, J = 6.7 Hz, CHa); 1.84 (m, 1H); 1.97 (s,
3H, CH.); 2.03 (s, 3H, CH.); 2.08 (m, 1H, H-7a); 2.26 (dd, 1H, J = 16.5
and 1.8 Hz, H-1a); 2.31 (dd, 1H, J = 17.6 and 3.2 Hz, H-4a); 2.41 (dd,
1H, J = 13.1 and 4.3 Hz, H-7B); 2.63 (dd, 1H, J = 16.5 and 2.8 Hz, H-
1b); 2.08 (ddd, 1H, J = 17.6, 9.7 and 1.2Hz, H-4b); 3.44 (dd, 1H,
J =97 and 2.8 Hz, H-5a); 5.17 (dd, 1H, J = 9.3 and 0.9 Hz, H-22);
5.30 (dd, 1H, J = 9.3 and 1.2 Hz, H-23); 9.79 (bd, 1H, J — 1.0 Hz, H-3);
9.83 (bt, 1H, J — 2.4 Hz, H-2). *C NMR § 11.59, 12.78, 13.03, 17.48,
18,56, 19.52, 20.85, 20.94, 21.08, 22.20, 23.77, 27.97, 28.20, 36.87,
37.06, 37.86, 39.03, 4253, 44.11, 45.69, 46.31, 48,33, 49.36, 52,16,
52.36, 56.35, 72.73, 75.38, 170.37, 170.55, 200.18, 200.92, 209.00.
HRMS: (API+) calculated for Cz3Hs30, ([M+H] ) 561.3791, Found
561.3790.
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2.34. (22R,23R)-6,6-Ethylenedioxy-2, 3-dioxo-2, 3-seco-5a-stigmastane-
22,23-diyl diacetate (27)

The general procedure for oxidative cleavage with mixture of diols
25a and 25b (1.50g; 2.48 mmol) afforded desired dialdehyde 27
(1.36mg; 91%) as a viscous oil. The product was lyophilized from
benzene. 'H NMR (CDCls) & 0.71 (s, 3H, CH); 0.85 (d, 3H, J = 6.9 Hz,
CHz); 0.93 (s, 3H, CHa3): 0.97 (d, 3H, J = 6.9 Hz, CHa); 0.98 (t, 3H,
J = 7.5Hz, CHs); 1.03 (d, 3H, J = 6.7 Hz, CHa): 1.80 (dd, 1H, J = 13.1
and 3.7 Hz); 1.97 (s, 3H, CHa); 2.03 (s, 3H, CH»); 2.23 (dd, 1H, J = 15.9
and 2.1 Hz, H-5ax); 2.31 (dd, 1H,J = 15.5 and 3.1 Hz, H-1a); 2.45 (ddd,
1H, J =159, 10.3 and 5.5Hz, H-4a); 257 (dd, 1H, J = 15.5 and
2.0He, H-1b); 2.64 (dd, 1H, J = 10.3 and 2.3 Hz, H-4h); 3.59 (q, 1H,
J=7.2Hz, Hyew); 3.78 (1d, 1H, J = 7.2, J = 5.8 Hz, H); 3.92-4.01
(m, 2H, 2 % H,,,); 5.18 (dd, 1H, J = 9.3 and 0.9 Hz, H-22): 5.31 (dd,
1H, J = 9.3 and 1.4 Hz, H-23); 9.52 (d, 1H, J = 5.5 Hz, H-3); 9.86 (bt,
1H, J — 3.0Hz, H-2). **C NMR & 11.65, 12.80, 13.04, 17.44, 18.60,
19.54, 20,87, 20.95, 21.08, 21.98, 24.02, 28.09, 28.23, 33.01, 36.92,
38.87, 39.35, 30.86, 41.90, 42.26, 45.69, 4501, 4857, 50.39, 52.45,
55.58, 62.45, 65.38, 72.83, 75.51, 109.60, 170.37, 170.61, 200.58,
202.36. HRMS: (API+) calculated for CasHsz0g ([M+H] ") 605.4053,
Found 605.4055.

2.35. (22R,23R)-6,6-Ethylenedioxy-2,3-seco-5a-stigmastane-2,3,22,23-
tetraol (18b)

The general procedure for aldehyde reduction with dialdehyde 27
(1.0 g 1.66 mmol) and column chromatography (mobile phase - me-
thanol:chloroform - 1:19) afforded diol 18b (754 mg; 87%) as an
amorphous solid. All data correspond to diol 18b prepared in previous
experiment by Sharpless dihydroxylation,

2.36. (22R,23R)-6,6-Ethylenedioxy-2,3-seco-5a-stigmastane-2,3,22,23-
tetrayl tetraacetate (28)

The general procedure for acetylation with diol 18b (600 mg;
1.15mmol) and column chromatography on silica gel (mobile phase -
ethyl acetate:cyclohexane 3:7) afforded desired diacetate 28 (752 mg;
05%) as a viscous oil. "TH NMR (CDCL,) & 0.69 (s, 3H, CH,,); 0.83 (s, 3H,
CHa); 0.84 (d, 3H, J = 6.7 Hz, CHy); 0.97 (d, 3H, J = 6.9 Hz, CH.); 0.98
(t, 3H, J = 7.5Hz, CHy); 1.02 (d, 3H, J = 6.7 Hz, CHy); 1.97 (s, 3H,
CH,); 2.03 (s, 3H, CH.); 2.038 (s, 3H, CH,): 2.042 (s, 3H, CHy); 3.82 (q,
1H,J = 7.1 Hz, Hpop); 3.88 (td, 1H, J = 7.1 and 5.0 Hz, Hype); 3.97 (g,
1H, J = 7.1 Hz, Hyei); 4.00-4.16 (m, 4H, 2 % H-2, H-3a, Hywa); 4.29
(ddd, 1H, J = 10.5, 8.0 and 4.9 Hz, H-3b); 5.17 (dd, 1H, J = 9.4 and
0.9Hz, H-22); 5.30 (dd, 1H, J = 9.4 and 1.4 Hz, H-23). "*C NMR &
11.68, 12.78, 13.03, 17.56, 18.60, 19.54, 20.88, 20.95, 21.04, 21.09,
21.55, 23.34, 23.76, 24.03, 28.11, 28.23, 32.93, 34.99, 36.92, 39.58,
40,10, 40.15, 42.27, 45.67, 45.71, 47.55, 52.50, 55.83, 60.68, 63.16,
65.33, 65.97, 72.87, 75.58, 111.18, 170.37, 170.62, 171.17 (2 x C).
HRMS: (AP1+) calculated for CioHg 04 ([(M—AcOH)+H]Y)
633.4366, Found 633.4367.

2.37. Ketal deprotection of tetraacetate 28

The general procedure for ketal deprotection with tetraacetate 28
(700 mg; 1.01 mmol) and column chromatography on silica gel (mobile
phase — ethyl acetate:cyclohexane 3:7) afforded one main product —
letone 29a (472 mg; 72%) and four minor compounds - triacetate 29b
(75 mg; 12%), unsaturated ether 29¢ (21 mg; 3.5%), and chloride 29d
(44 mg; 7%).

(22R,23R)-6-0x0-2,3-seco-5a-stigmastane-2,3,22, 23-tetrayl tetra-
acetate (29a): ‘H NMR (CDCl4) & 0.676 (s, 3H, CH,): 0.682 (s, 3H, CH);
0.84 (d, 3H, J = 6.9Hz, CH,); 0.96 (d, 3H, J = 6.9 Hz, CHa); 0.98 (1,
3H, J = 7.5Hz, CHy); 1.02 (d, 3H, J = 6.7 Hz, CH;); 1.85 (ddd, 1H,
J= 151, 9.6 and 5.7 Hz); 1.94 (m, 1H, H-7a); 1.97 (s, 3H, CH,); 2.026
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(s, 3H, CH.); 2.034 (s, 3H, CHy); 2.06 (s, 3H, CHy); 2.15 (m, 1H, H-4a);
2.35(dd, 1H, J = 12.5 and 4.0 Hz, H-7p); 2.43 (bd, 1H, J = 10.7 Hz, H-
S5a); 3.87 (ddd, 1H, J = 10.9, 9.3 and 5.2Hz, H-3a); 4.07 (td, 1H,
J =10.3 and 5.7 Hz); 4.14-4.20 (m, 2H); 5.17 (dd, 1H, J = 9.3 and
0.9 He, H-22); 5.30 (dd, 1H, J = 9.3 and 1.2Hz, H-23). '*C NMR &
11.61, 12.76, 13.02, 17.53, 18.55, 19.52, 20.85, 20.93 (2 % C), 20.99,
21.08, 21.85, 22.11, 23.80, 28.00, 28.20, 34.21, 36.89, 37.82, 39.34,
42,62, 43.96, 45.68, 47.17, 48.07, 52.48, 53.51, 56.69, 59.85, 63.63,
72.74, 75.45, 170.36, 170.56, 171.08 (2 % C), 210.69. HRMS: (API+)
calculated for CasHs;0O; ([(M—AcOH)+H] ) 589.4104, Found
589.4102.

(22R,23R)-2-hydroxy-6-ox0-2,3-seco-5a-stigmastane-3,22, 23-triyl
triacetate (29b): *H NMR (CDCl;) & 0.65 (s, 3H, CH): 0.67 (s, 3H, CH,);
0.83 (d, 3H, J = 6.9 Hz, CH); 0.96 (d, 3H, J = 6.9 Hz, CH,); 0.97 (1,
3H, J = 7.5 Hz, CH3); 1.02 (d, 3H, J = 6.7 Hz, CH,); 1.94 (m, 1H, H-
7a); 1.96 (s, 3H, CH,); 2.01 (s, 3H, CHy); 2.03 (s, 3H, CHy); 2.11 (m,
1H, H-4a); 2.33 (dd, 1H, J=12.5 and 4.0Hz, H-7f); 2.52 (bd, 1H,
J = 10.4Hz, H-5a); 3.68-3.76 (m, 2H, H-2a, H-2b); 3.89 (ddd, 1H,
J =109, 86 and 6.1 Hz, H-3a); 4.12 (ddd, 1H, J= 109, 6.7 and
4.6 Hz, H-3b); 5.17 (dd, 1H, J = 9.3 and J = 0.8 Hz, H-22); 5.30 (dd,
1H, J = 9.3 and 1.2 Hz, H-23). **C NMR 4 11.59, 12.75, 13.01, 17.62,
18.53, 19.50, 20.83, 20.91, 20,99, 21.05, 21.90, 22.11, 23.80, 27.98,
28.18, 36.87, 37.81, 38.58, 39.35, 42.62, 44.05, 45.65, 47.16, 47.93,
52,46, 53.83, 56.67, 57.99, 64.01, 72.76, 75.48, 170.38, 170.55,
171.25, 211.17. HRMS: (API+) caleulated for CagHsyOp ([(M—Ha0)
+H]17) 589.4104, Found 589.4107,

(22R,23R)-3,6-epoxy-2,3-secostigmast-5(6)-ene-2,22,23-riyl  wriace-
tate {29¢): 'H NMR (CDCly) & 0.70 (s, 3H, CH,); 0.84 (d, 3H,
J = 6.9 He, CH,); 0.93 (5, 3H, CHy); 0.97 (d, 3H, J = 6.9 Hz, CH.); 0.98
(t, 3H, J = 7.5 He, CHy); 1.03 (d, 3H, J = 6.7 Hz, CH3); 1.83 (ddd, 1H,
J=14.0, 9.7 and 6.3 Hz, H-1a); 1.97 (s, 3H, CHz); 2.02 (s, 3H, CHa);
2.03 (s, 3H, CH:); 1.98-2.06 (m, 3H); 2.45-2.64 (m, 2H, 2 » H-4); 3.90
(td, 1H, J = 10.3 and 5.0 Hz, H-2a); 3.98 (1d, 1H, J = 10.3 and 6.6 Hz,
H-2b); 4.22-4.33 (m, 2H, 2 x H-3); 5.18 (bd, 1H, J = 9.3Hz, H-22);
5.30 (dd, 1H, J = 9.3 and 1.2He, H-23). *C NMR & 11.55, 12.83,
13.05, 18.59, 19.54, 20.87, 20.96, 21.10, 21.12, 22.52, 24.18, 26.88,
28.09, 28.24, 28.77, 28.89, 33.08, 35.30, 36.78, 36.91, 39.38, 42.26,
43.71, 45.68, 52.49, 56.47, 61.93, 68.86, 72.88, 75.58, 111.28, 151.02,
170.40, 170.57, 171.18. HRMS: (AP1+) calculated for CaHs 05 (M
+H] ") 589.4104, Found 589.4103.

(22R,23R)-3-chloro-6-ox0-2, 3-seco-5a-stigmastane-2, 22, 23-triyl  tria-
cetate (29d): "H NMR (CDCL,) § 0.67 (s, 3H, CHa); 0.69 (s, 3H, CH.);
(.84 (d. 3H, J = 6.9 Hz, CH,); 0.96 (d, 3H, J = 6.9 Hz, CH;); 0.98 (L
3H, J = 7.5Hz, CH:); 1.02 (d, 3H, J = 6.7 Hz, CHs); 1.83 (ddd, 1H,
J =14.7, 9.7 and 5.5 Hz, H-1a); 1.94-2.03 (m, 3H); 1.97 (s, 3H, CHz);
2.03 (s, 3H, CH3); 2.06 (s, 3H, CHa); 2.29 (m, 1H, H-4a); 2.34 (dd, 1H,
J = 12.5 and 4.0 Hz, H-7B); 2.63 (bd, 1H. J = 10.7 Hz, H-5a); 3.41 (td,
1H, J =105 and 4.7Hz, H-3a); 3.72 (m, 1H, H-3b); 4.12 (id, 1H,
J = 10.3 and 5.7 Hz, H-2a); 4.23 (td, 1H, J = 10.3 and 5.8 Hz, H-2b);
5.17 (bd, 1H, J = 9.2 Hz, H-22); 5.30 (bd, 1H, J = 9.2 Hz, H-23). ’C
NMR § 11.63, 12.77, 13.04, 17.75, 18.57, 19.54, 20.87, 20.95, 21.04,
21.09, 21.79, 23.82, 26.11, 28.00, 28.22, 34.28, 36.90, 37.85, 39.30,
42,63, 44.01, 44.53, 45.69, 47.28, 48.07, 52.48, 53.80, 56.68, 59.85,
72.76, 75.46, 170.37, 170.59, 171.12, 211.02. HRMS: (API+) calcu-
lated for Cs3Hez05Cl ([(M— AcOH) +H] ") 565.3660, Found 565.3659.

2.38. Baeyer-Villiger oxidation of tetragcetate 29a

The general procedure for Baeyer-Villiger oxidation with tetra-
acetate 29a (400 mg; 0.62 mmol) and column chromatography on silica
gel (mobile phase - ethyl acetatezcyclohexane 3:7) afforded two pro-
ducts as viscous oil; minor lactone 30a (98 mg; 24%) and major lactone
30b (270 mg: 66%).

(22R,23R)-7a-Homo-7-0xa-6-ox0-2, 3-seco-5a-stigmastane-2,3,22,23-
tetrayl tetraacetate (30a): *H NMR (CDCly) 8 0.72 (5, 3H, CH,); 0.84 (d,
3H, J = 6.7 Hz, CH,); 0.88 (5, 3H, CH,); 0.96 (d, 3H, J = 6.7 Hz, CH,);
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0.98 (t, 3H, J = 7.5 Hz, CHy); 1.02 (d, 3H, J = 6.7 Hz, CH;); 1.92 (m,
1H); 1.97 (s, 3H, CHs); 2.02 (5, 3H, CHy); 2.05 (s, 3H, CH.); 2.06 (s, 3H,
CH3); 2.18 (m, 1H); 2.97 (dd, 1H, J=119 and 1.8Hz, H-5a);
3.88-3.98 (m, 2H, H-3a, H-2a); 4.00 (dd, 1H, J = 13.0 and 10.2 Hz, H-
7aP); 4.07-4.12 (m, 2H, H-3b, H-7aa); 4.25 (m, 1H, Lf = 20.8 Hz, H-
2b); 5.15 (dd, 1H, J = 9.3 and 0.9 Hz, H-22); 5.30 (dd, 1H, J = 9.3 and
1.2Hz, H-23). »C NMR § 11.56, 12.66, 13.01, 18.51, 19.29, 19.49,
20.77, 20.88, 20.90, 21.04, 22.82, 24.54, 26.66, 27.95, 28.17, 29.63,
35.04, 36.94, 38.30, 38.98, 39.43, 42.48, 45.02, 45.85, 51.49, 52.05,
52.38, 59.53, 63.22, 70.13, 72.65, 75.34, 170.32, 170.52, 171.00,
171.05, 174.93. HRMS: (API+) calculated for CygHs704 ([(M— AcOH)
+H] ") 605.4053, Found 605,4055.
(22R,23R)-7a-Homo-6-oxa-7-oxo-2, 3-seco-5a-stigmasrane-2,3,22,23-

tetrayl tetraacetate (30b): ‘H NMR (CDCls) 6 0.72 (s, 3H, CHy); 0.84 (d,
3H, J = 6.7 Hz, CH,); 0.89 (s, 3H, CHs); 0.96 (d, 3H, J = 6.7 Hz, CHy);
0.99 (t, 3H, J = 7.5 Hz, CHy); 1.01 (d, 3H, J = 6.7 Hz, CH,); 1.93 (m,
1H); 1.97 (s, 3H, CH.); 2.02 (s, 3H, CH,); 2.055 (s, 3H, CHy); 2.061 (s,
3H, CHy); 2.38 (1, 1H, J = 12.5 Hz, H-7aa); 2.51 (bd, 1H, J = 12.5Hz,
H-7af); 2.90 (td, 1H, J = 11.0 and 5.8 Hz, H-2a); 4.07 (td, 1H,J = 10.8
and 5.5 Hz, H-2a); 4.16 (ddd, 1H, J = 11.0, 9.1 and 4.9 Hz, H-3b); 4.32
{(ddd, 1H, J = 10.8, 6.2 and 4.1 Hz, H-2b); 4.43 (dd, 1H, J = 11.0 and
1.8 Hz, H-5a); 5.16 (dd, 1H, J = 9.3 and 0.8 Hz, H-22); 5.30 (dd, 1H,
J=9.3 and 1.2Hz, H-23). "°C NMR § 11.50, 12,61, 12.93, 16.10,
18.47, 19.45, 20.74, 20.84, 20.86, 21.00, 22.82, 24.99, 26.80, 27.53,
28.11, 29.39, 34.51, 35.23, 36.88, 37.42, 30.45, 41.53, 42.42, 45.58,
51.68, 52.69, 55.52, 59.26, 61.18, 72.59, 75.24, 80.83, 170.29, 170.45,
170.81, 170,90, 174.09. HRMS: (API+) calculated for GisHs7Os
([(M - AcOH) +H] ™) 605.4053, Found 605.4056.

2.39. Hydrolysis of acetate 30b

The general procedure for hydrolysis of acetates with lactone 30b
(150 mg; 0.23 mmeol) afforded minor diacetate 31a (20 mg; 15%) as a
viscous oil and major tetrahydroxylactone 31b (91 mg; 81%) as white
crystals (MeOH).

(22R, 23R)-2,3-dihydroxy-7a-homo-6-oxa-7-ox0-2,3-seco-5a-stigmas-
tane-22,23-diyl diacetate (31a): "H NMR (CDCly) 8 0.72 (s, 3H, CHa);
0.84 (d, 3H, J=6.7Hz, CHy); 088 (s, 3H, CH,); 0.96 (d, 3H,
J = 6.7 Hz, CH,); 0.99 (t, 3H, J = 7.5 Hz, CHy); 1.01 (d, 3H, J = 6.7 Hz,
CH,); 1.97 (s, 3H, CHa); 2.02 (s, 3H, CHy); 2.43-2.50 (m, 2H, H-7aa, H-
7af); 3.50-3.71 (m, 2H); 3.76-3.84 (m, 2H); 4.63 (dd, 1H, J = 11.0 and
1.8Hz, H-5a); 5.16 (dd, 1H, J = 9.3 and 0.8 Hz, H-22); 5.29 (dd, 1H,
J =193 and 1.3Hz, H-23). "°C NMR & 11.59, 12.73, 13.01, 16.26,
18.56, 19.54, 20.87, 20.95, 21.09, 22.98, 25.12, 27.63, 28.19, 32.70,
34.65, 36.95, 37.64, 39.26, 39.59, 41.65, 42.54, 45.67, 51.66, 52.77,
55.62, 57.68, 59.32, 7473, 7540, 81.72, 170.41. 170.56, 175.03.
HRMS: (AP1+) calculated for CssHs70s ([M+H] ") 581.4053, Found
581.4050.

(22R,23R)-2, 3,22, 23-tetrahydroxy-7a-homo-6-0xa-2, 3-seco-5 a-stig-
mastane-7-one (31b): 'H NMR (DMSO0-d,) § 0.65 (s, 3H, CH,); 0.73 (s,
3H, CH,); 0.81 (d, 3H, J = 6.7 Hz, CH,,); 0.885 (t, 3H, J = 7.5 Hz, CH,);
0.889 (d, 3H, J=6.7Hz, CHy); 0.90 (d, 3H, J=6.7Hz, CHy);
1.89-1.93 (m, 2H); 2.19 (bd, 1H, J = 13.3 Hz, H-7af); 2.61 (t, 1H,
J =13.3Hz, H-7aq); 3.33-3.53 (m, 6H, 2 » H-2, 2 » H-3, H-22, H-23);
3.83 (d, 1H, J = 4.3 Hz, sec-OH); 4.09 (d, 1H, J = 4.6 Hz, sec-OH); 4.33
(t, 1H, J = 5.0 Hz, prim-OH); 4.47 (t, 1H, J = 5.3 Hz, prim-0H); 4.55
{dd, 1H, J = 11.2 and 1.7 Hz, H-5a). '*C NMR § 11.32, 11.85, 13.39,
15.83, 18.61, 19.61, 20.80, 22.37, 24.63, 26.63, 28.60, 32.58, 34.20,
36.80, 37.17, 39.31, 39.72, 40.75, 41.81, 46.15, 50.46, 52.39, 54.84,
55.32, 57.26, 71.20, 72.86, B0.34, 174.02. HRMS: (AP1+) calculated
for CagHgs0p (IM-+H] ) 497.3842, Found 497.3845.

2.40. Cell cultures

The screening human cancer cell lines: T-lvmphoblastic leukaemia
CEM, cervix epitheloid carcinoma Hela, and breast carcinoma MCF7
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(estrogen-sensitive), all of which were obtained from the European
Collection of Authenticated Cell Cultures (ECACC, London, UK). Human
foreskin fibroblasts (BJ) were purchased from the American Type
Culture Collection (Manassas, VA, USA). CEM was cultured in RPMI
1640 medium while all other cells in DMEM medium. 1-glutamine,
penicillin and streptomyein, Dulbecco's modified Eagle’'s medium
(DMEM), RPMI 1640 and resazurin were purchased from Sigma
Aldrich. Fetal bovine serum (FBS) was purchased from HyClone (GE
Healthcare, Logan, UT, USA). All media used in this study were sup-
plemented with 2mM i-glutamine, 1% penicillin-streptomycin and
10% fetal bovine serum. Standard cell culture conditions (37 °C, 5%
€0, and a humid environment) were utilized for cultivation of all cell
lines. Using the standard trypsinisation procedure, cells were sub-
cultured two or three times a week.

2.41. Cytotoxicity assay

Cytotoxicity in cancer cell lines after 72 h was determined as de-
scribed earlier [23]. Control cultures were treated with DMSO alone,
and the final concentration of DMSO in the reaction mixture never
exceeded 0.6%. Six serial 3-fold dilutions of the test substances were
added at time zero in 20 pL aliquots to the microtiter plate wells and the
highest final concentration in the wells was 50 uM. The data shown in
Table 1 are means *+ standard deviation (SD) obtained from three in-
dependent experiments performed in triplicate.

2.42. SDS-polyacrylamide gel electrophoresis and immunoblotting

Gel electrophoresis and immunoblotting was performed as de-
scribed earlier [23). Apoptotie proteins were detected in HeLa cells
after 48 h of treatment with seco analogues, The protein expression in
treated cells was compared to that observed in untreated controls.

Table 1
Cytotoxicity of seco analogues in three cancer cell lines and normal human
fibroblasts after 72 h. Compounds not shown were inactive.

G, (M)

Compound CEM Hela MCFT BJ

Ga 107 = 36 121 = 1.4 146 = L1 75 = 01
3b 9.0 + 05 9.9 *+ 0.4 181 = 1.3 118 = 1.0
Ga 402 = 0.1 301 = 1.1 348 + 34 183 = 1.1
9b 313 = 13 283 = 3.7 220 * 93 17.6 = 2.3
10 30,0 = 23 315 = 0.7 352 % 0.1 39.0 = 9.1
14a 32,0 = 54 347 = 0.6 47.0 * 0.6 338 = 1.3
14h 119 * 2.4 76 =01 11.0 = 0.4 B9 = 1.1
15 3.2 £ 04 7.5 % 0.1 923 =00 58 = 11
18a 5l 365 = 0.1 437 + 4.4 50

18b 276 £ 47 169 = 1.4 B7 = 06 440 = 0.4
19 380 £ 21 329 £ 26 348 + 49 “50

2da 266 + 30 + 182 + 18 456 + 0.2
24b 280 + 19 . 152 + 21 185 = 3.0
5. 136 + 1.6 100 = 1.3 271 + 35 185 + 2.0
25h 114 = 0.0 138 = 16 178 + 0.0 234 = 1.3
26 3.1 *= 0.5 8.1 = 0.5 LT = 0T 4.4 = 01
27 0.8 + 0.2 29 =+ 01 36 =01 L6 = 0.0
28 374 = 69 68 = 0.2 28 =01 50

29a 263 * 47 79 + 0.3 74 =02 413 = 2.6
29b 2606 = 7.9 21.6 = 4.5 19.6 + 3.7 431 = 1.6
] 217 = 39 108 = 2.1 100 + 32 50

dob 206 * 7.5 11.1 = 3.4 10.2 + 0.4 201 = 63
3la 108 £ 11 278 £ 22 192 + 21 268 £ 0.2
28-homoCs 132 + 28 =50 = i =50
cholesterol = 50 =50 = B0 =50
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According to our synthetic strategy (scheme 1) we prepared 5a-
cholest-2-en-6-one (1) as the first starting compound.[20.21] Due to the
planned reduction of aldehydes, the 6-oxo group had to be protected
with ethylene glycol. This protected ketal 2 was then used for Upjohn
dihydroxylation of the double bond using osmium tetroxide and N-
methylmorpholine-N-oxide. We obtained two isomers of diol; minor
2[3,3p-diol 3a and major 2c,3a-diol 3b in a ratio 3a:3b 9:1 (this ratio is
similar for other Upjohn dihydroxylations). Determination of both
isomers is based on published results with the same reaction.[24,25]
The dihydroxylation from a side is always preferred due to steric hin-
drance of the 19-methyl group. Fortunately, as the next step was oxi-
dative cleavage of diols with sodium periodate on silica, it was not
necessary to separate the mixture. However, in this case the separation
of both product was done. The reaction of both isomers only led to one
seco-dialdehyde 4. Preparation of dialdehyde 4 can also be done in one
step from protected olefin 2 using ozone. Unfortunately, the reaction is
too fast and it is difficult to control the reaction rate and to avoid over-
oxidation. For this reason the yield of ozone oxidation varied from 30 to
60 percent. Dialdehyde 4 was then reduced with lithium aluminium
hydride to the corresponding seco-diol 5. Atempts to use sodium
borohydride as a reduction reagent only led to a complex mixture of
unstable products, probably hemiacetals. One of the most surprising
reactions of the synthetic strategy was acidic hydrolysis of ketal 5.
While the TLC monitoring showed the formation of desired polar di-
hydroxyketone in an approximate yield of 60-70%, all atempts to
isolate it failed. We were only able to isolate a product of in-
tramolecular cyclization 6a. This unsaturated ether was stabilized by
formation of a new five-membered ring. Moreover, this compound was
unstable over time (ten and more hours in CDCls solution and several
days in solid state) and converted to intramolecular ketal 6b, which was
more stabilized by formation of an additional six-membered ring. While
the formation of 2,3-seco-2,3-dihvdroxyketone was not successful we
proceeded to prepare lactone B-ring analogues. Firstly, the ketal 5 was
acetylated to acetate 7 to prevent any possible cyclization followed by
acidic hydrolysis of its ketal group. This time we obtained the desired
diacetate 8a for the most part, with the minor presence of monoacetate
8b. The minor product proved that the free 3-hydroxy group was es-
sential for starting the cyclization, while the free 2-hydroxy group did
not lead to the formation of a new ring. The next step was Bayer-Villiger
oxidation (Fig. 2) of diacetate 8a with in-situ prepared tri-
fluoroperoxyacetic acid. Unlike the same reaction in the presence of
ring A where oxidation occurs mostly between carbon 6 and 7 (natural
isomers), in the case of A-seco analogues the oxygen is incorporated
between carbon 5 and 6 (unnatural isomers). Similarly, the unnatural
isomer is the main product if no hydroxyl group is on the A ring.[26]

Thus, we obtained lactone 9b as a major product and lactone 9a as a
minor product. The last step was hydrolysis of both acetates. The hy-
drolysis of lactone 9b afforded dihydroxylactone 10 as expected. On the
other hand, hydrolysis of lactone 9a led to a new lactone 11 as the
major product of the mixture formed. This can be explained by for-
mation of a more stable six-membered lactone between 2-hydroxyl and
carboxyl groups instead of the standard seven-membered lactone.
However, since only a small yield of compound 11 was obtained {29%)
this is only our hypothesis based on the only product isolated. No other
compounds were isolated from this reaction. Compound 11 showed also
some instability as we detected new compounds on TLC after several
hours in different solutions (CHCl;, ethyl acetate, acerone).

Based on the previous results with the cholestane skeleton, we
carried out the same reaction procedure with stigmastane one (scheme
2). The first strategy was based on preparation of A-secodiol followed
by Sharpless dihydroxylation to form 2,3-seco-28-homocastasterone.
This time we prepared the known 5a-stigmast-2,22-dien-6-one (12)

165



M. Kvasnica, er al

l vii
HO. \ viii AcO, \ AcO, \
- + R
HO' [+] AcO o AcO o
o] o
10 9%

Steroids 146 (2019} 1-13

o
9a

"
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Fig. 2. General scheme for Bayer-Villiger oxidation of 6-oxo steroids.

[21] as a starting material. Preparation of ketal 13, mixture of diols 14a
and 14b, dialdehyde 15, and diol 16 was straightforward and corre-
sponded with cholestane analogues. The acidic hydrolysis of ketal 16
also led to a non-polar compound. Unlike the cholestane analogue this
time we obtained only intramolecular ketal 17 with no corresponding
cyclic enol ether. Due to the spontaneous cyelization we carried out the
Sharpless dihydroxylation with protected diol 16. The presence of the
24-ethyl group reduced the rate of dihydroxylation of the side chain
significantly. This resulted in a complex mixture of products with low
vield of desired tetraols 18a and 18b. A product with a configuration
225,235 18a was obtained in 18% yield while a product with the nat-
ural configuration 22R,23R 18b was obtained in 30% yield. Determi-
nation of both isomers was based on analogous Sharpless asymmetric
dihydroxylation.[27,28] In general, the standard of §,S-isomer of stig-
mastane series can also be obtained by Upjohn dihydroxylation as the
only product. [29.30] The mild acidic hydrolysis of 18b led to 2,3-seco-
28-homocastasterone (19) which was not purified by either chroma-
tography or crystallization. It resulted in approx. 85-90% of purity
(based on NMR data), however this was the only case where we were
able to prepare such a dihydroxyketone. Even though we were able to
synthesize the desired seco-28-homocastasterone (19) the low overall
vield caused us to plan a different strategy for the preparation of B-

lactone analogues starting with the already dihydroxylated side chain.

(22R,23R)-22,23-Dihydroxy-3a,5-cyclo-5a-stigmastan-6-one  (20)
122] was used as a starting material for the last reaction strategy
(scheme 3). First, we acetylated compound 20 to aveid future oxidative
cleavage of diol on the side chain. Diacetate 21 was then treated with
pyridinium p-toluensulfonate and lithium bromide to form olefin 22
followed by ketone protection with ethyleneglycol to prepare ketal 23.
We then first used unprotected olefin 22 for Upjohn dihydroxylation to
form dihvdroxyketones 24a (2,3f) and 24b (2a,3a). Oxidative diol
cleavage of this mixture with sodium periodate afforded trioxo deri-
wative 26. This compound was prepared for biological testing only and
not for further reactions. Afterwards, we continued with protected
olefin 23. Upjohn dihydroxylation followed by oxidative cleavage of
diols yielded the desired dialdehyde 27. Reduction of this compound
with lithium aluminium hydride led to preparation of tetraol 18b as
both acetates were reduced as well. Other reactions were similar to
those used for the cholestane skeleton. Firstly we prepared tetraacetate
28 followed by acidic hydrolysis of the ketal group. This time we ob-
tained not only the major oxo-tetraacetate 29a, but also other three
minor products of partial hydrolysis. Formation of triacetate 29b was
the same as for cholestane analogues &b, On the other hand, we ob-
tained a product of the partial hydrolysis on the 3-hydroxyl group as
well, While triacetate 29¢ corresponds to eyclic ether 6a of the cho-
lestane skeleton, formation of chloride 29d was observed for the first
time. The latter can be explained by opening of the ether cycle of 29¢
with hydrogen chloride during acidic hydrolysis. The following reac-
tions were similar to those used with the cholestane skeleton — Bayer-
Villiger oxidation of 29a for preparation of lactone 30a and 30b and
hasic hydrolysis of 30b to form minor diacerate 31a and major tetracl
31b. Minor diacetate 31a can be isolated for steric reasons on the side
chain, depending on reaction time. Unlike the hydrolysis of lactone 9b,
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HCl, THF, Ha0, 40°C; (vi) 0s0,, HQ-4CIBz, Ky[Fe(CN),], K200, MeSO.NH,, +-BuOH, r.t..

we failed to isolate any product of the hydrolysis of lactone 30a. In this
case, the instability of the product was so high that any purification
procedure only led to another mixture of products. All new compounds
were characterized by 'H and '"C NMR and by mass spectrometry.
Compounds with new structural motif (e.g. 6b, 8b, 11, 17, and 29b-
29d) were also analyzed by 2D NMR techniques (COSY, TOCSY, HSQC,
HMBC, and NOESY) to determine the correct structure. For graphical
presentation of important cross-peaks of chosen structural motifs see
supp. information.

3.2. Cytotoxicity

We investigated the effects of seco analogues of 28-homo-
brassinosteroids on the viability of different cancer cell lines and
normal human fibroblasts. We evaluated the cytotoxic properties of
seco analogues using T-lymphoblastic leukaemia CEM cells, human
cervical carcinoma cell line HeLa, the human breast cancer cell line
MCF7, and normal human skin fibroblasts BJ. Cells were exposed to six
3-fold dilutions of each drug for 72h prior to determination of cell
survival. The ICs; walues were obtained from the resazurin cytotoxicity
assay.

Eight of the synthesized and tested seco analogues were sig-
nificantly cytotoxic (ICsp < 10 pM) against at least one of the studied
cancer cell lines - CEM, MCF7 or Hela (Table 1). Four compounds were
active in human malignant melanoma CEM cells; seven compounds had
highly cytotoxic effects on cervical carcinoma Hela cells, and five
compounds were cytotoxic towards breast carcinoma MCF7 cells. Six
analogues were cytotoxic (ICs, < 10pM) against at least two of three
tested cancer cell lines; two compounds were active against all three
tested cancer cell lines, 17, 18a, 19, 28, 30a, and 31b had no effect on
the viability of normal human BJ fibroblasts even at the highest tested
concentration of 50 uM which suggests high therapeutic index. A very
interesting compound 28 inhibited the growth of tumor cells in micro
molar range (e.g. ICs, in MCF7 cells 2.8 pM * 0.1), but not normal
human fibroblasts. The most promising substances (26, 27, 28, 29a,
30a and 30b) were chosen for following assays to identify possible
mechanisms of action.

3.3, Seco analogues caused apoptosis in cancer cells

The anti-apoptotic properties of seco analogues on cervical carci-
noma cells Hela were investigated. Cells were treated with 10 uM of six
substances (26, 27, 28, 29a, 30a and 30b) for 48 h. The cells were then
harvested, lysed and analyzed by western blotting.

Apoptotic proteins in Hela cells treated with seco analogues were
detected using western blotting. Executioner proteases caspase-3 and 7
cleaved poly-{ADP-ribose) polymerase (PARP) and caused subsequent
DNA degradation and apoptotic death.|31| The treatment with 10 ph
26 and 27 showed degradation of caspase-7 into cleaved fragments
(part of the apoptotic cascade) in Hela cells (Fig. 3). A final step of
caspase activation, PARP cleavage, was observed in HeLa cells treated
with 26 and 27 (Fig. 3). Due to the absence of caspase-7 fragment in
cells treated with 28, this substance probably resulted in weaker in-
duction of apoptosis than 26 and 27. In contrast, strong induction of
tumor suppressor protein p53 was observed after trearment with 10 pM
28 for 48 h in Hela. The negartive regulator of the cell division cycle
p53 protein is inactive in 30% of all breast cancer cells. DNA damage,
stress or activation by oncogenes, upregulate tumor suppressor p53
levels which then prevent the cells from entering the S phase of the cell
cycle or induce apoptosis,[32]

4. Conclusion

Forty-two novel steroid compounds were prepared in a multi-step
synthesis. Analysis of several compounds showed the formation of in-
teresting steroid skeletons that have never been described before (e.g.
6a, 6b, 11). Discovery of cyclization of 2,3-seco-2,3-dihydroxy-6-ke-
tone could lead to the preparation of a new series of steroids with
possible biological activities.

Twenty-five seco analogues of 28-homobrassinosteroids were tested
in cell viability assay in different cancer cell lines and normal human
fibroblasts, Eight of the synthesized and tested seco analogues were
significantly eytotoxic (ICs, < 10pM) against at least one of the stu-
died cancer cell lines. 17, 18a, 19, 28, 30a, and 31b did not affect the
wviability of normal human BJ fibroblasts even at the highest tested
concentration of 50 uM which suggests high therapeutic index. A very
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Fig. 3. Western blot analysis of apoplotic proteins (PARP, p53, caspase-7) in
Hela cells treated with seco analogues. The expression of proteins in cells
weated with 10 pM of compounds 26, 27, 28, 29a, 30a and 30b for 48 h were
compared with the protein expression of untreated control cells. The expression
of f-actin was used as a protein loading control. © refers to control, 0+ refers to
control with DMSO.

i} (CH;OH),, TsOH, PhMe, refl,; (iv) OsO,, NMO, THF, acetone, r.L; (v)

viii) HCI, Hy0, 40°C; (ix) CFy004H, CHLCL, rt; (x) MeONa, MeOH, THF, r.t.

interesting seco-tetraacetate 28 inhibited the growth of tumor cells in
micro molar range (e.g. [Cse in MCF7 cells 2.8 uM * 0.1), but not
normal human fibroblasts. These seco analogues have interesting cy-
totoxic activities on cancer cell lines and most of them without affecting
the growth of normal cells. The high therapeutic index is a major ad-
vantage in their potential use as precursors for new antiproliferative
drugs. Regarding the structure activity relationship study, we can
conclude that compounds with the best therapeutic index are com-
pounds with acetates rather than compounds with free hydroxyl groups.
The lowest therapeutic index and high toxicity was found in the case of
all dialdehydes.
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Brassinosteroids (BRs) are chemically diverse plant steroid hormones

produced via a branched biosynthetic pathway. The potent BR brassinolide
is sensed by the membrane receptor kinase BRI1 and a SERK co-receptor,
but the physiological functions of other abundant BRs remain to be
characterized. Here we present quantitative binding kinetics for 4
Arabidopsis thaliana BR receptors and 15 BRs, which define the key chemical
features required for high-affinity receptor binding, ligand positioning and
co-receptor recognition. BRI1, BRL1 and BRL3 share overlapping ligand
preferences, whereas BRL2 binds C,; BRs with moderate affinity. Structural
analyses of BR-bound BRI1and BRL3 ectodomains combined with extensive
invitro and in vivo mutagenesis studies reveal a high structural plasticity of
the hormone-binding pocket. Functional assays using structure-based BR
agonists and antagonists uncover that BR receptor-co-receptor signalling
complexes can recognize chemically diverse BRs, introducing an additional,
intriguing layer of BR signalling regulation.

Brassinosteroids (BRs) are a class of lipophilic, polyhydroxylated ster-
oid hormones firstisolated from rapeseed pollen and later recognized
for their growth-promoting roles in plants’. BRs are synthesized via
three main biosyntheticbranches, producing Cy, Cx0r Cx compounds.
While all share asteroidal ring core, they differ in the structure of their
aliphatic side chains® (Fig. 1a). The C,; branch, derived from cholesterol,
yields 28-norbrassinolide ™, whereas the C,, branch, from sitosterol,
produces 28-homocastasterone and 28-homobrassinolide (Fig. 1b).
The C,c pathway originates from campesterol and leads to brassinolide,
one of the most bioactive BRs” (Fig. Lb). The C,; pathway includes two
routes: early and late C,, oxidation (Fig. 1b). In the early pathway,
DWARF4 (DWF4), acytochrome P450 monooxygenase, convertscamp-
esterol to (225)-22-hydroxycampesterol™, Further steps involve the
P450 enzymes CPD* and ROT3, and the steroid-So-reductase DET2

(ref. 10-12), producing 6-deoxocastasterone (Fig. 1b). The enzymes
BR6ox1and BR60x2 then convert this intermediate to castasterone'’,
and BR6oox2 can further catalyse formation of a seven-membered lac-
tone ring from the C, ketone, yielding brassinolide" (Fig. 1b).

In the late C,; oxidation pathway, campestanol is processed into
cathasterone and typhasterol” (Fig, 1b). BR60ox2 can convert typhas-
terol into 2-deoxybrassinolide”, or alternatively, typhasterol may be
converted to castasterone via secasterone, a 2, 3-epoxy intermediace'™
(Fig. 1b). The different branches of BR biosynthesisare likely intercon-
nected’. BR homeostasis is regulated by several catabolic enzymes,
including the P450 enzyme BASI (ref. 17), the UDP-glycosyltransferase
UGT73C5 (ref. 18) and sulfotransferases”.

BR biosynthesis accurs, at least in part, within the endoplasmic
reticulum™*. Local BR transport is facilitated via plasmodesmata™.

'Structural Plant Biology Laboratory, Department of Plant Sciences, University of Geneva, Geneva, Switzerland. *Laboratory of Growth Regulators,
Faculty of Science, Palacky University & Institute of Experimental Botany, The Czech Academy of Sciences, Olomouc, Czech Republic. *Leibniz University
Hannover, Hanover, Germany. *Present address: Institute of Molecular Biology, Mainz, Germany. "These authors contributed equally: Alberto Caregnato,

Houming Chen. *e-mail: michael.hothorn@unige ch
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The ATP-binding cassette transporters ABCBL and ABCB19 can trans-
locate BRs across the plasma membrane into the apoplast™, in which
BR perception takes place™.

BRs are perceived by the plasma membrane-localized receptor
kinases BRASSINOSTEROQID INSENSITIVE 1{BRI1)™**, BRL1* " and
BRL3", which share a conserved extracellular leucine-rich repeat
(LRR) ligand-binding domain. BRI1 is broadly expressed, and bril
loss-of-function mutants show a characteristic dwarf phenotype™.
BRL1and BRL3are present in vascular tissues and can rescue the growth
defects of the weak bril-301 allele”, when expressed from the BRIZ
promoter”. Expression of the sequence-related receptor kinase BRL2
could not rescue the bril-301 mutant phenotype™, or a bril bril bri3
triple mutant”, BRL2 isalso known as VASCULAR HIGHWAY1(VH1) and
has been implicated inleaf vein patterning ™.

BRs bind toa steroid-binding pocket formed by the LRR core and
an -70-amino-acid island domain within BRIL or BRL1****". BR binding
enables BRILto recruit SOMATIC EMBRYOGENESIS RECEPTOR KINASES
(SERKs) to form an active signalling complex™ """, In the absence of
BRs, SERKs are sequestered by BAK1-INTERACTING RECEPTOR-LIKE
KINASE (BIR) pseudokinases ™", Assembly of the BRI1-BR-SERK com-
plex activates the cytoplasmic kinase domains®™, triggering a down-
stream signalling cascade that leads to dephosphorylation of the BR
transcription factors BESLand BZR1™*.

Bioassays with synthetic, exogenously applied BRs have been per-
formed across various plant species. In Arabidopsis, nanomolar levels
of brassinolide promote hypocotyl elongation in both wild-type and
det2mutant seedlings”. Brassinolide or 24-epibrassinolide applied at
high nanomolar to micromolar concentrations inhibits root growth®,
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whereas low concentrations—high picomolar to low nanomolar—of
24-epibrassinolide or 24-epicastasterone stimulate root growth™.

Initial BR-binding assays used microsomal fractions from trans-
genic Arabidopsis expressing BRIL-GFP and [*H]-brassinolide, yielding
estimated dissociation constants (K,) of -10-15 nM for brassinolide
and 40-75 nM for castasterone™. In the same assay, BRLI and BRL3
bound brassinolide with K, values of -5nM and -50 nM, respectively,
while BRL2 showed no detectable binding™. Grating-coupled interfero-
metry (GCl) quantified binding of unlabelled brassinolide to BRI with
a K, of -10 nM (ref. 28). Brassinolide-bound BRI1 enables the binding
of the SERK3/BAK1 LRR ectodomain, with K, values of -0.2-1 pM, as
determined by GClandisothermal titration calorimetry™~". Mutation
of Gly644 to Asp (bril-6/bril-119)“ inthe BRIL island domain® reduces
BR binding in vitro™*". The corresponding bril-6 allele shows inter-
mediate growth defects*’. Mutation of neighbouring Gly643 to Gluin
the gain-of-function BRIT* allele*” enhances the structural stability
oftheisland domain™. Five simultaneous point mutations in the BRI1
BR-binding pocket were required to completely abolish brassinolide
bindinginvitro and to mimic the severe growth phenotype of bril null
alleles in vivo™.

The natural occurrence of different BRs has been characterized
using high-performance liquid chromatography coupled with gaschro-
matography-mass spectrometry. In Arabidopsis shoots, castasterone,
6-deoxocastasterone and typhasterol were identified """, Like in other
species, brassinolide accumulates more prominently in Arabidopsis
seeds™. Brassinolide, the most hioactive BR®, is widely considered
the primary signalling ligand for BRI1, BRL1 and BRL3. Consequently,
previous structural and biochemical investigations have focused on
brassinolide**** =" Given the chemical diversity of BRs from the
Css Cye and C,, biosynthetic branches that accumulate in plants, we
set out to systematically characterize their binding kinetics to the
ectodomains of the Arabidopsis thaliana BR receptors BRI1, BRLI,
BRL2 and BRL3. By integrating these measurements with structuraland
mutational analyses of the BRII-binding pocket—both in vitro and in
planta—aswell as targeted BR bicassays, we define the ligand-binding
specificities of each receptor and uncover the chemical features in BRs
required for receptor binding and co-receptor recruitment to forman
active signalling complex.

Results

BRIL, BRL1and BRL3 bind chemically diverse BRs with

high affinity

Weobtained the LRR ectodomains of BRI1, BRL1and BRL3 by secreted
expression in baculovirus-infected insect cells, as described” %,
Quantitative GCl kinetic binding assays confirmed®* that BRI, BRL1
and BRL3 bind brassinolide withnanomolar affinity (Fig. 2a, Extended
Data Figs. 1 and 2). We then determined a crystal structure of the
BRL3 ectodomain in complex with brassinolide at 2.45 A resolution
(Fig. 2b, Supplementary Figs.1and 2 and Supplementary Table 1). BRI1
(ref. 26,27), BRL1 (ref. 31) and BRL3 share a highly conserved ligand-
binding pocket (root mean square deviation, r.m.s.d., is-0.7 Acom-
paring 180 corresponding C, atoms; Supplementary Fig. 1a), formed
by conserved hydrophobic residues along the inner LRR surface and
island domain (Fig. 2b). The brassinolide C; hydroxyl forms a hydrogen
bond with amain chain amino group in the island domain of all three
receptors (Fig. Zb and Supplementary Fig. 1a). Few receptor-specific
polar contacts with the ligand are observed. In BRI1, Tyr597 forms
hydrogenbonds with the brassinolide Cy, and C,; hydroxyls via a water
molecule (Fig. 2b), whereas in BRL1 and BRL3, Tyr597 is replaced by
phenylalanine. Inthe BRL3 complex, Arg588 (corresponding to Lys601
in BRIL) and Tyr627 form hydrogen bonds with the C, hydroxyl group
of brassinolide (Fig. 2b). BRL3 GIn666 (Phe68l in BRIL) coordinates
the C, hydroxyl via a water molecule (Fig. 2b). Additional water mol-
eculesthat could potentially be involved in polar contacts between the
receptor and theligand may notbe resolved in our medium-resolution

https://doi.org/10.1038/s41477-026-02346-0

complex structures (Supplementary Fig. 2 and Supplementary Table 1).
Taken together, BRI1, BRL1and BRL3 share a structurally conserved
BR-binding pocket withlimited receptor-specific features, and all bind
brassinolide with high affinity.

Next, we quantified the interaction of BRIL, BRL1 and BRL3 with
12 natural BRs from the three biosynthetic branches, along with the
synthetic compounds 3-deoxycastasterone, 22-deoxycastasterone
and 23-deoxycastasterone (Fig. 2c.d). BRI1 showed binding constants
ranging from low micromolar (red in K,/K,plots, Fig. 2c) to low nanomo-
lar (blue in Fig. 2c, Extended Data Figs. 1 and 2). Low-affinity ligands
include cathasterone (an early C,; precursor), 24-epibrassinolide
and 24-epicastasterone (late C,; branch), and the C,, products
28-homocastasterone and 28-homobrassinolide (Figs. Ib and 2c,d).
28-Norbrassinolide (C;; branch) as well as brassinolide and castaster-
one (late C;, branch) represent high-affinity ligands (Figs. lband 2c,d).
Additional high-affinity bindersinclude typhasterol, secasterone and
2-deoxybrassinolide (late C,, oxidation), as well as 6-deoxocastasterone
(early C,, oxidation), all within the C, branch (Figs. 1b and 2¢,d). BRL1
and BRL3 share highly similar ligand-binding specificity profiles with
BRIL(Fig. 2c, Extended DataFigs.1and 2), consistent with their structur-
ally conserved BR-binding pockets (Fig. 2b and Supplementary Fig. 1)
and their ability to rescue bril-301 mutant phenotypes™.

We next sought to define the chemical features of BRs that
contribute to high-affinity receptor binding. Side chain modifica-
tions—such as the C,, ethyl substitution in 28-homocastasterone or
28-homobrassinolide (Fig. 1a,b)—were associated with -10-to 30-fold
and -10- to 35-fold reductions in binding affinity, respectively, com-
pared to castasterone and brassinolide (Fig. 2c,d). Similarly, the
brassinolide / castasterone enantiomers 24-epibrassinolide and
24-epicastasterone (Fig. 1a,b) showed -10- to 20-fold and -10- to 40-fold
reduced affinities, respectively (Fig. 2c,d). The absence of a hydroxyl
groupat Cy;—asin cathasterone—correlated with weak receptor bind-
ing (Figs.1band 2c,d).

To further assess the role of side chain hydroxylation, we
synthesized 23-deoxycastasterone (Supplementary Note 1).
23-Deoxycastasterone bound BRIL with a K, of -3 uM, representing
a 100-fold reduction compared to castasterone (Fig. 2c,d). By con-
trast, 22-deoxycastasterone—lacking the C.. hydroxyl group presentin
castasterone and brassinolide (Fig. Ib)}—still bound BRIL with medium
to high affinity (K, =200 nM; Fig. 2¢,d). These results are consistent
with ourstructural data showing that the C.,, but not the C.,, hydroxyl
group forms conserved hydrogen bonds with the island domains of
BRI, BRL1and BRL3 (Fig. 2b and Supplementary Fig. 1a).

Ring modifications were generally well tolerated by the BRIL, BRL1
and BRL3 ectodomains (Fig. 2c,d). Lactonization of the B-ring had mini-
malimpact onbinding, asbrassinolide and castasterone showed nearly
identical K, (Fig. 2c.d). Although C, oxidation is a key biosynthetic
step towards brassinolide™", 6-deoxocastasterone bound all three
receptors with high affinity (Fig. 2c.d). Supporting this, the complex
structures of BRI1, BRL1 and BRL3 show no conserved interactions
with the Cgketone*~"* (Fig. 2b and Supplementary Fig. 1a). The 2aand
3a hydroxyl groups in the A-ring also appear dispensable for recep-
tor binding, as ligands lacking either—such as 2-deoxybrassinolide,
3-deoxycastasterone, typhasterol and secasterone—bound BRIL, BRLL
and BRL3 with nanomolar affinity (Fig. 2c.d).

Overall, our quantitative binding data show that BR receptors
recognize a surprisingly broad range of structurally diverse BRs with
high affinity. The configuration and size of the aliphatic side chain,
particularly the presence of a Cy; hydroxyl group and the correct Cy,
stereochemistry, drive high-affinity receptor binding.

High structural plasticity of the hormone-binding pocket
enables BRI1/BRLs to sense different BRs

To clarify the structural basis of ligand-binding specificity in BR recep-
tors, we co-crystallized the BRI1 ectodomain with various BRs. Crystals
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grownwith cathasterone, 24-epicastasterone or 28-homocastasterone
showed nointerpretable difference in electron density inthe BR-binding
pocket, while a BRI1-6-deoxocastasterone complex yielded poorly dif-
fracting crystals. A 2.1 A structure of the BRIL-castasterone complex
revealed aligand conformation nearly identical to that of brassinolide
(Fig. 3a,b, Supplementary Fig. 2 and Supplementary Table 1}, consist-
entwithits highbinding affinity (Fig. 2c,d}and confirming that B-ring
lactonizationis not essential for receptor recognition. Similarly,a 2.7 A
structure of the BRI1-typhasterol complex showed that the absence
of a C; hydroxyl group does not affect ligand coordination by the
receptor (Fig. 3a,b and Supplementary Fig. 2). By contrast, the 2.4 A
BRI1-24-epibrassinolide complex structure showed weak electron
density for the BR side chain, consistent with its reduced binding affin-
ity (Figs. 2c,d and 3a,b and Supplementary Fig. 2). Finally, the 2.4 A
BRI1-28-homobrassinolide complex revealed that the receptor canin
principle accommodate a C, ethyl substitution inits binding pocket
(Fig. 3a,b and Supplementary Fig. 2).

We next resolved the crystal structures of the BRL3 ectodomain
bound to castasterone and typhasterol at 2.6 Aand 2.3 A, respectively.
In both structures, the ligands adopt conformations closely resem-
bling that of brassinolide (Fig. 3a,b and Supplementary Fig.2).A3.2A
structure of the BRL3-6-deoxocastasterone complex indicates that,
despite lacking B-ring modifications, the ligand is accommodated
in the binding pocket, albeit in a shifted conformation (Fig. 3a.b and
Supplementary Fig. 2). Inall BRreceptor-ligand complexes analysed,
the BR C;; hydroxyl group consistently forms a conserved hydrogen
bond with the main chain amino group of Ser647 in BRI1 or Meta32
in BRL1/BRL3 (Fig. 3a). We note that, given the moderate resolution
of several datasets (~2.5-3.2 A), the level of detail observable in the
electron density maps inherently limits the precision with which the
ligand orientation can be defined.

Several catabolic enzymes contribute to BR homeostasis, includ-
ing BAS1, which hydroxylates side chain C,, (ref. 17), UGT73C5, which
glucosylates the hydraxyl group at C,; (ref. 18), and ST1/ST4a, which sul-
fonylates the C,; hydroxyl™. Structural analysis of our receptor-ligand
complexes indicates that such tail modifications are not compatible
with the BR-binding pocket (SupplementaryFig. 3). Together, the BRI1
and BRL3 ligand-bound structures rationalize the BR binding kinetics
data, emphasizing the importance of the BR side chain for high-affinity
receptor binding, while showing that modifications to the steroid ring
core are generally tolerated.

To evaluate the physiological relevance of our biochemical and
structuralexperiments, we selected ligands representing high-, medium-
and low-affinity binders for root growth inhibition assays, as previ-
ously described®. Brassinolide (K, = 20 nM) and 28-norbrassinolide
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(Ky= 80 nM)were tested as high-affinity binders, 28-homobrassinolide
(Ky=380nM) as medium-affinity and 23-deoxycastasterone
(K, = 2,800 nM) as alow-affinity binder (Fig. 2d). Root growth inhibition
assays were performed using each compound atafinal concentration
of 100 nM. Astrong trend for increasing rootlength with increasing K
was observed in treated wild-type seedlings and a weaker trend in the
bsk3-1control (Fig. 3c), suggesting thatin vivo BR bioactivities correlate
well with their receptor binding affinity in vitro. Even the low-affinity
binder 23-deoxycastasterone significantly inhibited root growth of
wild-type seedlings at a concentration of 100 nM (Fig. 3c).

We next correlated in vitro BR receptor binding affinities with
BR levels in planta. We quantified BR levels in 10-day-old Arabidopsis
plants using ultra-high-performance liquid chromatography cou-
pled with tandem mass spectrometry (UHPLC-MS5/MS) (Methods).
Inwhole wild-type seedlings, brassinolide was detected at low levels
(-0.6 pmol per gram fresh weight (FW)), while castasterone levels
were -20-fold higher (Fig. 3d). 28-Norbrassinolide (-0.9 pmol g7 FW)
and 28-homobrassinolide (-0.8 pmol g™ FW) were also present at low
concentrations, whereas 28-homocastasterone (-80 pmol g™ FW)
and typhasterol (-5.0 pmol g ! FW) were abundant (Fig. 3d). Cor-
relating these endogenous BR levels with their respective in vitro
binding affinities (Fig. 2c.d) suggests that, in addition to brassi-
nolide, other BRs—such as castasterone, 28-norbrassinolide and
28-homocastasterone—may actas physiologically relevantligands for
BRIL BRLLand BRL3.

Constitutive activation or inactivation of BRI1 modulates

BR homeostasis

We next compared BR levels in wild-type, bril null*” and oBIR3-iBRI1
(ref. 52) constitutively active seedlings (Supplementary Table 2).
In the bril mutant, brassinolide, castasterone, typhasterol and
28-homo-brassinolide levels were elevated by 2- to 3-fold, respectively,
compared to wild type (Fig. 3d), as previously described™, This aligns
with earlier findings that BR metabolic and catabolic gene expres-
sion is altered in bril loss-of-function mutants™, partly mediated by
the BR-regulated transcription factor BZR1'"*". In oBIR3-iBRIL seed-
lings, which show constitutive BR responses™, brassinolide, castas-
terone and 28-norbrassinolide levels were reduced compared to
wild type (Fig. 3d).

Tofurtherinvestigate, we performed RNA sequencing (RNA-seq)
onuntreated 10-day-old Col-0 seedlings, a bril null mutant™ andin bril
complementation lines expressing either a wild-type BRI recepror®,
the BRII* gain-of-function allele** or the constitutively active,
ligand-independent oBIR3-iBRIL receptor chimera™. We found many
BR biosynthesis genes to be mildly induced in bril mutant seedlings and

Fig. 3 | The hormone-binding pocket can accommodate structurally diverse
BRs. a, Structural superposition of different BRI1-BR (top, rm.s.d.of -0.4 A
comparing I86 corresponding C, atoms) and BRL3-BR complexes (hottom,
r.m.s.d. of -0.3 A comparing 190 corresponding €, atoms). The receptors are
shown asacombined ribbon diagram (LRR domain in light blue, island domain
inlight red) and molecular surface views. BRs are in bonds representation colour
coded according to their receptor binding affinities, ranging from low (light

red) to high affinity (purple; BRIL brassinolide complex PDB 1D, 3R]0), Dashed
lines highlight key polar interactions among the ligand and the receptor-binding
pockets. A conserved hydrogen bond between the ligand and the island domains
of BRIL, BRL1 and BRL3 is marked in light orange. b, Structures of BRs (inbonds
representation, colour coded asina with BRI (top) or BRL3 (bottom) and
including final mF,-DF, omit electron density maps (grey mesh, contoured at4 a).
The respective chemical structures are shown above, with modifications relative
tobrassinolide marked in red (for changes that reduce binding affinity) or

blue (neutral). ¢, Root growth inhibition assay of 7-day-ald Col- O wild-type and
bsk3-1" mutant seedlings (n = 30, individual seedlings per condition) grown on
“IMS plates supplemented with the indicated BR (BL, brassinolide; 28norBL.
28-norbrassinolide; 28hBL, 28-homobrassinolide; 23dCS, 23-deoxycastasterone;

0.1% (v/v) DMS0 as control) at afinal concentration of 100 nM (scale bars, Lcm).
Quantifications are shown as box plots (centre line, median; box, interquartile
range (IQR); whiskers, lowest/highest data point within 1.5 1QR of the lower/
upperguartile, raw data shown as grey dots). Multiple comparisons of the
different treatments versus the DMSO control were performed using a two-sided
Dunnett™ test as implemented in the R package multcomp™ (*P < 0.05; P < 0.01:
"< 0.000). The relationships between the estimated K, for each ligand and root
length were tested using a two-sided Tukey trend test™, The blue line represents
the linear trend with slope (6) and the associated test Pvalue ("F < 0.05; P = 0.0L;
0= 0.001). The exact Pvalues associated to b, and b, are 0.0000000 and
0.0000170, respectively. The experiment was repeated three times with

similar results. d, BR quantification in 10-day-old Col-0, bril (GABI_134E10)"

and promBRII:0BIR3-IBRIT/ bril (ref. 52) seedlings (FW, fresh weight; NA, not
available). e, RNA-seq derived expression profile heat map of BR biosynthesis,
catabolism, transport and receptor genesin 10-day-old seedlings in untreated BR
signalling mutants and the Col-0 wild type. Expression values were transformed
into z scores based on the normalized counts; three biological replicates are
shown in three horizontal rows; the colour scale indicates expression level

{red, up-regulation; blue, down-regulation).
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toberepressed in the constitutively active oBIR3-iBRI1* line (Fig. 3¢).  signalling™, alsoshowed differential expressionin bril and oBIR3-iBRI1
BR biosynthesis genes were up-regulated in bril and down-regulated  seedlings (Fig. 3¢). BRL1, BRL2and BRL3transcript levels were reduced
in oBIR3-iBRI1 seedlings (Fig. 3¢). Conversely, several BR catabolic  in oBIR3-iBRI1 and partially induced in bril (Fig. 3¢). Expression of a
geneswere repressed in bril and induced in oBIR3-iBRI1 plants (Fig.3¢).  wild-type BRIl receptor restored gene expression in bril mutants to
ABCB1and ABCB19, which function as BR transporters required for  wild-type levels (Fig. 3¢). The gain-of-function allele BRII*“ mimicked

£ o o

24-Epibrassinolice i 28-Homnhrnnmli.m Typhasterol Castasterone
L4 ‘
. \ \ P PR ¢
‘}—‘:"/\" L gL | .,’ - M
Y7 ¥ 2 Sy . ,
; v
Pty 520 90

)

Brassinolids

c
bril
",
g F &
£ 2 &
= = &=
& g ]
& & (]
g & %
b4 5 § § =
3 & 5 & 3
"I ey ™
= v |
%
5 W Synthesis
s 2
=3
§ -
3
S s ; F crerzct
1 5K S . g
3 % . 15 . Catabolism | UGHZSCS
- b, = 0.002294*** .o b, =0.000081*** ' = i
CEE A A & o F T &S F -
d Col-0 brit promBRI1::0BIR3-1BRI/bril
ER (pmolg” FW=s.d) (pmolg™ FW 2sd.) (pmol g™ FW ¢ 5.d.)
2 1 o A 2
Brassinolide 06202 15205, 02:0.04
Castastercne 12220 36215 60217 L -
Typhasterol 50:2.0 10+1.0 45220 Focore:
28-Norbrassinolide 0902 13:04 021008
28-Homeeastasterane 8012 135217 561424
28-Homobrassinolide 08403 17:09 05:02
Cathasterane 0.03:0.01 0.0420.007 0.02:0.01
Campestanol 022003 NA NA
Campestercl 120455 130410 90214
Nature Plants

176



Article

https://doi.org/10.1038/s41477-026-02346-0

Island domain

e
BRL2 versus brassinolide
20
5
10
g BR K, (nM)
o~ o 200 100 600 Brassinolide 220
B i e e e S 2-Deoxybeassinolide 420
£ BRL2 versus castasterone Castasterane 750
& 8 28.Norbrassinolide 1,900
E 10 | Typhasterol 2300
o 5 o 28-Homobrassinolide 2,400
S 9 - ; 2 Secasterone 100.000
g 0 200 400 600 28-Homocastasterone nd.
= ~ - 24-Epibrassinolide na.
3
a - BRL2 versus typhasterol 24-Epicastasterone nd
75 DHEA nd.
50 Triolone nd.
zg ] Lupeol nd
Betulin nd
o 200 400 600
Time (s)

Fig. 4 |BRL2 harbours a conserved ligand-binding pocket and binds BRs with
medium affinity. a, Crystal structure of the apo BRL2 ectodomain. Shown is a
molecular surface view with the LRR and island domainsin blue and N-glycans in
yellow. b, BRL2 forms a d i ppedcr llographic dimer. Shownare two
BRL2molecules in the asymmetric unit of the monoclinic crystal form (inblue
and light orange, respectively), with the island domain of each molecule binding
to the LRR domain of its neighbour. The island domains are partially disordered,
indicated by dotted lines (inset). ¢, Structure-based multiple sequence alignment
of steroid-binding pockets of BRI1, BRLI, BRL2 and BRL3. Residues involved
inligand coordination are highlighted in bold-face (residue and secondary
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steroids and triterpenpoids is shown al de{n.d.,nobinding detected).

the effects of the constitutively active oBIR3-iBRI1 receptor chimera,
albeit with less pronounced effects (Fig. 3¢). Together, these experi-
ments indicate that BRII signalling activity shapes BR homeosta-
sis by modulating the expression of BR metabolic, catabolic and
transport genes.

BRL2 binds BRs with medium affinity in vitro

The structural flexibility of the BR-binding pockets in BRI1, BRL1 and
BRL3, along with altered BRL2 expression in BRI1 signalling mutants
(Fig. 3¢), prompted us to re-examine BRL2's ligand-binding proper-
ties. BRI1 and BRL2 share ~-40% sequence identity in their extracel-
lular domains. We expressed and purified the BRL2 ectodomain from
insect cellsand solved itsapo crystal structure to 2.6 A resolutionin two
independent crystal forms (Methods and Supplementary Table1). The
N-glycosylated BRL2 ectodomain adopts a superhelical architecture

with 21 LRRs (compared to 25in BRI1) witha more open conformation
(Fig. 4a and Supplementary Fig. 4a). BRL2's island domain is partially
disordered and participates in a domain-swapped crystallographic
dimer (Fig. 4b and Supplementary Fig. 4b).

The ligand-binding pocket of BRL2 shows a high degree of
sequence and structural similarity with the BR-binding sites of BRI,
BRL1and BRL3 (Fig. 4c,d and Supplementary Fig. 4c). Using GCl assays,
we found that BRL2 can bind BRs, but it has a distinct ligand-binding
profilecomparedtoBRI1, BRL1and BRL3 (Figs. 2¢c,d and 4¢). BRL2bound
brassinolide and castasterone with K values of 200 nMand -400 nM,
respectively (Fig. 4¢, Extended DataFig. 3 and Supplementary Table 5),
10- to 30-fold weaker than BRI (Fig. 2c,d). Unlike BRI1, which binds
typhasterol and 28-norbrassinolide with nanomolar affinity,
BRL2 bound these ligands only weakly (Fig. 4e). BRL2 showed no
detectable binding to 28-homocastasterone, 24-epicastasterone,
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for BR perception. a, Coordination of br lide (inbonds rep ation,
inyellow, PDBID, 3RJ0) in the BRI steroid-binding pocket. Residues in contact
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represent experimental data (n = 2), black lines show the global fits. ¢, K, table for
BRI point mutants versus brassinolide. d, Rosette phenotypes of representative
5-week-old transgenic T3 BRIIprom::BRII-Citrine™ complementation linesin
bril null* background compared to the Col-0 wild-type control (scale bar, 2 cm).

24-epibrassinolide, dehydroepiandrosterone, triolone, lupeol or
betulin (Fig. 4e). These observed differences in the ligand-binding
specificity between BRI1, BRL1 and BRL3, and BRL2 correlate with
amino acid changes in the BRL2 BR-binding pocket (Fig. 4¢). Tyr597
and Met657 in BRIL correspond to Met557 and Glu614 in BRL2, respec-
tively (Fig. 4d). The corresponding BRIIM*7E and BRITYS*7MW¥S?9H/M6ST
mutant isoforms show moderate to severe growth phenotypes and
reduced BRsignallingresponses*. Overall, BRL2 contains astructurally
conserved BR-binding pocket and can bind selected BRs in vitro with
mid-nanomolar to micromolar affinity.

VHI1/BRL2 has been characterized as a vascular receptor kinase
involved in leaf vein patterning™**. The previously described bri2-1
mutant™ showed wild-type-like responses in BR hypocotyl growth
and BESI1dephosphorylation assays (Supplementary Fig. 5a,b). Inour
hands, the leaf vein patterns of br{2-1 plants were not significantly dif-
ferent fromthe Col-O wild type (Supplementary Fig. 5¢). Transcriptional
BRL2prom::NLS-3xmVenus and translational BRL2prom::BRL2-mCitrine
reporter lines confirmed the expression of BRL2 in vascular tissues

protein levels by western blot from 10-day-old seedling protein extracts,
immuno-blotted with an anti-GFP antibody. ReadyBlue-stained RuBisCO is shown
below asinputloading control. f, Root length phenotypes of 8-day-old seedlings
(n = 30) shown as box plots (centre line, median; box, IQR: whiskers, lowest/
highest data point within L51QR of the lower/upper quartile; raw datashown as
grey dots). Multiple comparison of the different treatments versus the indicated
controls were performed using atwo-sided Dunnett™ test asimplemented in the
R package multcomp™ (multiple comparison against bril: *P < 0,05; **P<0.01;
*+*p<0.001; against Col-0 *P< 0.05;**P< 0.0L; ***P < 0.001).

across different developmental stages (Supplementary Fig. 5d.e and
Supplementary Table 3). We generated asecond br(2:2loss-of-function
allele using CRISPR/Cas9 (clustered regularly interspaced short pal-
indromic repeats and CRISPR-associated protein 9) gene editing
(Supplementary Fig. 5f), which like br(2-1 was indistinguishable from
wild type (Supplementary Fig. 5g). We have previously reported that
receptor chimeras, in which the extracellular and transmembrane
domains of BIR3 (oBIR3) are fused to the cytoplasmic kinase domain
of a SERK-dependent receptor kinase (iRK), trigger constitutive,
ligand-independent signalling responses***, ABRL2prom::0BIR3-iBRL2
chimera in Col-0 wild-type background had elongated, slender peti-
oles and curly leaves, similar to BRI gain-of-function mutants**"
(Supplementary Fig. 5g and Supplementary Table 3). However, the
rosette phenotypes were milder than those of BRIIprom::0BIR3-iBRI1
chimeras™ (Supplementary Fig. 5g). These experiments suggest that
BRL2 may have the capacity to initiate a SERK-dependent signalling
cascade, yetits physiological ligand and physiological function remain
tobe characterized.
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A mutational map of the BR-binding pocket rationalizes the
specificity and plasticity of BR receptors

Given the high structural conservation of the BR-binding site in BRI1,
BRL2, BRL1and BRL3 (Supplementary Figs. 1and 6a}, we examined the
role ofindividual pocket-lining residues in BR perception. Onthe basis
of our BRI1-BR complex structures (Fig. 3a), we mutated 1l residuesin
theLRR coreandisland domain (Fig. 52 and Supplementary Table 3) and
obtained brassinolide binding kinetics for each mutant ectodomain
(Fig. 5b.c and Extended Data Fig. 4). Allmutants behaved as well-folded
monomersin solution (Supplementary Fig. éb).

Consistent with the BR-binding site’s structural plasticity, muta-
tion of the conserved Thre46, Tyr597 or Lys601 from the island
domain had no detectable effect on brassinolide binding (Fig. 5a-c).
Substitution of Tyr599 or Tyr642 with alanine moderately reduced
binding (K, =100 nM and ~200 nM, respectively), and replacing the
invariant Leu615 with phenylalanine or tyrosine likewise had little
effect on BR binding (Fig. 5a-c). By contrast, mutation of Trp564 to
His caused an -100-fold drop in BR binding (K, =2 pM) (Fig. 5a-c).
Mutating Met657 (which corresponds to Gluel4 in BRL2; Fig. 4c.d)
to either alanine or glutamate did not affect brassinolide binding
(Fig. 5a-c). A moderate growth phenotype has been previously
reported for the BRII™™® mutant™. These findings underscore
the presence of a conserved BR-binding site in BRII/BRL1/BRL3
and in BRL2 (Fig. 4d). As previously shown*, the bril-6*" mutation
(Gly644 to Asp) strongly reduces brassinolide binding (Fig. 5a-c).
By contrast, the neighbouring Gly643 to Glu mutation in the BRIT™
gain-of-function allele" stabilizes the island domain™ and enhances
brassinolide binding by -13-fold compared to wild type (Fig. 5a-c).
Similarly, mutating LRR core Phe681 to alanine increases binding by
~7-fold. These results further highlight the BR-binding site’s struc-
tural plasticity and identify Trp564 from the LRR core as essential
forligand recognition.

Toassess the functional impact of these mutations, we expressed
mutant BRI1 receptors under the native BRI1 promoter in a bril null
background (Fig. 5d). T3 generation transgenic lines with wild-type-like
BRILexpression (Fig. Se and Supplementary Fig. 6¢) and proper plasma
membrane localization (Supplementary Fig. 6d) were selected.
High-affinity mutants (Tyr397 to Phe, Leu6l5 to Phe, Thro46 to lle)
restored wild-type rosette and root growth phenotypes (Fig. 5d-f)and
BR responses (Supplementary Fig. 6e,f and Supplementary Table 4).
Intermediate phenotypes were observed in lines with Tyr397 to Met,
Leusl5to Tyr, or Mets57 to Ala, consistent with their moderate in vitro
binding affinities (Fig. 5a-c). The Gly644 to Asp mutant showed
medium-to-strong defects, while Trp564 to His, which showed

Fig. 6 |BR C; hydroxylation and C, oxidation are critical for SERK co-
receptor binding. a. Close-up view of the SERKI-bound (in blue) BRI1(in
grey)-b lide (in bonds rep ion, inyellow} complex (PDBID, 4L5X).
Receptor and co-receptor amino acids involved in BR-binding are highlighted
as ball and sticks in grey and blue, respectively, Polar interactions between the
brassinolide C; hydroxyl group and SERK1 His62, and between the C.oxygen
and BRIL Tyr642 or Lys601 are shown as dotted lines (inblack). b, GCl binding
kinetics of amine-coupled and brassinolide-bound BRIL, BRLL, BRL2 and BRL3
ectodomains versus SERKILinthe presence of a constant concentration of 1 M
BL. Shown are sensorgrams with red traces indicating experimental data and
black lines representing global fits (n = I). Binding affinities (K.} are reported
alongside. ¢, Representative GCl traces showing the interaction between SERK1
and the biotinylated, Avi-tagged BRIl ectodomain in the presence of either
brassinolide, typhasterol, 3-deoxybrassinolide or 6-deoxocastasterone.

d, Table summaries of the receptor-BR-co-receptor interaction K. e, Chemical
structures of selected BRs tested inc and d. Structural modifications relative
robrassinolide that reduce co-receptor binding are highlighted in red.
Modifications that have little effect on complex formation are shown in blue.
f.GCl binding kinetics of amine-coupled wild-type BRIL BRIL™, BRII""*,
BRII**" and BRII"*"* ectodomains versus SERKLin the presence of a high,
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-100-fold reduced binding, phenocopied the bril null at both seedling
and adultstages (Fig. 5d-f).

Conversely, Gly643 to Glu and Phe681 to Ala conferred gain-of-
function rosette phenotypes, matching their enhanced binding affin-
ities compared to wild type (Fig. 5a-d). Three mutants (Tyr399 to
Ala, Lys601 to Leu, Tyr642 to Ala) showed severe growth phenotypes
despite retaining strong brassinolide binding in vitro (Fig. 5a-F; see
below}. Overall, we observed a strong correlation between thein vitro
ligand-binding affinities and the in vivo growth phenotypes of BRI1
receptor mutants that target amino acids involved in ligand coordi-
nation. Our analysis revealed novel loss-of-function (Trp564-His) and
gain-of-function (Phe681-Ala) alleles, which can be used to precisely
control BRILactivity in planta.

BR antagonists target the interaction of BR receptors with
SERK co-receptors

Previously, we demonstrated that the BR-binding site encompasses
the LRR core and island domain of BRI1, and the LRR ectodomain of a
SERK co-receptor - (Fig. 6a). SERK1Phe61 stacks with the A/B rings
of brassinolide, while His62 forms a conserved hydrogen bond with the
C, hydroxyl group of the ligand ™ (Fig. 6a). Mutating the corresponding
Phe&0 and His6lin SERK3/BAK1 to alanine abolishes both co-receptor
interaction in vitro and BR signalling in planta™.

Totest whether this activation mechanismis conserved across BR
receptors, we immobilized BRIL, BRL1, BRL2 and BRL3 ectodomains
ona GClchip and examined SERK1 binding inthe presence of 100 nM
brassinolide. BRL1and BRL3, like BRI1, bound SERK1 with high affinity,
while BRL2 showed much weaker SERK1 binding (K, = 35 pM) (Fig. 6b
and Extended Data Fig. 5).

We next quantified the interaction of SERK1 with BRIL in the
presence of different BRs. We used an avi-tagged BRIL ectodomain
to minimize steric hindrance between the GCI chip and the SERK1
co-receptor (Methods) and measured K of -100 nM for SERK1 asso-
ciation to either brassinolide- or castasterone-bound BRI (Fig. 6c,d
and Extended Data Fig. 5). However, SERK1 binding was -15-fold
weaker with typhasterol, when compared to castasterone-bound
BRI1 (Fig. 6c,d), despite these ligands having similar receptor bind-
ing affinities (Fig. 2c,d). This reveals that the C; hydroxyl coordinated
by SERK1 His62 is key for receptor-co-receptor complex formation
(Fig. 6a,e). Similarly, 2-deoxybrassinolide reduced SERK1 binding
-10-fold, while 3-deoxycastasterone, lacking the C, hydroxyl, still sup-
ported high-affinity SERK1 binding (Fig. 6c-e). Secasterone—with
a bulky 2,3-a-epoxy group—impaired complex formation, as did
6-deoxocastasterone, despite possessing both C, and C, hydroxyls

lide, Shown

saturating concentration of t wrgrams with red
traces indicating experimental data and black lines representing global fits
(n=2). Binding affinities (k,) are reported alongside. g. BR seedling root

growth inhibition antagonist assay (n = 30, individual seedlings per condition).
Brassinolide (BL)at a fixed concentration of 100 nMwas used in the different
treatments, versus 0,02% (v/v) DMSO as control (in yellow). The antagonist
candidate compounds secasterone, 2-deoxybr ide and 3-deoxycast

were tested for their ability to inhibit seedling root growth by themselves {in blue}
or to reverse BLinduced root growth inhibition (in orange), Shownare boxplots
withcentre lines imedians); box limits indicate the 25th and 75th percentiles;
whiskers extend to the full data range. The relationship between antagonist
concentration and root length were tested using a two-sided Tukey trend test” .
The blue lines represent the linear trend with slope b {negative values indicate
agonistic behaviour: positive values indicate antagonistic behaviour) and the
associated test Pvalue (P = 0.05; **F = 0.01; ***P = 0.001). The exact P values are
04943212 (by), 0.0000000 (b}, 0.0000000 (b,), 00000000 (b, 0.0000000
(bs)and 0.0032034 (b,). Representative seedling images are shown above

(scale bars, 0.5 cm), The DMSOand BL 100 M controls are the same ineach
panel, indicated by a white vertical line, The experiment was repeated three times
with similar results,
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BRI ¢

Brassinolide

Signal propagation
Fig.7 |Strong receptor binding, correct positioning within the BR binding
site and interaction with the co-receptor are essential for BR bioactivity.
Schematic overview of BR-induced receptor-co-receptor complex formation
and activation. ABR ligand binds to the BRIL receptor ectodomain (ingrey),
creating a binding surface for aSERK co-receptor kinase (in blue). This brings
the kinase domains of receptor and co-receptor in close proximity, leading to
trans-phosphorylation and intracellular signalling. The BR-binding pocketis
formed by the receptor (in grey) and co-receptor (in blue). Chemical features
of the BR ligand (inblack) involved in co-receptor binding are highlighted in
dark blue; key carbon atoms critical for receptor or co-receptor interaction are
numbered, and chemical features required for recepror and/or co-receptor
binding are shown inred. The approximate positions of residues critically
involved in BR binding, positioning and co-receptor binding are indicated.

(Fig. 6c-e), likely because of its distorted binding mode in the BR
pocket (Fig. 3a,h).

Our dataidentify the BRC, hydroxyl as essential for SERK recruit-
ment. While C, oxidation on the B-ring is not required for receptor
binding, its coordination by BRIlisland domain residues Tyr599, Tyro42
and Lys601 may help orient the ligand for optimal co-receptor binding
(Fig. 6a,c-e). Indeed, SERK1 binding is partially or severely compro-
misedinthe BRIT™™*, BRI1**™ and BRI1™** mutants in the presence of
high, saturating concentrations of brassinolide (Fig. 61). These results
rationalize the dwarf phenotypes of the BRI1 Tyr399 to Ala, Lys601to
Leu and Tyr642 to Ala mutants (Figs. 5d-fand 6a), despite their ability
to bind brassinolide with high affinity (Fig. 5c).

We hypothesize that BRs that bind to BRILwith high affinity but pre-
vent SERK association may act as receptor antagonists. We performed
seedling root growth inhibition assays in the presence of 100 nM brassi-
nolide and with different antagonist candidates from our biochemical
screen (Fig. 6d) and found that secasterone applied on its own did not
trigger root growth inhibition in a concentration-dependent manner
(Fig. 62). However, applying increasing concentrations of secasterone
significantly reversed brassinolide-induced root growth inhibition
(Fig. 6g). 2-Deoxybrassinolide acted as aweak BR agonist when applied
on its own but had a significant, dose-dependent antagonistic effect
on brassinolide-induced root growth inhibition (Fig. 6g). By contrast,
3-deoxycastasterone acted as a weak BR agonist in both the absence
and presence of brassinolide in the assay (Fig. 62). We conclude from
these experiments that BRs lacking a C; but not C, hydroxyl group
behave as receptor antagonists (Fig. 6a,c-¢.g). Abulky head group,
such as in secasterone, is also effective in blocking receptor activa-
tion in vitro and in planta (Fig. 6a,c—e,g). Taken together, BRs that
inhibit BRI1-5ERK1 complex formation (Fig. 6c-€) invitro without com-
promising isolated receptor binding (Fig. 2c.d) can partially reverse
brassinolide-induced root growth inhibition in a dose-dependent
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manner (Fig. 6g), underscoring the importance of A-ring features in
BR receptor activation™ .

Discussion

Genetic and metabolite studies have revealed a complex BR biosyn-
theticnetworkin plants™"*. In this study, we provide quantitative bind-
ing kinetics for 15 distinct BRs from this network, evaluated against
the four BR receptors in Arabidopsis. Like other plant hormones™~,
BRsactas molecular glues promoting the association of receptor and
co-receptor, Qur work now defines the chemical features required for
high-affinity recepror binding and co-receptor recruitment. The most
unexpected finding is that hydroxylation at C,; and the C,, stereochem-
istry in the BR aliphatic tail are critical determinants for high-affinity
receptor binding (Fig. 2b-d) and BR bioactivity (Figs. 3c and 7). Con-
sistent with this, C.; hydroxylase mutants show severe dwarfism """ A
second key finding from our analysis is that improper ligand position-
ing within the steroid-binding pocket can be accommodated by the
isolated receptor, yet becomes detrimental for co-receptor recruit-
ment. Forinstance, the absenceof aC, ketoneis tolerated by BRI1and
BRL3(Fig. 2b-d) butsignificantly compromises high-affinity binding
to SERKI1 (Figs. 6¢c-fand 7). By contrast, the absence of a B-ring lac-
tone still allows for high-affinity receptor and co-receptor association
(Figs.2b-d and 6c,d), in agreement with the moderate growth pheno-
type of the bréox2 mutant™". C; hydroxylation is only essential for SERK
recognition”** (Fig. 6c-e) but not for receptor binding (Figs. 2b-d
and 3a,b}, providing a mechanistic basis for known BR antagonists™
(Fig. 7). In planta, 2-deoxybrassinolide and secasterone act as recep-
torantagonists (Fig. 6¢,g), supporting the idea that these abundant*
biosyntheticintermediates may modulate BR signalling by competing
with agonists forreceptor binding (Figs. 1b and 6g). This could prevent
formation of active BR signalling complexes, in a similar way to the
known BIR receptor pseudo-kinases™™,

Mutational analysis of the BR-binding pocketin BRI1 reveals that
thereceptor can tolerate various missense mutations (Figs. 5and 7), in
agreement with previous mutational studies', We identified asingle
pointmutation, TrpS64His, that results ina strong BR loss-of-function
phenotype. This finding shows that BRIL can be effectively inacti-
vated by a single amino acid substitution, rather than requiring the
combination of multiple mutations as previously reported*. Two
additional residues (Tyr599 and Tyr642) are critically involved in the
proper positioning of the ligand in the BR-binding pocket, and we
report a novel gain-of-function allele (Phes81Ala) at the entry of the
steroid-binding pocket (Figs. 5d-fand 7). The structural plasticity
of the hormone-binding pocket supports the receptor’s capacity to
recognize chemically diverse BRs, while providing sufficient selec-
tivity to discriminate between BRs, other phytosterols and triterpe-
noids. The BR-binding site is conserved among the four Arabidopsis
receptors and their orthologues in crop species, implying that BR
receptors in crops likely share a similar BR ligand-binding spectrum
(Supplementary Fig. 5a).

On the basis of binding profiles (Figs. 2c,d and 6c,d), bioactivity
data and in vivo BR levels""**" (Fig. 3d), we propose that brassino-
lide and castasterone (C,;), 28-norbrassinolide (C,;) and possibly
28-homocastasterone (C) may act as physiological BR ligandsinArabi-
dopsis, butitis presently unknown whether and how these metabolites
reach the cell wall compartment to interact with the ligand-binding
domains of BR receptors. Feedback regulation of BR biosynthesis likely
fine-tunesthese BR levels (Fig. 3¢). Given that BR biosynthetic enzymes
have specific expression domains™*, different BR ligands may be per-
ceived by the broadly expressed BRI1 receptor in specific tissues and
organs. Such a broad ligand spectrum has been previously reported
for other small-molecule® and peptide™ hormone receptors in plants.
Our quantitative biochemical assays also suggest that BRL2 can bind
BRs with medium affinity (Fig. 4} and can weakly interact with SERK
co-receptors (Fig. 6b). We note that our in vitro binding assays with the
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isolated LRR domains probably underestimate the actual BR binding
affinities of intact BRI/BRL-SERK receptor complexes embedded in
the plasma membrane, as plants can respond to BRs applied externally
at picomolar to low nanomolar concentrations*-*.,

Takentogether, our work defines the chemical determinants fora
small-molecule-based molecular glue mechanism allowing formation
ofan active receptor-steroid ligand-co-receptor signalling complex.
Distinct chemical features in BRs required for (1) high-affinity receptor
binding, (2) properligand orientation in the receptor hormone-binding
pocket and (3) high-affinity co-receptor binding (Fig. 7) have now
been defined and can be exploited for rational BR agonist and
antagonist design.

Methods

Protein expression and purification

The ectodomains from BRI1 (hutps://www.uniprot.org UniProt-ID
022476, residues1-788), BRL1(Q9ZWC8,1-770), BRL2{Q9ZPS59,1-752),
BRL3(Q91JF3,1-770) and SERK1{Q24AG2, 23-270) ectodomains were
amplified from A. thaliana complementary DNA (ecotype Col-0). BRIL,
BRLL, BRL2 and BRL3 were cloned in vector pBB2 providing tobacco
etchvirus(TEV) protease cleavable C-terminal Twin-Streplland 9xHis
affinity tags. SERK1 was cloned in the same pBB2 vector containing an
N-terminal azurocidin signal peptide™**. For GCl assays, AtBRI1 was
also clonedinvector pBB2 containing a C-terminal Avitag followed by
TEV cleavable C-terminal Twin-Strepll and 10xHis affinity tags.

All proteins were expressed in Trichoplusia ni (Tnao38 cells,
Ximbio) using the baculovirus system™. Tnao cells in SF900 medium
(Gibco) were grown to a density of 2.0 = 10° cells per ml and subse-
quently infected with 10 ml of P2 virus. Cells were then incubated
for 24 h at 28 °C and for an additional 48 h at 21 °C while shaking at
110 r.p.m. Cells were then pelleted at 4,00 0g for 20 min, and the super-
natant containing the secreted protein was filtrated using 0.45 pm
filters (Durapore Merck). The cleared medium was thenloaded onto an
Ni** metal affinity column (HisTrap Excel 5 ml, Cytiva) equilibrated in
buffer A (SO mMKPipH 7.8, 250 mM NaCl, 1 mM -mercaptoethanol).
The column was washed with 25 ml of buffer A and subsequently eluted
onto a Strep-Tactin XT 4flow S ml column (IBA) in buffer A supple-
mentedwith 230 mM imidazole (pH 8.0). The Strep-Tactin affinity col-
umn was further washed with 25 ml buffer (20 mM Tris pH 8.0, 250 mM
NaCland 1mMEDTA), and the protein was eluted from the Strep-Tactin
column with buffer C (10 mM Tris pH 8.0, 150 mM NaCl, 1 mM EDTA,
50 mM biotin, 1xBTX, IBA). For protein crystallization, the affinity
purified proteins were incubated overnight at 4 °C with TEV protease
using a molar receptor/protease ratio of -10:1. The tag-free protein was
separated from the tag and from TEV protease by asecond Ni* affinity
chromatography step. Finally, the untagged proteinwas appliedtoa
HiLoad Superdex 20016/200 pgcolumn (Cytiva) equilibrated in 20 mM
sodiumcitrate pH 5.0,150 mM NaCl. Fractions containing the purified
protein were concentrated and stored at -80 °C.

Recepror biotinylation for GCI was achieved by incubating
Avi-tagged BRI1 with His-tagged BirA™. Briefly, BRI1at a final concen-
tration of 20 uM was incubated for L h at 30 °C with BirA, biotin, ATP
and MgCl, at final concentrations of 85 pM, 150 pM, 2 mM and 5 mM,
respectively. The BirA enzyme was subsequently removed usinga Ni*'
affinity chromatography step. Biotinylated BRI1 was concentrated
and loaded onto a HiLoad Superdex 200 16/200 pg column (Cytiva)
equilibrated in 20 mM sodium citrate pH 5.0, 150 mM NaCl.

Chemical synthesis and analysis of BRs
The chemical synthesis of typhasterol, 3-deoxycastasterone and
2-deoxybrassinolide are described in Supplementary Note 1.

GCI
GCl experiments were performed using the Creoptix WAVE system
(Malvern Panalytical). Binding of BRs to the isolated BRI1, BRL1, BRL2
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and BRL3 ectodomains was measured using 4 PCH WAVEchips. Borate
buffer (100 mM sodium borate, pH 9.0, 1M NaCl, Xantec) injections
were used to condition the chips. For the interaction screening of
BRIL, BRL1, BRL2, BRL3 or BRI1™ with BRs, the purified ectodo-
mains were immobilized using standard amine coupling. Chips were
activated using a 1:1 mix of 400 mM N-(3-dimethylaminopropyl)-N
‘-ethylcarbodiimide hydrochloride and 100 mM N-hydroxysuccinimide
(Xantec). Protein ligands (in 10 mM sodium acetate, pH 5.0) were
injected to the desired chip surface at the concentration indicated in
Supplementary Table 5. Tominimize non-specific binding of analytes,
asecond injection of BSA (0.5% (w/v) in10 mMsodium acetate, pH3.0)
was used to passivate the surface. Finally, the chip was then quenched
by injecting 1 M ethanolamine. All kinetic analyses were performed
at room temperature in citrate buffer (20 mM sodium citrate pH 5.0,
150 mM NaCl) supplemented with 0.05% (v/v) Tween and 0.025% (v/v)
dimethyl sulfoxide (DMSQO) to reduce unspecific binding of the respec-
tive BR analyte. Analyte concentrations were varied in 1:3 dilution
series. Allexperiments were done in duplicates, blank injections were
used for double referencing, and DMSO calibration was performed
forbulk correction.

Binding of the co-receptor SERK1 to brassinolide-bound wild-type
and mutant receptors was done by amine-coupling the BRIL, BRL1, BRL2
and BRL3 ectodomains onto 4PCP WAVEchips and using the purified
SERK1ectodomain as analyte in 20 mM sodium citrate pH 3.0,150 mM
NaCl) supplemented with 0.05% (v/v) Tween and 0.025% (v/v) DMSO
and brassinolide to a final concentration of 1 pM. Binding of SERK1 to
BRI1in the presence of different BRs was performed by immobiliz-
ing Avi-tagged and biotinylated BRIL by neutravidin capturing. After
chip activation, neutravidin (100 pg ml ' in 10 mM sodium acetate,
pH 5.0) was injected. To passivate and quench the chip surface, a further
injection of 0.5% (w/v) BSA followed by an injection of 1M ethanola-
mine was performed, respectively. Biotinylated BRIL (100 pg ml™ in
citrate buffer) was then injected to the desired surface concentration
(Supplementary Table 5), followed by aninjection of biotinylated 0.5%
(wy/v) BSA to passivate the surface. All the binding assays between BRI1
and SERK1 were done at room temperature in citrate buffer supple-
mented with 0.05% Tween and the respective BR atafinal concentration
of 1 pM. SERK1injections were done in1:3 dilution series. Immobilized
receptor densities and analyte concentrations for all experiments are
reported in Supplementary Table 5.

Dataanalysis was performed with the Creoptix WAVEcontrol soft-
ware (version 4.7.2), and data were fitted using one-to-one binding
madels or mass transport model, using bulk correction. Plotting and
data representation were performed using R (hreps://'www.r-project.
org, version4.1.2).

Crystallization and data collection

BRL3(in 20 mM citric acid pH 5.0, 250 mM NaCl) at a concentration of
-1mg ml™ wasincubated with the respective BR (10 mM stock solution
in100% (v/v) DMSO) to a final concentration of 50 uM for 4 hat room
temperature and then concentrated to -6-7 mg mi™ using a Amicon
Ultra concentrator (Merck Millipore) with a molecular weight cut-off
of 30 kDa. Triclinic crystals developed in hanging drops composed of
1.0l of protein solution and 1.0 pl of crystallization buffer (23-25%
(w/v)PEG 3,350, 0.2 MLi.SO,, 0.1 Mcitricacid pH 4.0) suspended over
1.0 mlofthe latter as reservoir solution. Crystals were cryoprotected by
serial transfer into crystallization buffer containing ethylene glycol to
afinal concentration of 25% (v/v) and snap frozen in liquid N.. BRI (in
20 mM citricacid pH 5.0, 250 mM NaCl)-BR (ata final concentration of
50 pM) complex crysrals developed in the same crystallization condi-
tion. Crystals of apo BRL2 were obtained using micro-seeding protocols
inhanging drops containing L.0 pl of protein solution (BRLZ at 6 mg ml™
in 20 mM citric acid pH 5.0, 250 mM NacCl) and L0 pl of crystallization
buffer (23% (w/v) PEG 3,350, 0.2 MMgC12-6H,0, 0.1 M Tris pH 9.0) over
1mi of reservoir solution. Tetragonal crystals were cryoprotected by
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serial transfer in crystallization buffer supplemented with 20% (v/v)
glycerol. A second, monoclinic crystal form for BRL2 developed in
22% (w/v) PEG 3,350, 0.2 M Na citrate, 0.1 M Bis-Tris pH 7.0 and in the
presence of 50 pM brassinolide. Datasets were collected at beam line
X06DA of the Swiss Light Source, Villigen, Switzerland; the monoclinic
BRL2 dataset was collected at beam line ID30B of the European Syn-
chrotron Radiation Facility, Grenoble, France (Supplementary Table 1).
Data processing and scaling was done with XDS™ (version June 2024).

Crystallographic structure solution and refinement

The structures of the BRL3-brassinolide complex and of apo BRL2
were solved by molecular replacement in PHASER (version 2.8.3)",
with BRIl ectodomain structure®® (PDB ID, 3R]0) as search model.
For BRL3, the solution revealed a dimer in the asymmetric unit,
closely resembling the previously reported BRL1dimer”. The BRL2
structure was resolved at 2.6 A resolution in space group P4, 2,2,
containing a single molecule per asymmetric unit, and in space
group C 2 with two molecules per asymmetric unit, respectively
(Supplementary Table 1). Crystals of the BRI1-BR complex shared
thesame crystal form as the previously described apo BRIL (ref. 26).
Restraints for the BR ligand were generated from SMILES strings
using phenix.elbow (version 1.21)*" or JLigand (version 3.21)™".
Ligands were fit manually into mF,-DF, omit maps, and ligand
occupancies were set to 1. All structures were completed through
iterative cycles of manual model building in COOT (version 0.9.8)™
and restrained TLS refinement in phenix.refine (version 1.21)".
Analysis of the refined structures with phenix.molprobity {ver-
sion 4.5.2)” revealed good to excellent stereochemistry. Final omit
maps of the different BRligands were generated with phenix.polder
(version1.21)™. Datacollection and refinement statistics are provided
in Supplementary Table 1. Structural figures were prepared with
ChimeraX (version 1.10)7, and chemical structures were drawn with
PubChem sketcher (version 2.4)™.

Plant material

A. thaliana ecotype Col-0, transfer DNA insertion mutants bsk3-1
(SALK_096500C)", brifnull (GABI_134E10)"" and bri2-1(SALK_016024)*
were obtained from the Nottingham Arabidopsis Stock Center,
alongside the previously reported BRIIprom::BRI1-mCitrine / bril
and BRIprom::BRIT“"-mCitrine / bril’" and BRI1prom::0BIR3-iBRI
1-mCitrine/ bril transgenic lines. Genotyping primers for the mutants
arelisted in Supplementary Table 2.

Molecular cloning and generation of transgenic lines

To generate BRL2 expression reporter lines, a 3.6 kb fragment
upstream of the BRL2 ORF was cloned into the entry vector pUC57-L4_
EcoRV-Xbal-BamHI_R1via Gibson assembly to produce L4-BRL2prom-R1
(ref. 78). Multi-site Gateway cloning (Thermo Fisher Scientific) with
Gateway LR reaction (11791020; Thermo Fisher Scientific) was used
to assemble the fragments L4-BRL2prom-R1, L1-NLS-3xmVenus-12
(ref. 79) and R2-tHSP18.2-L3 (ref, 80} into the destination vector
pB7m34GW (ref. 81) to generate BRL2prom=:NLS-3xmVenus. The cod-
ingsequence of BRL2 was introduced into pEN-LI(MCS)-L 2 (ref. 78) by
Gibson assembly and subsequently combined with L4-BRL2Zprom-R1
and mCitrine-pDONR P2R P3in destination vector pB7m34GW(ref. 81) to
producethe translational reporter construct BRL2prom::BRL 2-mCitrine.
TheBRL2 chimera (BRL2prom::0BIR3-iBRL2-mCitrine) were generated
using a construct in which the N-terminal part of AtBIR3 (residues
1-246, containing the native signal peptide, extracellular domainand
transmembrane helix) and the C-terminal region of BRL2 (residues
779-1,143, comprising the juxtamembrane and kinase domains) were
joined using two-fragment Gibson assembly, as previously described ™.
For the BRILcomplementary assays, the BR11 coding sequence lacking
astop codonwas cloned into entry vector pDONR221 (ref. 36) using the
Gateway BP reaction (11789020; Thermo Fisher Scientific). The single
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point mutations were introduced by the site-directed mutagenesis by
overlapextension™ onthe entry vector. A1,690 bpupstream fragment
of BRI1 (BRITprom) and a mCitrine coding sequence with the stop codon
was cloned into pDONR P4-PIR and pDONR P2R-P3, respectively, as pre-
viously reported™. The final binary vectors BRIIprom::BRIImu-mCitrine
were generated by the multi-site Gateway technology (Thermo Fisher
Scientific) with destination vector pB7m34GW (ref. 81). Cloning prim-
ersare listin Supplementary Table 3.

The bri2-2 allele was generated using a CRISPR/Cas9 (ref. 83)
system™, Two 20 bp single-guide RNA target sequences, designed using
CRISPR-P 2.0 (ref. 83), were cloned into shuttle vectors pEF004/005
viamutagenesis PCR™". These cassettes were subsequently assembled
into the pBay-Bar-CRmCherry vector using Gibson assembly, and the
final construct was transformed into Col-0 wild-type plants using
the floral dip method™. Primary transformants (T1) were selected
on half-strength Murashige and Skoog (**MS) medium containing
15 mg I"' phosphinothricin; Cas9-free mutant lines (T2/T3) were
identified by screening for loss of the mCherry marker (Leica Stereo
Microscope MSV269).

All constructs were transferred into Agrobacterium tumefaciens
strain GV3101by electroporation, and transgenic lines were generated
by floral dip™. Transformants were selected on "?MS media containing
1% (w/v) sucrose, 0.8% (w/'v) agar and 15 mg I phosphinothricin.

BR root growth inhibition and competition assays

For BR-mediated root growth inhibition assays™*', surface-sterilized
seeds were stratified at4 °C for 2 days and plated on*MS media plates
containing 1% (w/'v) sucrose and 0.8% (w/v) agar, supplemented with
100 nM of the indicated BR from 10 mM stock solutions prepared in
100% (v/v) DMSO {Carl ROTH) or with 0.01% (v/v) DMSO as control. The
previously reported bsk3-1 T-DNA insertion mutant (SALK_0%6500C)™
was used as negative control. For the BR antagonist competition assays,
100 nM brassinolide and 100, 500 or 1,000 nM of antagonist candidate
were added to"*MS plates containing 1% (w/v) sucrose and 0.8% (w,/v)
agar. DMSO to afinal concentration of 0.02% (v/v) was used as control
treatment. In all cases, plates were moved to a Percival (SE-41AR3;
CLF PlantClimatics, settings: 70% humidity, 16 h light period at 22 °C
with 250 pmol m™ s light intensity and 8 h dark period at 18 °C),
vertically placed for 7 days. The plates were scanned using a flat-bed
scanner (Epson perfection V600 Photo, Epson). The primary root
length of 30-35 individual seedlings was then determined using Fiji
(version 1.54)".

Statistical analysis

Multiple comparisons of different treatments versus control(s) in
one-way layouts were performed using a two-sided Dunnett™ test as
implemented in the R package multcomp (version 1.4-28)"". The rela-
tionship between root length and K, were tested using a Tukey trend
test™ ", thatis, amultiple regression model approach using arithmetic,
ordinal or logarithmic scores. We chose the linear regression model
and represented the corresponding slope b (positive slopes were inter-
preted as antagonistic; negative slopes as agonistic) and associated
Pvalues. Data were plotted in R™ {version 4.2.2); the associated raw
data can be found in Supplementary Tables 6-8.

BRinvivo quantification

The extraction and quantification of endogenous BRs were carried
out as previously described™. In brief, five biological replicates,
each consisting of approximately 10 mg FW of plant material, were
extracted using ice-cold 60% (v/v) acetonitrile. To each sample,
25 pmol of deuterium-labelled BR internal standards (Dlchemim)
were added. Afteral2 hincubationat4 °C, samples were centrifuged,
and the resulting supernatants were purified using 50 mg Discovery
DPA-65 solid-phase extraction cartridges (Supelco). The eluates were
then evaporated to dryness and reconstituted in 40 pl of methanol.
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BR quantification was performed using UHPLC-MS/MS, using the
ACQUITY UPLC I-Class System (Waters) and the Xevo TQ-Striple quad-
rupole massspectrometer (Waters MS Technologies), using the previ-
ously reported UHPLC-MS/MS parameters®*.

RNA-seq experiments

Ten-day-old Arabidopsis plants grown on ’MS media plates con-
taining 1% (w/v) sucrose and 0.8% (w/v) agar were collected. Fif-
teen plants were pooled per individual biological replicate, and all
samples were ground. RNA was extracted using a RNeasy Plant Mini
Kit (74904 ; Qiagen), and total RNA concentration was estimated
using a Qubit 4 Fluorometer (Q33238; Thermo Fisher Scientific)
and a 2100 Bipanalyzer system (Agilent Technologies). Library
preparation and sequencing (100 bpsingle-end with Novaseq 6000
sequencing system; lllumina) was performed at the iGE3 Genomic
Platform at the Faculty of Medicine, University of Geneva, Switzer-
land (https:/figed.genomics.unige.ch/). Data analysis was conducted
within the Galaxy EU platform (https://usegalaxy.eu/) using the
following tools: quality control and adaptor trimming by MultiQC
(version1.34)", reads mapping to the reference genome (Arabidopsis
TAIR1O reference genome from TAIR; htrps://www.arabidopsis.
org/) by HISAT2 (version 2.1.0)", transcript assembly and fragments
per kilobase of transcript per million mapped reads estimates by
Cufflinks (version 2.2.1.2)", reads counting by FeatureCounts
(version 2.0.8)™ and differential gene expression analysis by DESeq2
(version 2.11.40.7)"". Visualization was done using SRplot™* (htrps://
www.bioinformatics.com.cn/), the corresponding raw data are sum-
marized in Supplementary Table 9.

Confocal microscopy

To detect BRL2 promoter activity with BRL2prom::NLS-3xmVenus (in
T2 generation) in the early vasculature of embryos, SCRI Renaissance
2200 staining was performed according to the protocol®'™. The
embryos were dissected from thessiliques in the flowering 5-week-old
plantsunderaLeica SeD stereo microscope (Leica S6D) and incubated
in an SR2200 solution containing 0.1% (v/v) SR2200, 1% (v/v) DMSO,
0.5% (v/v) Triton X-100, 5% (v/v) glycerol and 4% (v/v) paraformalde-
hyde in phosphate-buffered saline buffer (pH 8.0) for 5 min. Then, the
embryos were washed once with H.0 and mounted in 5% (v/v) glycerol
forimaging. The cell wall signal stained by SR2200 was obtained using
a405 nm laser and a detection wavelength ranging from415to 475 nm.
To image roots, propidium iodide (PI) staining was used to label the
cell wall. The primary root of 10-day-old seedlings previously grown
on “*MS plates containing 1% (w/v) sucrose and 0.8% (w/v) agar was
incubated in a 10 mg | Pl solution for 10 min. Then, it was washed
three times with water and incubated in a 5% (v/v) glycerol solution
as the imaging buffer. Pl luorescence was detected from 571 nm to
656 nm following a 561 nm wavelength laser excitation. The mVenus
signal was detected using a laser with a 514 nm wavelength laser for
excitation and detectors with an emission range between 517 and
570 nm. To detect the mCitrine signal in the roots of T2 generation
BRIprom::BRII™-mCitrine complementation lines, primary root
tips from 10-day-old seedlings growing on '?MS plates containing 1%
(w/v) sucrose and 0.8% (w/v) agar were sampled. The mCitrine signal
was detected by a laser with 514 nm wavelength for excitation; detec-
tors recorded emission between 517 nmand 570 nm. Allimaging was
performed with a LSM 780 NLO microscope (Zeiss) at the Photonic
Bioimaging Center, University of Geneva, Switzerland, and data were
analysed using ZEN 2.0 blue edition and Fiji*.

Analysis of leaf vein patterning

Leaf vein patterns were analysed as described™. Cotyledons from
2-week-old seedlings grown on ?MS plates containing 1% (w/v)
sucroseand 0.8% (w/v) agar were dissected and cleared in 95% ethanol,
hydrated inan ethanol dilution series to water and mounted onslides

https://doi.org/10.1038/s41477-026-02346-0

in10% (v/v) glycerol for imaging on a Nikon binocular microscope
(Nikon SMZ18).

Hypocotylgrowth assay

Surface-sterilized Col-0 wild-type and bri{2-1 mutant™ seeds were
cold-stratified at 4 °C for 48 h and sown on ""MS medium containing
0.8% {w/v) agar. The growth medium was supplemented with either
1M brassinazole'” prepared from a 10 mM stock solution in 100%
DMSO0 or 0.1% (v/v) DMSO as control. After a 1hlight treatment to
promote germination, the plates were wrapped in aluminium foil and
maintained in complete darkness at 22 °C for 5 days. Seedlings were
then scanned using a flat-bed scanner (Epson Perfection V600 Photo
scanner, Epson).

BES1 and BRI1-mCitrine immunoblotting

Arabidopsis seeds (Col-0 wild type, bril (ref. 47), br{2-1 (ref. 55) and
T3 generation BR{Iprom::BRII™" -mCitrine complementation lines)
were surface-sterilized and grown on **MS plates containing 1% (w,v)
sucrose and 0.8% (w/v) agar for 10 or 14 days, respectively. Around
250 mg of tissue samples was collected for each line in 1.5 ml tubes
containing glass beadsand immediately frozen with liguid nicrogen.
The samples were ground with Silamat Sé (lvolar Vivodent) and then
mixed with extraction buffer (50 mM Tris-HCI pH 7.5, 150 mM NaCl,
1mM EDTA, 1% (v/v) Triton X-100, 1 cOmplete EDTA-free protease
inhibitor cocktail (11873580001; Roche), 1= plant protease inhibi-
tor cocktail (P9599; Sigma-Aldrich) and 1% PhosStop (4906845001;
Rache)). After protein solubilization for 30 min on ice, cell debris
was removed by centrifugation (14,000g, 2 = 15 min, 4 °C), and the
supernatant of each sample was transferred to a fresh tube. Protein
concentration was determined using Pierce BCA Protein Assay Kit
(23225; Thermo Fisher Scientific). For BRI1-mCitrine fusion protein
detection, an anti-GFP antibody coupled to horseradish peroxidase
(anti-GFP-HRP, 130-091-833; Miltenyi Biotec) at adilution of 1:5,000
was applied. Alternatively, BRI1 was detected using a primary BRI1
antibody™" (1:5,000 dilution) and a secondary anti-rabbit 1gG-
peroxidase antibody produced in goat (1:10,000 dilution, A6154;
Sigma-Aldrich). BES1 dephosphorylation levels were estimated using
a primary anti-BES1 antibody*' at adilution of 1:2,000 and asecond-
aryanti-rabbit IlgG-peroxidase antibody produced in goat (1:10,000
dilution, A6154; Sigma-Aldrich). SuperSignal West Pico PLUS Chemi-
luminescent Substrate (34577; Thermo Fisher Scientific) was used
for chemiluminescence detection onan Amersham Imager 680 (GE).
ReadyBlue Protein Gel Stain (RSB-1L; Sigma-Aldrich) was used for the
total protein input detection.

Analytical size-exclusion chromatography

The oligomeric state of recombinantly expressed and purified
wild-type and point-mutant BRI1 ectodomains was characterized
using analytical size-exclusion chromatography; 500 pl sample at
1.0 mg ml™wasloaded onto a Superdex 200 Increase 10/300 GL column
(Cytiva) pre-equilibrated in 20 mM citrate buffer (pH 5.0), with 150 mM
NaCl. Protein elution at a flow rate of 0.7 ml min ' was monitored by UV
absorption at 280 nm.

Quantitative real-time PCR

Expression of the BR marker genes CPD and DWF4 was estimated by
gRT-PCR, using -30 individual 8-day-old seedlings per each T3 gen-
eration transgenic line. Samples were homogenized by Silamat Sé
(Ivolar Vivodent), and RNA was extracted using a RNeasy Plant Mini
Kit (74904; Qiagen). Subsequently, cDNA synthesis was performed
with the SuperScript!l Reverse Transcriptase (18064014; Invitrogen),
following the manufacturer’s protocol. Quantitative real-time PCR was
conducted on a QuantStudio 5 thermo-cycler (Applied Biosystems)
using SYBR Select Master Mix for CFX (4472942; Applied Biosystems).
Therelative expression (n = 3) was quantified withthe 2-AACt method.
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ACT2 was used as the internal reference gene. gPCR primers are
included in Supplementary Table 4.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to thisarticle.

Data availability

Raw RNA-seq reads have been deposited with the NCBI Sequence Read
Archive withidentifier PRINA1299306 (hreps://www.ncbi.nlm.nih.gov/
sra/PRINA1299306). BRIL, BRL2 and BRL3 complex structures have
been deposited with the Protein Data Bank (heep://www.resb.org) with
accession numbers 9580 (BRL3, brassinolide), 9587 (BRIL, castaster-
one), 9585 (BRIL, typhasterol), 955V (BRIL 24-epibrassinolide), 9552
(BRIL, 28-homobrassinolide), 2590 (BRL3, castasterone), 9596 (BRL3,
typhasterol), @59A (BRL3, 6-deoxocastasterone), 959C (apo BRL2,
tetragonal crystal form) and 9U0G (apo BRL2, monoclinic crystal form).
Source data are provided with this paper.

References

1. Grove, M. D. et al. Brassinolide, a plant growth-promoting steroid
isolated from Brassica napus pollen. Nature 281, 216-217 (1979).

2. Fujioka, S. & Yokota, T. Biosynthesis and metabolism of
brassinostercids. Annu. Rev. Plant Biol. 54, 137-164 (2003).

3. Fujicka, S., Takatsuto, S. & Yoshida, S. An early C-22 oxidation
branch in the brassinosteroid biosynthetic pathway. Plant Physiol.
130, 930-939 (2002).

4. Joo, S-H. et al. Biosynthesis of a cholesterol-derived
brassinosteroid, 28-norcastasterone, in Arabidopsis thaliana.

J Exp. Bot. 63,1823-1833 (2012).

5. Fujita, 5. et al. Arabidopsis CYPSOB1 catalyses the early C-22
hydroxylation of C27, C28 and G29 sterols, Plant J, 45, 765-774
(2008).

6. Choe, 5. et al. The DWF4 gene of Arabidopsis encodes a
cytochrome P450 that mediates multiple 22alpha-hydroxylation
steps in brassinosteroid biosynthesis. Plant Cell 10, 231-243
(1998).

7. Ohnishi, T. et al. CYP30OA1/CPD, a brassinosteroid biosynthetic
cytochrome P450 of Arabidopsis, catalyzes C-3 oxidation.

J. Biol, Chem, 287, 31551-31560 (2012),

8. Szekeres, M. et al. Brassinosteroids rescue the deficiency of
CYP90, a cytochrome P450, controlling cell elongation and
de-etiolation in Arabidopsis, Cell 85, 171-182 (1996).

9. Ohnishi, T. et al. C-23 Hydroxylation by Arabidopsis CYPO0CT and
CYPOOD1 reveals a novel shortcut in brassinosteroid biosynthesis.
Plant Cell 18, 3275-3288 (2006).

10. Chory, )., Nagpal, P. & Peto, C. Phenotypic and genetic analysis
of det2, a new mutant that affects light-regulated seedling
development in Arabidopsis. Plant Cell 3, 445-453 (1991).

M. Fujioka, S. etal. The Arabidopsis deetiolated2 mutant is blocked
early in brassinosteroid biosynthesis. Plant Cell 9, 1951-1962
(1997).

12, Moguchi, T. et al. Arsbidopsis det2 is defective in the conversion
of (24R)-24-methylchaolest-4-En-3-one to (24R)-24-methyl-
Sa-cholestan-3-one in brassinosteroid biosynthesis. Plant Physiol.
120, 833-840 (1999).

13. Shimada, ¥, et al. Brassinosteroid-6-oxidases from Arabidopsis
and tomato catalyze multiple C-6 oxidations in brassinosteroid
biosynthasis. Plant Physiol. 126, 770-779 (2001),

14. Noguchi, T. et al. Biosynthetic pathways of brassinolide in
Arabidopsis. Plant Physiol. 124, 201-209 (2000).

15. Katsumata, T. et al. Arabidopsis CYPB5AZ2 catalyzes lactonization
reactions in the biosynthesis of 2-deoxy-7-oxalactone
brassinosteroids. Biosci. Biotechnol. Biochem. 72, 2110-2117
(2008).

16.

17

18,

19.

20.

.

22,

23,

24,

25,

26.

27,

28.

29,

30.

31

32.

34,

35.

36.

3n

https://doi.org/10.1038/s41477-026-02346-0

Antonchick, A. P., Schneider, B., Zhabinskii, V. N., Konstantinova,
0.\, & Khripach, V. A. Biosynthesis of 2,3-epoxybrassinosteroids
in seedlings of Secale cereale. Phytachemistry 63, 771-776
(2003).

Meff, M. M. et al. BAS1: a gene regulating brassinosteroid levels
and light responsiveness in Arabidopsis. Proc. Natl Acad. Sci. USA
96, 15316-15323 (1999).

Poppenberger, B, et al. The UGT73C5 of Arabidopsis thaliana
glucosylates brassinosteroids. Proc. Natl Acad. Sci. USA 102,
1525315258 (2005).

Marsolais, F. et al. Molecular and biochemical characterization of
two brassinosteroid sulfotransferases from Arabidopsis, AtS5Tda
(At2914920) and AtST1 (At2g03760). Planta 225, 1233-1244 (2007).
Kirn, H. B. et al. The regulation of DWARF 4 expression is likely a
critical mechanism in maintaining the homeostasis of bioactive
brassinosteroids in Arabidopsis. Plant Physiol, 140, 548-557 (2006).
Morthey, J. G. B. et al. Farnesylation mediates brassinosteroid
biosynthesis to regulate abscisic acid responses. Nat. Plants 2,
16114 (2016).

Wang, Y. et al. Plasmodesmata mediate cell-to-cell transport of
brassinesteroid hormones. Nat. Chem. Biol, 19, 1331-1341 (2023).
Ying, W. et al. Structure and function of the Arabidopsis ABC
transporter ABCB19 in brassinosteroid export. Science 383,
eadj4591(2024).

Wang, Z. Y., Seto, H., Fujioka, S., Yoshida, S. & Chory, J.BRITisa
critical component of a plasma-membrane receptor for plant
steroids. Nature 410, 380-383 (2001).

Li, ). & Chory, ). A putative leucine-rich repeat receptor kinase
involved in brassinosteroid signal transduction. Cell 90, 929-938
(1997).

Hothorn, M. et al. Structural basis of steroid hormone perception
by the receptor kinase BRI, Nature 474, 467-471 (20M).

She, ). et al. Structural insight into brassinostercid perception by
BRIN. Nature 474, 472-476 (2011).

Hohmann, U. et al. Mechanistic basis for the activation of plant
membrane receptor kinases by SERK-family co-receptors. Proc.
Natl Acad. Sci. USA 115, 3488-3493 (2018).

Cano-Delgado, A. et al. BRL1 and BRL3 are novel brassinosteroid
receptors that function in vascular differentiation in Arabidopsis.
Development 131, 5341-5351 (2004).

Zhou, A., Wanag, H., Walker, J. C. &Li, J. BRL, a leucine-rich repeat
receptor-like protein kinase, is functionally redundant with BRI
in regulating Arabidopsis brassinosteroid signaling. Plant . 40,
399-409 (2004).

She, )., Han, Z., Zhou, B. & Chai, ). Structural basis for differential
recognition of brassinolide by its receptors. Protein Cell 4,
A75-482 (2013).

Zhang, X. etal. A temperature-sensitive misfolded bril-301
receptor requires its kinase activity to promote growth., Plant
Physiol. 178, 1704-1719 (2018).

. Blanco-Tourifidn, N. et al. The brassinosteroid receptor gene BRI

safeguards cell-autonomous brassinosteroid signaling across
tissues. Sci. Adv. 10, eadg3352 (2024).

Clay, N. K. & Melson, T. VH1, a provascular cell-specific receptor
kinase that influences leaf cell patterns in Arabidopsis. Plant Cell
14, 2707-2722 (2002).

Gou, X. et al. Genetic evidence for an indispensable role of
somatic embryogenesis receptor kinases in brassinosteroid
signaling. PLoS Genet. 8, 21002452 (2012).

Santiago, 1., Henzler, C. & Hothorn, M. Molecular mechanism
for plant steroid receptor activation by somatic embryogenesis
co-receptor kinases, Science 341, 889-892 (2013).

Imkampe, J. et al. The Arabidopsis leucine-rich repeat receptor
kinase BIR3 negatively regulates BAK1 receptor complex
formation and stabilizes BAKY. Plant Cell 29, 2285-2303 (2017).

Mature Plants

185



Article

38,

39

40.

41.

42

a4,

45,

46,

47,

48,

49,

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

Hohmann, U., Nicolet, J., Moretti, A., Hothorn, L. A. & Hothorn, M.
The SERK3 elongated allele defines a role for BIR ectodomains in
brassinosteroid signalling. Nat. Plants 4, 345-351 (2018).

Wang, X. et al. Sequential transphosphorylation of the BRIT/BAK]
receptor kinase complex impacts early events in brassinosteroid
signaling. Dev. Cell15, 220-235 (2008).

Wang, Z. Y. et al. Nuclear-localized BZR1 mediatas
brassinosteroid-induced growth and feedback suppression of
brassinostercid biosynthesis. Dev. Cell 2, 505-513 (2002).

Yin, Y. et al. BES1 accumulates in the nucleus in response to
brassinosteroids to regulate gene expression and promote stem
elongation. Cell 109, 181-191 (2002).

Li, 1., Magpal, P., Vitart, V., McMarris, T. C. & Chory, J. Arole for
brassinosteroids in light-dependent development of Arabidopsis.
Science 272, 398-401 (1996).

. Li, )., Nam, K. H., Vafeados, D. & Chory, J. BINZ, a new brassinosteroid-

insensitive locus in Arabidopsis. Plant Physiol. 127, 14-22 {2001).
Missig, C., Shin, G.-H. & Altmann, T. Brassinosteroids promote
root growth in Arabidopsis. Plant Physiol. 133, 1261-1271(2003).
MNoguchi, T. et al. Brassinosteroid-insensitive dwarf mutants of
Arabidopsis accumulate brassinosteroids. Plant Physiol. 121,
743-752 (1999).

Meubus Claus, L. A. et al. BRASSINOSTEROID INSENSITIVET
internalization can ocour independent of ligand binding. Plant
Physiol. 192, 65-76 (2023).

Jaillais, Y., Belkhadir, Y., Balsemio-Pires, E., Dangl, J. L. & Chory, J.
Extracellular leucine-rich repeats as a platfarm for receptor/
coreceptor complex formation. Proc. Natl Acad. Sci. USA 108,
8503-8507 (2011).

MNomura, T. et al. Accumulation of 6-deoxocathasterone

and G-deoxocastasterone in Arabidopsis, pea and torato is
suggestive of common rate-limiting steps in brassinosteroid
biosynthesis. Phytochemistry 57, 171-178 (2001).

Fujioka, 5. et al. Identification of castasterone,
6-deaxocastasterone, typhasterol and 6-deoxotyphasteral

from the shoots of Arabidopsis thaliana. Plant Cell Physiol. 37,
1201-1203 (1996).

Fujioka, 5., Noguchi, T, Yokota, T., Takatsuto, 5. & Yoshida, S.
Brassinosteroids in Arabidopsis thaliana. Phytochemistry 48,
595-599 (1998),

Vukasinovic, N. et al. Local brassinosteroid biosynthesis enables
optimal root growth, Nat. Plants 7, 619-632 (2021).

Hohmann, L. et al. Constitutive activation of leucine-rich repeat
receptor kinase signaling pathways by BAKI-INTERACTING
RECEPTOR-LIKE KINASE3 chimera. Plant Cell 32, 3311-3323 (2020).
Tanaka, K. et al. Brassinasteroid homeostasis in Arabidopsis is
ensured by feedback expressions of multiple genes involved in its
metabolism. Plant Physiol. 138, 1117-1125 (2005).

He, 1.-X. et al. BZR1 is a transcriptional repressor with dual roles in
brassinosteroid homeostasis and growth responses. Science 307,
1634-1638 (2005).

Ceserani, T, Trofka, A., Gandotra, N. & Nelson, T. VH1/BRL2
receptor-like kinase interacts with vascular-specific adaptor
proteins VIT and VIK to influence leaf venation. Plant 1. 57,
1000-1014 (2009).

Tan, X. et al. Mechanism of auxin perception by the TIR1 ubiquitin
ligase. Nature 446, 640-645 (2007).

Sheard, L. B. et al. Jasmonate perception by inositol-phosphate-
patentiated CON-JAZ ca-receptor. Nature 468, 400-405 (2010),
Back, T. G, Janzen, L., Pharis, R. P. & Yan, Z. Synthesis and
bioactivity of C-2 and C-3 methyl ether derivatives of brassinclide.
Phytochemistry 59, 627-634 (2002).

Muto, T. & Todoroki, Y. Brassinolide-2,3-acetonide: a brassinolide-
induced rice lamina joint inclination antagonist. Bioorg, Med.
Chem, 21, 4413-4419 (2013).

50.

&1,

62.

63,

64.

65.

66.

67.

68.

=

70,

7.

72

73.

74.

75,

76.

77

78.

79.

80,

81,

82

83,

https:/fdoi.org/10.1038/s41477-026-02346-0

Li, W. et al. Two conserved amino acids characterized in the island
domain are essential for the biological functions of brassinolide
receptors. Int. .. Mol. Sci. 23, 11454 (2022).

Molan, T. M. et al. Brassinosteroid gene regulatory networks at cellular
resolution in the Arabidopsis root. Science 379, eadf4721(2023).
Hothorn, M., Dabi, T. & Chory, J. Structural basis for eytokinin
recognition by Arabidopsis thaliana histidine kinase 4. Nat. Chemn.
Biol. 7, 7T66-768 (2011,

Okuda, 5. et al. Molecular mechanism for the recognition of
sequence-divergent CIF peptides by the plant receptor kinases
GSO1/SGN3 and GSO2. Proc. Natl Acad. Sci. USA 117, 2693-2703
(2020).

Olezak, M. & Olczak, T. Comparison of different signal peptides
for protein secretion in nonlytic insect cell system. Anal. Biochem.
359, 45-53 (2008).

Hashimoto, Y., Zhang, S. & Blissard, G. W. Ao38, a new cell

line from eggs of the black witch moth, Ascalapha odorata
(Lepidoptera: Noctuidae), is permissive for AcMNPY infection and
produces high levels of recombinant proteins. BMC Biatechnal.
10, 50 (2010).

Fairhead, M. & Howarth, M. Site-specific biotinylation of purified
proteins using BirA. Methods Mol. Biol. 1266, 171-184 (2015).
Kabsch, W. Automatic processing of rotation diffraction data from
crystals of initially unknown symmetry and cell constants. J. Appl.
Crystallogr. 26, 795-800 (1993).

McCoy, A, ), et al. Phaser crystallographic software. J. Appl.
Crystallogr. 40, 658-674 (2007).

Moriarty, N. W., Grosse-Kunstleve, R. W. & Adams, P. D. electronic
Ligand Builder and Optimization Workbench (eLBOW): a tool for
ligand coordinate and restraint generation. Acta Crystallogr. D 65,
1074-1080 (2009).

Lebedev, A, A, etal. JLigand: a graphical tool for the CCP4
template-restraint library. Acta Crystallogr. D 68, 431-440 (2012),
Emsley, P. & Cowtan, K. Coot: model-building tools for molecular
graphics. Acta Crystallogr. D 60, 2126-2132 (2004).

Afonine, P. . et al. Towards automated erystallographic structure
refinement with phenix.refine. Acta Crystallogr. D 68, 352-367
(2012).

Davis, I. W. et al. MolProbity: all-atom contacts and structure
validation for proteins and nucleic acids, Nucleic Acids Res. 35,
W375-W383 (2007).

Liebschner, D. et al. Polder maps: improving OMIT maps by
excluding bulk solvent, Acta Crystallogr. D 73, 148-157 (2017).
Goddard, T. D. et al. UCSF ChimeraX: meeting modern challenges
in visualization and analysis. Protein Sci. 27, 14-25 (2018).
Ihlenfeldt, W. D., Bolton, E. E. & Bryant, 5. H. The PubChem
chernical structure sketcher. J. Cheminform. 1, 20 (2009).

Tang, W. et al. BSKs mediate signal transduction from the
receptor kinase BRI1in Arabidopsis. Science 321, 557-560 (2008).
Han, J.-P. et al. GWAS reveal SUBER GEME1-mediated suberization
via type one phosphatases. Nat. Plants 12, 1079-1084 (2026).
Vermeer, ). E. M. et al. A spatial accommodation by neighboring
cells is required for argan initiation in Arabidopsis. Science 343,
178-183 (2014).

Kalmbach, L. et al. Putative pectate lyase PLL12 and callose
deposition through polar CALST are necessary for long-distance
phloem transport in Arabidopsis. Curr. Biol. 33, 926-939.29 (2023).
Karimi, M., De Meyer, B. & Hilson, P. Modular cloning in plant cells.
Trends Plant Sci_ 10, 103-105 (2005).

Ho, 5. N., Hunt, H. D., Horton, R. M., Pullen, J. K. & Peaze, L. R.
Site-directed mutagenesis by overlap extension using the
polymerase chain reaction, Gene 77, 51-59 (1989).

Jinek, M. et al. A programmable dual-RNA-guided DNA
endonuclease in adaptive bacterial immunity. Science 337,
816-821(2012).

Mature Plants

186



Article

84, Chen, H. et al. Phosphorylation-dependent activation of the bHLH
transcription factor ICE1/SCRM promates polarization of the
Arabidopsis zygote. New Phytol. 245, 1029-1039 (2025).

85. Liu, H. et al. CRISPR-P 2.0: An improved CRISPR-Cas9 tool for
genome editing in plants. Mol. Plant 10, 530-532 (2017).

86. Wu, R. et al. An efficient CRISPR vector toolbox for engineering
large deletions in Arabidopsis thaliana. Plant Methods 14, 65
(2018).

87. Clough, 5. ). & Bent, A. F. Floral dip: a simplified method for
Agrobacterium-mediated transformation of Arabidopsis thaliana.
Plant 1. 16, 735-743 (1998).

88. Schindelin, J. et al. Fiji: an open-source platform for
biological-image analysis. Nat. Methads 9, 676-682 (2012).

89. Dunnett, C. W. A multiple comparison procedure for comparing
several treatments with a control. L. Am. Stat. Assoc. 50, 1086-1121
(1955),

90. Hothorn, T., Bretz, F. & Westfall, P. Simultaneous inference in
general parametric models. Biom. J. 50, 346-363 (2008).

91. Schaarschmidt, F., Ritz, C. & Hothorn, L. A. The Tukey trend
test: multiplicity adjustment using multiple marginal models.
Biometrics 78, 789-797 (2022).

92, Tukey, ). W., Ciminera, ). L. & Heyse, J. F. Testing the statistical
certainty of a response to increasing doses of a drug. Biometrics
41, 295-301(1985).

93. RCoreTeam. R: A Language and Environment for Statistical
Computing. (R Foundation for Statistical Computing, 2013);
https:/fwww.R-project.org

94. Oklestkova, J. et al. Immunoaffinity chromatography combined
with tandem mass spectrometry: a new tool for the selective
capture and analysis of brassinosteroid plant hormones. Talanta
170, 432-440 (2017).

95, Tarkowska, D., Novdk, O., Oklestkova, J. & Strnad, M. The
determination of 22 natural brassinosteroids in a minute sample
of plant tissue by UHPLC-ESI-MS/MS. Anal. Bioanal. Chem. 408,
6799-6812 (2016).

96. Ewels, P, Magnusson, M., Lundin, S. & Kaller, M. MultiQC:
summarize analysis results for multiple tools and samplesina
single report. Bioinformatics 32, 3047-3048 (2016).

97. Kim, D., Paggi, ). M., Park, C., Bennett, C. & Salzberg, 5. L.
Graph-based genome alignment and genotyping with HISAT2
and HISAT-genotype. Nat. Biotechnol, 37, 907-915 (2019).

98. Trapnell, C. et al. Transcript assembly and quantification by
RNA-Seq reveals unannotated transcripts and isoform switching
during cell differentiation. Nat. Biotechnol. 28, 511-515 (2010).

99. Liao, Y., Smyth, G. K. & Shi, W. featureCounts: an efficient general
purpose program for assigning sequence reads to genomic
features. Bioinformatics 30, 923-930 (2014).

100, Love, M. |, Huber, W. & Anders, 5. Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome
Bial. 15, 550 (2014),

101, Tang, D. et al. SRplot: a free online platform for data visualization
and graphing. PLoS ONE 18, e0294236 (2023).

102. Musielak, T. 1., Schenkel, L., Kolb, M., Henschen, A. & Bayer, M.

A simple and versatile cell wall staining protocol to study plant
reproduction. Plant Reprocl. 28, 161169 (2015).

103. Asami, T. et al. Characterization of brassinazole, a triazole-type
brassinosteroid biosynthesis inhibitor, Plant Physiol. 123, 93-100
(2000).

104. Bojar, D. et al. Crystal structures of the phosphorylated BRIT kinase
domain and implications for brassinosteroid signal initiation. Plant
1,78, 31-43 (2014).

Acknowledgements
We thank J. Russinova for providing us with the BES1 antibody,
D. Tarkowska for help with UHPLC-MS/MS analyses, A. Pfibylka for the

https:/fdoi.org/10.1038/s41477-026-02346-0

measurement of high-resclution mass spectrometry spectra,

3. Meschini for help with the root growth inhibition assays and

P, Rieu, C. Hardtke, R. Ulm and D. Fiedler for providing feedback on
the manuscript. We acknowledge the Paul Scherrer Institute, Villigen
(beam line X06DA), Switzerland, and the European Synchrotron
Radiation Facility, Grenoble, France (beam line ID30B), for provision
of synchrotron radiation beam time. This work was supported by
Grant 310030_205201 from the Swiss National Science Foundation
(to M.H.), Czech Science Foundation grant GACR 26-211135 and IGA
grant IGA_PrF_2025_019 from Palacky University (to M.5.).

Author contributions

A.C. and M.H. conceived the project. A.C. expressed and purified
proteins, petformed GC assays and erystallized proteins. H.C.
generated transgenic lines with the help of L.B., performed plant
phenotyping and BR response assays, confocal microscopy,
transcriptomics and western blotting. M.K. and K.F. synthesized BRs.
U.H. crystallized the BRL3-brassinolide complex. J.O. quantified
endogenous BR levels. A.C., UH. and M.H. solved and refined
structures. AC, H.C., MK, 1.0, L.AH., M.5. and M.H. analysed data.
A.C. and M.H. wrote the manuscript, with input from the other authors.
M.H. and M.S. acquired funding, and M.H. supervised the project.

Funding

Open access funding provided by University of Genava.

Competing interests

The authors declare no competing interest.

Additional information
Extended data is available for this paper at
https:/fdoi.org/10.1038/541477-026-02346-0.

Supplementary information The online version
contains supplementary material available at
https:{/doi.org/10.1038/341477-026-02346-0.

Correspondence and requests for materials should be addressed to
Michael Hothorn.

Peer review information Nature Flants thanks Trevor Nolan and the
other, anonymous, reviewer(s) for their contribution to the peer review
of this work, Peer reviewer reparts are available.

Reprints and permissions information is available at
www.nature.corm/reprints.

Publisher's note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commaons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commaons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit hitp:/fcreativecommaons.
org/licenses/by/4.0f.

® The Author(s) 2026

Mature Plants

187



Article https://doi.org/10.1038/s41477-026-02346-0

BRI1 BRI1 BRIt BRI1 BRI1
23dCS 24eBL 24eCS 28hBL ” 28hCS
0 15 —
84 18: 104 104 81
a4 5] 54 54 44
04 04 04 0« 0+
0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 800 0 200 400 600
BRI BRI1 BRI1 BRI BRI
3dCs 6dCS BL CATH cs
154 204 12
104 154 154 8- 154
- 104 104 101
51 54 5 44 54
01 T T T X 0 -‘_Y-_I'—ﬂ—_‘—r‘ 0 b T T 1 8 T T 0 L T T T T o 1 & T L T
0 200 400 600 0 200 400 600 0 200400600800 0 200 400 600 0 200 400 800
BRI1 BRI BRI1 BRI1 BRI1
TYPH SEC 2dBL 22dCS 28norBL
154 ] 1
101 291 ? ] 20- 20+
51 ‘ﬁ: ] 104 10+
0 {enperP | 01 - | D01 - 0ok - 0 . -
v v v v v v g v v v T T ¥ ¥ T v T v T M v
0 200 400 600 0 200400600800 0 200400600800 0 200 400 600 0 200 400 600
BRL1 BRL1 BRL1 BRL1 BRL1
23dCS 24eCS 28hBL 28hCS 3dCS
64 L 154 154 207
34 10 10 133
04 ] 51 5+ J 1
01 04 04 09
;(\T 0 200 400 0 200400600800 0 200400600800 0 200400600800 0 2004008600800
E BRL1 BRL1 BRL1 BRL1 BRL1
B 6dCS BL CATH cs TYPH
Q204 B
159 1?,. 7.5 :1’2_ 154
@ 104 10 5.0 | 104 104
8 31 54 254 54 54
1 0.0+ | 0 0+
= ¥t v —v—+—1—1 O T Y T —t— 71— v . v —r—
3 0 200400600800 0 200400600800 0 200 400 0 200400600800 0 200400600800
\g BRL1 BRL1 BRL3 BRL3 BRL3
U=) SEC 2dBL 23dCS 24eBL 24eCS
4 12 6
:g. 84 44 5.04 4+
5+ 4- 31 2.51 2+
0+ 04 24 0.0 04
-5 T ¥ v T T T v + -4 v T T 2.5 v - T T T ¥
0 200 400 600 0 200 400 600 0 200 400 0 200 400 0 200 400
BRL3 BRL3 BRL3 BRL3 BRL3
28hBL 28hCS 3dCs 6dCS BL
10 12 10 12
5+ 81 54 81 i
44 4+ 54
b s 04 01 04 04
0 200 400 o 200 400 0 200 400 600 0 200 400 600 0 200 400 800
BRL3 BRL3 BRL3 BRL3 BRL3
CATH cs TYPH SEC 2dBL
6 1 12 y———
44 1 4 104 84 7.5+
24 3 5 44 5.04
b 1 254
2 ] 044 01 0.0+
0 200 400 0 200 400 600 0 200 400 600 0 200 400 600 0 200 400 800
BRL3 BRL3
22dCS 8 NorBL
104 E ! 6+
44
54 24
04
0 = v s v -~ - v v iy
0 200 400 600 0 200 400 600
Time (s)
ded DataFig.1|S page for cap
Nature Plants



Article https:/fdoi.org/10.1038/s41477-026-02346-0

Extended Data Fig.1| Cs 1 of GC1 for the experiments 28-homocastasterone, 24eBL: 24-epibrassinolide, 28hBL: 28-homobrassinolide,
described in Fig. 2a, ¢, d. Grating Coupling Interferometry (GCl)-derived binding  22dC5: 22-deoxyc 1e, 6dCS: G-deoxo one, NorBL:

kinetics for BRIL BRLL and BRL3 in response to different BRs, Raw sensorgrams 28-norbrassinolide, 3dCS: 3-deoxycastasterone, TYPH: typhasterol, C5:

are shown with experimental traces in red, and global fits as black lines. CATH: castasterone, SEC: secasterone, 2dBL: 2-deoxyt inolide, BL: brassinolid

cathasterone, 23dCS: 23-deoxycastasterone, 24eC5: 24-epicastasterone, 28h(C5:
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1.7E5 1.2E-2
3.5E5 9.3E-3
2.3E4 7.5E-2

K, (nM)

80
210
30
13
80

30
9000

870
370
515
1200
180
100
2900
30
16

53
30
2300
25
180
180
340
280
30
90
500
50
2500
600
20
1200
15
20
20
250
520
330
570
70
26
3300

sdescribed in Fig. 2a, ¢, d. a, Schematic illustration of the Grating Coupling

Interferometry (GCI) setup used to screen recepror - brassinosteroid interactions. b, Kinetic parameters obtained for BRIL BRLL and BRL3 inresponse to the 15 BRs

analyzed in this study.
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Analyte k, (M's?) kq (s) K4 (nM)
brassinolide 1.6E5 3.5E-2 220
2-deoxybrassinolide 9.3E4 3.9E-2 420
castasterone 7.7E4 5.8E-2 750
typhasterol 4.0E4 9.6E-2 2400
28-norbrassinolide 7.6E4 1.5E-1 1900
28-homobrassinolide 4.8E4 1.2E-1 2400
cathasterone 1.7E4 1.3E-1 8000
28-homocastasterone 4.0E3 1.2E-1 30000
24-epicastasterone n.d. n.d. n.d.
DHEA n.d. n.d. n.d.
triolone n.d. n.d. n.d.
24-epibrassinolide n.d. n.d. n.d.
betulin n.d. n.d. n.d.
lupeol n.d. n.d. n.d.

dehydroepiandrosteron
(DHEA)

Extended Data Fig. 3| See next page for caption.
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Extended DataFig. 3| Compl of GCI and derived kinetic typhasterol, 28norBL: 28-norbrassinolide, 28hBL: 28-homobrassinolide, 28hCS:
[ for the experi describedinFig. 4¢.a, Grating Coupling -homac , CATH: cath ,24eCS: 24-epi , 24¢BL:
Interferometry (GCI)-derived binding kinetics for BRL2 in resp todifferent lide, DHEA: dehydroepiand b, Kineticp s
BRsand other plant ids. Raw shown with experi | btained for BRL2 inresp to the different BR and non-BR ligand candidates
tracesinred (n=2), and global fits as black lines (n.d., no detectable binding). lyzed in this study. ¢, Chemical structures of dehydroepiandrosterone
BL:brassinolide, 2dBL: 2-deoxyk lide, CS: castasterone, TYPH: (DHEA), triolone, lupeol and betulin.
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BRI1 mutant k, (M1s?) kq (s™) Ky (nM)
W564H 3.6E4 7.6E-2 2100
Y597M 1.0E6 1.1E-2 11
Y597F 2.0E5 5.8E-3 30
Y599A 2.6E5 2.7E-2 100
K601L 4.2E5 1.3E-2 30
L615Y 3.8E5 2.9E-2 80
L615F 7.0E4 7.3E-3 100
Y642A 2.6E5 5.4E-2 200
G643E 1.8E6 2.7E-3 15
M657A 4.3E5 8.2E-3 20
G644D 6.4E4 3.9E-2 610
M657E 9.6E4 2.9E-3 30
T646I 2.2E5 6.5E-3 30
F681A 4.3E6 7.8E-3 3
Extended DataFig.4 | Compl of GC1 g and derived kinetic Raw sensorgrams are shown with experimental traces in red, and global fits
s for the experil described inFig. 5b, c. a, Grating Coupling asblack lines. b, Table summaries of kinetic parameters obtained for the
Interferometry (GCl)-derived binding kinetics for different BRIl ectodomains experimentsshownina.

carrying point mutations in the BR-binding pocket vs. brassinolide.
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Extended Data Fig. 5| Complete setof GCl sensorg and derived kinetic SEC:secasterone, TYPH: typhasterol, 3dCS: 3-deoxocastasterone, C5:

F s forexp

inFig. 6b-f.a, Table summaries of kinetic

castasterone, BL: brassinolide. Raw sensorgrams are shown with experimental

parameters obtained for the experiments shownin Fig. 6b. b, Schematic
overview of the GClreceptor capturing and SERKI binding assay. For Avi-tag
based coupling, streptavidin (SA, shown as a tetramer) was immobilized using
the amine-coupling method onthe GClchip (black line). Next, the biotinylated
avi-tagged BR receptor ectodomain was captured by streptavidin, followed

by passivation and quenching of the surface with BSA (in light blue). Then, in
the presence of a constant concentration of brassinolide in the analyte buffer
(inyellow), SERKI {in dark blue) associationand dissociation at different
protein concentrations was performed. ¢, Grating Coupling Interferometry
(GCl)-derived binding kinetics for the avi-tagged BRI1 ectodomain vs. different
antagonist candidate ligands ineluding 6dCS: 6-deoxocastasterone,

traces in red, and global fits as black lines. d, Table summaries of kinetic
parameters obtained for the experiments shown in Fig. ac, d. e, Schematic
overview of the GClreceptor capruring and SERK1 binding assay to analyze

the effect of BR binding i mutations in BRI for SERK] co-receptor
binding (related to Fig. 66). BRI, BRII™", BRI, BRII**" ynd BRIL**** were
immobilized by amine-coupling on the GCI chip (black line), SERK1 binding to
the receptors (ingray) was then quantified in the presence of a constant, high
concentration of brassinolide {in yellow) in the running buffer and by injecting
the co-receptor atdifferent concentrations (in blue), £, Table summaries of
kinetic parameters obtained for the experiments shownin Fig. 61,
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Local brassinosteroid biosynthesis enables
optimal root growth

Nemanja Vukasinovi¢ @265, Yaowei Wang'?¢, Isabelle Vanhoutte'?, Matyas Fendrych?,
Boyu Guo®'#4, Miroslav Kvasnica®, Petra Jiroutova®, Jana Oklestkova®, Miroslav Strnad® and
Eugenia Russinova (91284

Brassinosteroid (BR) hormones are indispensable for root growth and control both cell division and cell elongation through
the establishment of an increasing signalling gradient along the longitudinal root axis. Because of their limited mobility, the
importance of BR distribution in achieving a signalling maximum is largely overlooked. Expression pattern analysis of all known
BR biosynthetic enzymes revealed that not all cells in the Arabidopsis thali root p full biosynthetic machinery, and
that completion of biosynthesis relies on cell-to-cell movement of hormone precursors. We demonstrate that BR biosynthesis
is largely restricted to the root elongation zone, where it overlaps with BR signalling maxima. Moreover, optimal root growth
requires hormone concentrations to be low in the meristem and high in the root elongation zone, attributable to increased bio-
synthesis, Our finding that spatiotemporal regulation of hormone synthesis results in local hormone accumulation provides a

paradigm for hormone-driven organ growth in the absence of long-distance hormone transport in plants.

essential for plant growth and development'. Mutants defi-

cient in or insensitive to BRs exhibit a range of growth defects,
including dwarfism™’, photomorphogenesis in the dark’, altered
stomatal development™ and reduced male fertility’. Because of
their importance in plant development, BRs have attracted much
research attention in the past two decades and, therefore, BR sig-
nalling is one of the best-characterized signal transduction path-
ways in Arabidopsis thaligna'. The BR signalling cascade starts with
a direct binding of a BR ligand to the extracellular domain of the
plasma membrane-localized receptor kinase BRASSINOSTEROID
INSENSITIVEL (BRI1), or its close homologues BRI1-LIKEI
(BRLL) and BRL3 (refs. "'"). Subsequently, transphosphorylation
events between the kinase domains of BRI and its co-receptors of
the SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK)
family occur and fully activate the receptor complex''. Further
phosphorylation-dephosphorylation steps lead to dephosphoryla-
tion of the key transcription factors BRASSINAZOLE RESISTANTI
(BZR1) and BR INSENSITIVE EMS SUPPRESSORL (BES1)/BZR2
and their translocation into the nucleus'’, where lhq-r either stimu-
late or repress thousands of specific genes required for optimal BR
responses’’.

Brassinosteroids are derived from campcslcml, which is con-
verted to brassinolide (BL), the most potent and final product of
the BR biosynthetic pathway, through a series of reactions including
reduction, hydruxylaliun, epimerization and oxidation'. Extensive
research by means of feeding experiments with labelled intermedi-
ates'' has established a biosynthetic grid with multiple possibilities
b}' which BL could be synﬂ'lctizcd, Nevertheless, evidence on the
enzymatic substrate specificity and intermediate content analy-
sis of the mutants”™'" made it possible to propose a succession of
biosynthetic steps and positioning of the enzymes in a somewhat
linear order (Fig. la)"". With the exception of DE-ETIOLATED2

B rassinosteroids (BRs) are a group of steroidal phytohormones

(DET2), which is a steroid Sa-reductase'”, all known enzymes of the
BR biosynthetic pathway belong to the family of cytochrome P450
(CYP450) mono-oxygenases'.

Hormone levels at any given site are determined by the relative
rates of de novo S}nthesis and catabolism, conjugate s&mthesis and
hydrolysis and, finally, transport from the site of synthesis to the
site of action". Studies on BR transport in different plant species
have demonstrated the absence of hormonal organ-to-organ mobil-
ity”, thus reinforcing the importance of the regulation of biosyn-
thesis and catabolism rates through transcriptional feedback loops'.
Increased transcript levels of BR biosynthetic genes are usually cor-
related with young, developing tissues and higher BR content™ =",
Nonetheless, a high-resolution spatiotemporal map of BR biosyn-
thesis is still lacking.

The Arabidopsis root has been used extensively as a model organ
for BR signalling™ and plant organ growth studies”. The apically
positioned meristem is a region of actively dividing cells that gradu-
ally, through longitudinal expansion, leave the meristemn region
and enter the division-free elongation zone where they reach their
mature size. Meristem size and, thus, the number of growing cells are
critical parameters for optimal root growth™. Because BRs regulate
cell division” and control cell elongation™ they are of paramount
importance in determination of the root meristem size. Elevated
BR signalling results in premature elongation and differentiation of
meristematic cells and has a negative effect on meristem size and
root gromh'T, pussibl}' due to the existing BR signal]ing gmdicnt
along the longitudinal axis of root tips, with a peak in the elongation
zone”’. However, the factors that determine the BR signalling gradi-
ent in Arabidopsis root remain elusive.

Here, through localization studies, we show that not every root
cell type produces all BR biosynthetic enzymes and that comple-
tion of the BR biosynthetic pathway probably relies on cell-to-cell
movement of hormone precursors. Moreover, most BR biosynthetic

'Department of Plant Biotechnology and Bioinfarmatics, Ghent University, Ghent, Belgium. *Center for Plant Systems Biology, VIB, Ghent, Belgium.
‘Department of Experimental Plant Biclogy, Faculty of Science, Charles University, Prague, Czech Republic. *College of Life Sciences, Wuhan University,
Wuhan, China. *Laboratory of Growth Regulators, Institute of Experimental Botany, The Czech Acadermy of Sciences and Palacky University, Olomouc,
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Fig. 1| BR biosynthetic mutants are dwarfs with reduced root growth. a, Simplified BR biosynthetic pathway with all known enzymes and their presumed
positions within the pathway. b, Dwarf phenotypes with compact rosettes of 3-week-old dwf4, cpd, det2, rot3/cyp90d] and bréox1/bréox2 mutants defective
in BR biosynthetic enzymes and the bril/brfl/bri3 triple mutant defective in BR signalling. ¢, Nine-day-old BR biosynthetic and signalling mutants with roots
shorter than those of the wild-type (Col-0) control. d, Quantification of the root length of BR biosynthetic and signalling mutants shown in c. Six-day-old
plants were transferred to fresh medium and root growth was measured after 3days. All individual data points are plotted. Red horizontal bars represent
the means and error bars represent s.d. n=number of roots analysed. e, Increased root diameter of BR biosynthetic and signalling mutants. Six-day-old
roots were stained with propidium iodide. f, Quantification of root meristem diameter shown in e. All individual data points are plotted. Red horizontal
bars represent the means and error bars represent s.d. n=number of roots analysed. d f, Significant differences between mutants and the Col-0 control
were determined by one-way ANOVA and Dunnett’s multiple comparison tests. "**P < 0.001. The Pvalue versus the Col-0 control for dwf4 is <0.0001,
cpd <0.0001, det2 <0.0001, rot3/cyp90d1 <0.0001, bréoxi/bréox2 <0.0001 and bril/brli/bri3 <0.0001. All experiments were repeated independently three
times, with similar results. Scale bars, 1cm (b,¢) and 50 um (e).
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enzymes reach their expression maxima in the root elongation zone
to ensure the high hormone levels required for BR signalling main-
tenance. Thus, local BR biosynthesis plays a crucial role in the for-
mation of the signalling gradient along the longitudinal root axis,
enabling optimal meristem activity and timely cell elongation.

Results

BR biosynthetic enzymes are not expressed in every cell type of
Arabidopsis root. Arabidopsis mutants defective in BR biosynthe-
sis and signalling display severe phenotypic defects that include a
compact rosette with dark-green, curled leaves and short roots of

620

increased diameter (Fig. 1b-f). To gain insight into the importance
of BR synthesis and distribution for the growth and morphology of
Arabidopsis root, we carried out localization studies for all known
enzymes in the pathway (Fig. 2a). Genomic fragments of each BR
biosynthetic gene, including at least 2,000-base-pair (bp) promoter
regions upstream from the start codon, were fused with the coding
sequence of green fluorescent protein (GFP) and introduced into the
corresponding mutant backgrounds. All tested protein fusions were
functional, because they complemented the mutant phenotypes and
their expression patterns were identical in multiple, independent
transgenic lines (Extended Data Fig. la,b). First, we examined the
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Fig. 2 | Expression patterns of BR biosynthetic enzymes in the Arabidopsis root. a, Roots tips of 6-day-old seedlings expressing DWF4-GFP, CPD-GFP,
DET2-GFP, ROT3-GFP, CYP9OD1-GFP, BR6OX1-GFP and GFP-BR60OX2 under the control of their native promoters and expressed in the respective
mutants. b, Weak DWF4-GFP signal in procambial (white arrowhead) and cortical cells (blue arrowhead). ¢, Limited expression of CPD-GFP in the central
columella region (white arrowhead). d, Extended DET2-GFP expression at the very tip of the root, including young cortical cells (white arrowhead).

e, Occurrence of ROT3-GFP signal in the epidermis (white arrowhead) in addition to dominant expression in the cortex. f, Weak CYP90D1-GFP expression
in procambial cells in the root tip near the quiescent centre (white arrowhead). g h, BREOX1-GFP (g) and GFP-BRE0X2 (h) expression limited to the
pericycle (white arrowheads) and endodermis (blue arrowheads). i, GFP-BR60X2 expression in young cortical cells. b-h, GFP signal brightness and
contrast were adjusted to enhance visibility in the cell types of interest. All transgenic lines were imaged in >3independent experiments, Representative
images are shown. J, Schematic representation of the Arabidopsis root tip with colour coding denoting the number of BR biosynthetic steps accurring in
individual cell types. Only procambial cells in the elongation zone of the root express all BR biosynthetic enzymes. LRC, lateral root cap. Scale bars, 50 pm

(a) and 20 pm (b-i). Roots were stained with propidium iodide.

enzyme expression patterns in the Arabidopsis root meristem. The
expression of CPD-GFP, DET2-GFP, BR6GOX1-GFP and GFP-
BR60X2 was confined to the inner tissues of the root apical meri-
stem (Fig. 2a). Expression of CPD-GFP occurred in procambial and
central columella cells (Fig. 2a,c), whereas BRGOX1-GFP and GFP-
BR60X2 were expressed mainly in the endodermis and pericycle
(Fig. 2a,g,h). A weak GFP-BR60X2 signal was observed in young

NATURE PLANTS | VOL 7 | MAY 2021 619-632 | www.nature.cc aturepla

cortical cells (Fig. 2i). The expression of DWF4-GFP and DET2-
GFP in the apical meristem was somewhat broader and included
additional cell layers for DET2-GFP (Fig. 2a,d) and a few cell types
for DWF4-GFP, with an expression maximum in the epidermis
(Fig. 2a,b). Treatment with the BR biosynthesis inhibitor brassin-
azole (BRZ)" strongly increased DWF4-GFP expression levels, but
only in the epidermis, whereas treatment with the most active BR,
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BL, completely abolished the GFP signal (Extended Data Fig. 1c).
The expression domain of ROT3 and CYP90D1 was more wide-
spread and incorporated procambial, cortical and columella cells
(Fig. 2a.e.f). Gene expression reporter lines in which the promot-
ers of BR biosynthetic genes were fused to the N-terminal nuclear
localization sequence (NLS)-GFP showed largely similar expres-
sion patterns (Extended Data Fig. 1d,e).

Ourlocalization studies indicate that most cells in the Arabidopsis
root meristem do not possess all the enzymes needed to complete
the BR biosynthetic pathway (Fig. 2j), implying that intermediates
have to be exchanged between cells to finalize hormone synthesis.
Additionally, we demonstrate that feedback inhibition via BR sig-
nalling is a powerful mechanism for maintenance of optimal expres-
sion levels of BR biosynthetic genes, but it is not the mechanism that
determines the tissue specificity of BR enzyme expression.

BRs can move over short distances in the Arabidopsis root.
Although BRs are not transported over long distances™, the spatially
restricted expression of BR biosynthetic enzymes in the Arabidopsis
root (Fig. 2a), in contrast to the broad expression domain of the BRI1
receptor’’, implies an obligatory BR movemnent. To test this hypoth-
esis we used the CPD gene, which has the most restricted expression
domain in the root meristem (procambial cells) of all BR biosyn-
thetic genes, and expressed it ectopically in endodermal cell files by
means of the endodermis-specific SCARECROW (SCR) promoter”
(Fig. 3a). Ectopic expression of CPD-mCHERRY in the endoder-
mis complemented root growth defects of the cpd mutant (Fig. 3b.c)
and restored the normal root meristem architecture (Fig. 3d.c and
Extended Data Fig. 2a,b). Restoration of BR signalling in endoder-
mal cell files has previously been shown to be insufficient to rescue
root growth defects of the bril signalling mutant™"". Because the
mutants brii and cped have a similar phenotype due to lack of BR
signalling and BR hormones, respectively, our findings demonstrate
that restoration of BR biosynthesis, but not of its signalling, in endo-
dermal cell files can complement the cpd mutant phenotype, proba-
bly because of the mobile nature of the hormone or its intermediates,

To further test our hormone mobility hypothesis, we blocked
BR movement in the root by employing the cytochrome P450

monaooxygenase PHYB-4 ACTIVATION-TAGGED SUPPRESSOR1
(BAS1) that catalyses C-26 hydroxylation of BRs and inactivates
them (Fig. 3)". BAS! is expressed in the outer tissues of the root
(lateral root cap and epidermis)”’, and its overexpression results
in typical BR-related phenotypes (Extended Data Fig. 2c,d)".
To inactivate BRs that are either synthetized or pass through this
centrally positioned tissue, we ectopically expressed BAS1-GFP in
the endodermis in an inducible and constitutive manner (Fig. 3g
and Extended Data Fig. 2j). Inducible or constitutive expression of
BAS1-GFP under the SCR promoter hampered root growth and
altered root meristem architecture in transgenic plants, in a man-
ner typical for BR-deficient mutants (Fig. 3h,i and Extended Data
Fig. 2e~h,j-n). The decreased pool of dephosphorylated BESI in
the excised roots of oestradiol-treated pSCR-XVE:BAS1-GFP plants
provided additional proof for decreased BR signalling in these lines
(Extended Data Fig. 2i).

These findings indicate that BR intermediates and, possibly, the
bioactive BRs, BL and castasterone, could be exchanged between
neighbouring root cells.

BR biosynthetic gene expression and BR signalling maxima over-
lap in the root elongation zone. While examining localization of
BR biosynthetic enzymes, we noticed that DWF4-GFP expression
expanded in the elongation zone and included all cell types (Fig. 4a,
Extended Data Fig. 3a and Supplementary Video 1). Similarly,
BRSOX1-GFP expression, although still very prominent in the
inner tissues, increased and included epidermal and cortical cells
of the elongation zone (Extended Data Fig. 3a). Finally, expression
of ROT3-GFP that was mostly confined to cortical cells in the api-
cal meristem also extended to epidermal cells and peaked in the
stele of the elongation zone (Fig. 4a, Extended Data Fig. 3a and
Supplementary Video 2). Besides expansion of expression domains,
the majority of transgenic lines—except for DET2-GFP and GFP-
BR6OX2—showed a clear increase in expression levels along the
longitudinal root axis, with maxima in the elongation zone. This
was very prominent in the case of CPD-GFP (Fig. 4a, Extended
Data Fig. 3b and Supplementary Video 3). Surprisingly, when
BR6OX2 was tagged with GFP at the Cterminus and expressed

Fig. 3 | BRs can move over short distances in the Arabidopsis root. a, CPD-GFF expression restricted to procambial cells of Arabidopsis root when
expressed under its native promoter (left). Ectopic expression of CPD-mCHERRY from the endodermis-specific SCR promoter in the cpd mutant (right).
b, Six-day-old cpd mutant seedlings expressing pSCR:CPD-mCHERRY. Two independent lines are shown. ¢, Quantification of the root length of the lines
shown in b. S5ix-day-old plants were transferred to fresh medium and root growth was measured after 3 days. All individual data points are plotted. Red

horizontal bars represent the means and error bars represent s.d. n=number of roots analysed. Significant differences between transgenic lines and the
Col-0 control were determined by ene-way ANOWA and Dunnett’s multiple comparisons tests, *™*F< 0.001, *"P< 0.01, *P <0.05. The Pvalue versus the
Col-0 control for cpd is <0.0007, line no. 1is<0.0001 and line no. 9 is 0.9382, The experiment was repeated independently more than three times, with
similar results. d, Root meristem architecture of Arabidopsis wild-type (Col-0), cpd and transgenic lines expressing pSCR:CPO-mCHERRY in the cpd mutant.
e, Quantification of cortical meristem cell length (first 20 cells of individual roots) of lines expressing pSCR:CPD-mCHERRY in the cpd mutant. All individual
data points are plotted. Red horizontal bars represent the means and error bars represent s.d. n = number of cells analysed. Numbers of individual roots
used in the experiment were 24,17, 17 and 23 for Col-0, cpd, line no. 1 and line no. 9, respectively. Significant differences between transgenic lines and
Col-0 were determined by one-way ANOVA and Dunnett's multiple comparison tests. ***P < 0.001. The Pvalue versus the Col-0 control for cpd is
<0.0001, line no. 1i0.0001 and line no. 9is 0.2382. The experiment was repeated independently more than three times, with similar results. f, BAS1
catalysing the conversion of BRs to inactive C-26 hydroxylated forms. g Root tips of 7-day-old Col-0 and pSCR-XVEBAST-GFP seedlings grown in the
presence of 10 puM fi-oestradiol (EST) for 3 days. BAS] expression was limited to the endodermal cell layer after induction. h, Quantification of the root
length of two independent lines expressing pSCR-XVE:BASI-GFF. Four-day-old plants were transferred to fresh medium containing 10 pM p-oestradiol, and
primary root length was measured after 3 days. All individual data points are plotted. Red horizontal bars represent the means and error bars represent
s.d. n=number of roots analysed. Significant differences between transgenic lines and Cel-0 were determined by one-way ANOVA and Dunnett’s multiple
comparison tests. ***F < 0.001. The Pvalue versus Col-0 for line nos. 12nd 4 is <0.0001 and <0.0007, respectively. The experiment was repeated
independently more than three times, with similar results. i, Quantification of the cortical meristem cell length (first 20 cells of individual roots) of lines
expressing pSCR-XVE:BAST-GFF. All individual data points are plotted. Red horizontal bars represent the means and error bars represent s.d. n=number of
cells analysed. Mumbers of individual roots used in the experiment were 14,15 and 15 for Col-0, line ne. 1 and line no. 4, respectively. Significant differences
between transgenic lines and Col-0 were determined by one-way ANOVA and Dunnett's multiple comparison tests. ***P < 0.001. The P value versus Col-0
for line nos. 1 and 4 is <0.0001 and <0.0001, respectively. The experiment was repeated independently more than three times, with similar results. Roots
were stained with propidium iodide. NS, not significant. Scale bars, 50 pm (ad,g) and 1cm (b).
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under the transcriptional control of its native promoter, it also
showed increased expression in the root elongation zone (Extended
Data Fig. 3c). Interestingly, the expression of the BR receptor BRI1
did not increase similarly in the root elongation zone (Extended
Data Fig. 3b). These findings are consistent with publicly available
expression datasets™ (Extended Data Fig. 3d) and, together, hint at
enhanced hormone production in the root elongation zone.
Nuclear accumulation of fluorescently tagged BES1 and BZR1
transcription factors has been used as a readout for active BR signal-
ling”. In accordance with the role of BRs in cell elongation, BR sig-
nalling levels show a gradient along the longitudinal root axis with
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a maximum in the transition-elongation zone”, but the regulatory
mechanisms establishing this gradient are unclear. We hypothesized
that longitudinal control of BR biosynthesis is crucial in fuelling the
BR signalling maximum. To verify this assumption, we compared
BR biosynthetic gene expression patterns with the localization of
the BES1-GFP reporter. The nuclear BES1-GFP signal in epidermal
and cortical cells started to increase at 200-400 um from the quies-
cent centre (QC) and reached a peak in the elongation zone (Fig. 4b.c
and Supplementary Video 4), as previously reported”. Similarly, the
fluorescence intensity of both CPD-GFP and ROT3-GFP signals
increased approximately twofold in the region 200-400 um from the
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Fig. 4 | BR signalling and synthesis maxima overlap in the Arabidopsis root. a, Six-day-old Arabidopsis roots expressing DWFA-GFP/dwf4, CPD-GFP/cpd
and ROT3-GFP/rot3 under the control of their native promoters. b, Six-day-old Arabidopsis roots expressing BES1-GFP/Col-0D under the control of its native
promoter. a,b, All transgenic lines were imaged in more than three independent experiments. Representative images are shown. ¢, Increase in BESI-GFP
nuclear fluorescence intensity used as a readout of active BR signalling. Scatter diagram shows the nuclear fluorescence intensity of BESI-GFP in epidermal
cells of a single root in relation to their distance from the QC. d,e, Fluorescence intensity profiles of CPD-GFP (d) and ROT3-GFP (e) along the root
elongation zone. GFP signals were measured along the delimited dashed frames and are plotted in the graphs below. Average values of three roots for each
line are shown. f, Time series analysis of a single epidermal cell expressing ROT3-GFP (asterisk). The ROT3-GFP signal appears in the transition zone and
reaches its peak as the cell enters the elongation zone. g, Profile of ROT3-GFP signal appearance in root epidermal cells. Ten time points, 25 min apart, of
three independent roots are shown. Scale bars, 100 um (a,b,d,e) and 20 um (f). a.u., arbitrary units.
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QC, correlating with the highest BES1-GFP nuclear signal accumu-
lation (Fig. 4d,c). Time-lapse imaging of epidermal cells expressing
ROT3-GFP further supported these observations (Fig. 4f). Young
epidermal cells had either a weak or no GFP signal while entering
the transition zone and, as expansion proceeded, expression started
to increase, reaching a peak when cells entered the elongation zone
(Fig. 4g). Additionally, the DWF4-GFP expression peak preceded
the BR signalling maximum (Extended Data Fig. 4a,b).

Taken together, the expression of BR biosynthetic genes in
Arabidopsis root peaks in the elongation zone, as a consequence of
an increase in expression levels and broadening of the expression
domain into additional cell files. Notably, this region of the root
largely overlaps with the domain of BR. signalling maximum, imply-
ing that hormone biosynthesis determines local levels of signalling
responses,

Concentration of bioactive BRs is higher in the root elonga-
tion zone than in the meristem. Exogenous BL has been shown
to restore BR signalling in the dwf4 mutant root™, hence ruling out
the importance of local BR biosynthesis for root growth, but root
growth rates and meristem morphology were not fully recovered
by the addition of BL”. Therefore, we analysed in detail dwfd root
growth and morphology under exogenous BL conditions. Because of
dose-dependent plant growth responses to BRs’, we tested the effect
of different increasing concentrations of BL on roots of 6-day-old
wild-type and dwf4 plants. All BL concentrations tested, from the
lowest (10 pM) to the highest (250 pM), had a clearly positive effect
on root growth after 1day for both genotypes when compared to
mock controls (Fig. 5a and Extended Data Fig. 5a). After 2days,
the effect of exogenous BL became detrimental for root growth in
Cal-0 at concentrations of 100 pM and higher, whereas growth rates
of BL-treated dwf4 roots were lower than those of the mock-treated
wild type at all BL concentrations (Fig. 5a and Extended Data
Fig. 5a). Our results support previous observations™ that growth
rates of BR-deficient dwfd roots cannot be fully recovered to
wild-type levels by exogenous BL.

Next, we examined the morphology of root meristems of
BL-treated Col-0 and dwf4 plants and found clear differences
between roots grown for 24 h on mock and hormone-supplemented
medium (Fig. 5b). Low hormone concentrations had no pro-
found effect on the meristem cell number, but high concentrations
(from 100 pM) caused a decrease in cell number in both wild type
and mutant (Fig. 5¢). In addition, BL treatment reduced the root

meristem diameter of mutant and Col-0 plants (Extended Data
Fig. 5b) whereas the root meristem size, as measured from QC to
the first elongating cell, was not significantly affected except when
dwf4 roots were treated with 250 pM BL (Extended Data Fig. 5c).
Notably, exogenous BL increased the meristem cell length in both
genotypes (Fig. 5d). Interestingly, when treated with 10 pM BL, dwfd
roots displayed meristem architecture parameters almost identical
to those of the mock-grown wild type. In contrast, the final size of
mature cortical cells of dwfé roots, which were fully recovered by
treatment with 100 pM BL, was only partially restored by 10 pM BL
(Fig. 5¢). Finally, we functionally characterized the root meristem
after BL treatment by calculating the number of cells produced in
the meristem per unit of time”. Root meristem cell production rates
of the dwf4 mutant were rescued to wild-type levels when treated
with 10 pM BL, but not with 100 pM (Extended Data Fig. 5d-f).

These data imply that meristem and elongation zones require
different concentrations of BR for optimal growth; whereas low
hormone concentrations can restore dwfd meristem architec-
ture, cell length and cell production rates, they are not sufficient
to unlock the full elongation potential of root cells, the reason for
partial root growth recovery of the mutant when grown on 10pM
BL. Conversely, high concentrations of exogenous BR enable full
elongation of cells in the elongation zone of the mutant root™ but,
simultaneously, lead to excessive elongation of meristematic cells,
decrease in meristem cell number and cell production rates and,
ultimately, reduced root growth. We directly measured the bio-
active BR content in different root zones of pea (Pisum sativum)
radicles. We found that the concentration of BL and CS was roughly
fivefold higher in the transition than in the meristematic zone
(Fig. 5L.g), which is fully in agreement with the rescue experiments
of Arabidopsis mutants.

Expression of BR biosynthetic enzymes restricts BR produc-
tion in the Arabidopsis root. If low BR levels were retained in the
root meristem by maintaining a reduced expression of BR biosyn-
thetic enzymes, overexpression of these enzymes should mimic
growth under exogenous BL and perturb the meristem architec-
ture in a similar fashion. To test this hypothesis, we expressed the
rate-limiting enzyme DWF4 fused to mCHERRY under the control
of the constitutive 355 promoter. As reported previously”, DWF4-
mCHERRY-overexpressing (OE) plants (DWF4-OE) exhibited
hypocotyls longer than those of Col-0 and a range of root phe-
notypes, including roots of length similar to that of the wild type,

>

Fig. 5 | Root meristem and elongation zones have different demands for BRs. a, Root growth rates of dwfd plants grown on increasing concentrations

of BL compared to Col-0 grown on mock. Six-day-old seedlings were transferred to fresh medium containing BL or mock, and rect growth was followed
for 4 days. Values represent means +s.d. of root growth rates. n=number of roots analysed. b, Root meristem architecture of Col-0 and dwfd plants
treated with different concentrations of BL for 24 h. Roots were stained with propidium iodide. Arrowheads indicate the boundary between meristem and
elongation zone. More than three independent experiments were performed. Representative images are shown. Scale bars, 50 pm. c-e, Quantification of
cortical meristern cell number (), cortical meristem cell length (that iz, the first 20 cells of individual roots) (d) and mature cortical cell length (e). Roots
were treated with BL for 24 h. All individual data peints are plotted. Red horizontal bars represent the means and error bars represent s.d. n=number

of rocts (¢} and cells analysed {d,e). d, Numbers of individual roots used in the experiment were 16, 15,15, 16 and 15 for Col-0 and 15, 14, 13,15 and

14 for dwf4d treated with DMS0, 10pM BL, 50 pM BL, 100 pM BL and 250 pM BL, respectively.  Mumber of individual roots used in the experiment

were 16,15, 14,15 and 14 for Col-0 and 14, 17, 13, 15 and 15 for dwf4 treated with DMSO, 10 pM BL, 50 pM BL, 100 pM BL and 250 pi BL, respectively.
Significant differences between Col-0 and dwf4 seedlings treated with BL and Col-0 grown on mack {DMSO) were determined by two-way ANOVA

and Tukey's multiple comparison tests. ***F<0.001, *"P< 0.01, "F<0.05. Pvalues versus Col-0+ DMS0 control for different treatments are as follows:
¢, Col-0+10pM BL, 0.7073, Col-0+50 pM BL, 0.9839, Col-0 +100 pM BL, 0.0005, Col-0 + 250 pM BL, 0.006, dwfd + DMS0, 0.7073, dwf4 +10 pM

BL, >0.9999, dwf4 + 50 pM BL, 0.0019, dwf4 +100 pM BL, 0.0002, dwf4 + 250 pM BL, <0.0001; d, Col-0 + 10 pM BL, 0.0372, Col-0 + 50 pM BL, <0.0001,
Col-0 4100 ph BL, <0.0001, Col-0 + 250 pM BL, <0.0001, dwfd + DMS0, <0.0001, dwfd +10 ph BL, 0.998, dwf4 + 50 pM BL, <0.0001, dwf4+100 pM
BL, <0.0001, dwfd +250 pM BL, <0.0007%; e, Col-0+10pM BL, 0.9596, Col-0+ 50 pM BL, 0.0235, Cal-0+100 pM BL, 0.996, Col-0 + 250 pM BL, 0.0765,
dwfd + DMS0, <0.0001, dwf4 +10 pM BL. <0.0001, dwf4 + 50 pM BL, 0.0186, dwf4 +100 pM BL, 0.8985, dwf4 +250pM BL, 0.0031. All experiments were
repeated independently more than three times, with similar results. f, Image of 2-day-old pea root tip. Material for BR content measurement was collected
from three marked zones: meristematic, transition and elongation. Scale bar, 1 mm. g, Content guantification of four different BRs in the three root zones
shown in f. Material was collected from pea radicles (length 2-3 cm). Roots were grown once, and material from different zones was extracted in five
separate batches and used for analysis. FW, fresh weight.
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slightly shorter and occasionally short, wavy and extremely curled,
resembling those treated with high BL concentrations (1nM)
(Fig. 6a). As expected, in the roots of these plants most BR-respon-
sive genes corroborated elevated BR signalling (Fig. 6b). In short
DWF4-OE roots, expression of BR-responsive genes indicated
higher levels of BR signalling than in long roots, correlating with
the increased expression levels of DWF4 (Fig. 6b and Extended
Data Fig. 6a). In addition, the phosphorylation status of BESI in
DWF4-OE roots exhibited a shift towards a dephosphorylated
state, indicating activation of BR signalling (Fig. 6c and Extended
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Data Fig. 6b). The root meristem architecture of DWF4-OE plants
(Fig. 6d) displayed fewer, but excessively elongated, meristematic
cells of smaller root diameter (Fig. 6¢-g), all indicators of elevated
BR signalling.

Next we tested a scenario in which the DWF4 enzyme expres-
sion was confined to the root meristem zone, to assess whether BR
biosynthetic enzyme expression is linked to hormone production.
To this end, we expressed DWF4-GFP under the control of the
WEREWOLF (WER) promoter™ that, like the DWF4 promoter, is
active in epidermal meristematic cells. However, whereas the DWF4

Col-0

BL
Concentration (pM)

Content (pmol g~' FW + 5.d.)
Elongation zone (3 mm)

0.03812 + 0.00701

0.18287 + 0.02337

BL
24-Epibrassinolide
Castasterone 0.75697 + 0.10355

28-Homocastasterone 0.46461 + 0.12734

Transition zone (2 mm)
0.09605 + 0.01618

0.04882 + 0.01670

BL
24-Epibrassinolide
Castasterone 1.46723 + 0.02216

28-Homocastasterone  0.62347 4+ 0.07856

Meristemalic zone (1 mm)
0.01766 + 0.00025
0.04285 + 0.01656

BL
24-Epibrassinolide
Castasterone 0.33675 + 0.04935

28-Homocastasterone 0.88166 + 0.09009
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expression level increased and its domain expanded in the elongation
zone (Fig, 6h), WER expression remained limited to epidermal cells
and gradually weakened as cells started to elongate (Fig. 6i). Mutant
dwfd plants carrying the pWER:DWF4-GFP construct only partially
complemented root length (Fig. 6j and Extended Data Fig. 6c), due to
the imperfect rescue of the mature cell length (Fig. 6k). Because meri-
stems of roots expressing pWER:DWF4-GFP displayed normal char-
acteristics, or those of roots treated with low amounts of BL (Extended
Data Fig. 6d-g), we concluded that their reduced length reflected
solely the lack of sufficient DWF4 enzyme expression and possibly
of BR biosynthesis in the root elongation zone. Similar results were
obtained when expression of another biosynthetic enzyme, CPD,
was confined to the meristem using the WER promater. Again, cpd
mutants had wild-type-like meristems and partially complemented
the root length due to the imperfect rescue of the mature cell length
(Extended Data Fig. 7a-g). Conversely, when CPD enzyme expres-
sion was mostly limited to the root elongation zone, by expression of
CPD-mCHERRY under the control of the COBRA-LIKE9 (COBL9Y)
promoter’” in the cpd mutant, the mature cell length was rescued,
but the meristems of these plants displayed characteristics of mutant
meristems (Extended Data Fig. 7a-g). Altogether, our findings reveal
that spatially limited expression of BR. biosynthetic genes can restrict
BR production in the Arabidopsis root.

Discussion
Root growth is driven by the coordination of cell division and longi-
tudinal expansion, maintaining the optimal size of the meristematic
cell pool and simultaneously facilitating cell elongation™. Among
other factors, BR signalling regulatcs both cell division and expan-
sion and shows a gradient along the longitudinal root axis™. A role
for BR biosynthesis in establishing this gradient has been ruled out
because of the limited mobility of the hormones involved and the
general belief that every tissue has the capacity to synthesize BRs™,
despite the lack of information on their biosynthesis and accumula-
tion sites.

To explore the importance of BR binsynthesis and distribution
for root growth, we examined the localization of all known enzymes

in the pathway. Strikingly, most BR biosynthetic enzymes exhib-
ited restricted expression domains especially in the root meristem,
implying that BR intermediates have to move over short distances.
The mobile nature of BRs was indicated by the observation that root
meristem defects of the bril receptor mutant were largely rescued by
the ectopic expression of BRI1 in the epidermis™, a tissue separated
from the CPD expression domain by several cell layers. Our find-
ings, using ectopic expression of CPD and BASI in the endodermis,
support previous suggestions that BRs could move locally”'. In this
scenario, locally synthetized BR precursors are able to move within
certain root domains to facilitate pathway completion and bioac-
tive compound production. In our experimental set-up we could
not determine whether precursors or bioactive hormones were
able to move and allow compounds to act in a paracrine manner",
Simultaneously, the dwf4 and ¢pd mutant rescue experiments by
spatially limited expression of corresponding enzymes imply that
hormones have a limited mobility over long distances. We demon-
strate that the feedback inhibition of BR biosynthetic genes via BR
signalling is not the regulatory mechanism that determines their
expression patterns at the tissue level. Transcriptional modules driv-
ing the expression of BR biosynthetic genes remain to be identified.

Another striking observation was the elevated expression of BR
biosynthetic enzymes in the root elongation zone, correlating with
the previously reported BR signalling maximum™. Given the inabil-
ity of BRs to move over long distances™, a local increase in hormone
synthesis in tissues with a high demand for cell elongation, such
as the root elongation zone, would be expected. Links between the
sites of BR biosynthetic gene expression and those of active hor-
mone biosynthesis have previously been proposed™. In addition,
the local increase in BR biosynthetic gene expression coincides with
the BR signalling maximum at roughly 200-400 pm from the QC,
a region where cells cease to divide and enter the elongation zone™.
This increase is achieved through either a simple rise in expression
levels, such as for CPD, or expansion of the expression domain to
additional cell files as observed for the enzymes DWF4, ROT3 and
BR6OX]1. The question that remains is whether local increases in bio-
synthetic gene expression and hormone levels occur concomitantly.

Fig. 6 | Local DWF4 enzyme expression determines BR levels. a, Comparison of root phenatypes of &-day-old seedlings carrying the p355:DWF4-mCHERRY
construct (DVWF4-0E) with Col-0 seedlings grown on mock or medium supplemented with 1TnM BL DWF4-0E plants display long roots (white asterisk)
with lengths comparable to those of Col-0, as well as short ones (red asterisk) comparable to those of roots treated with high concentrations of BL.

b, Expression of BR-responsive genes in DWF4-0E roots of 6-day-old seedlings measured by real-time RT-gPCR. Expression of DWF4, CPD, ROT3,
BREOXT (OXT), BREOX2 (OX2) and BAST was tested. Transcript levels were normalized to ACTINZ gene expression and three biological replicates were
quantified. Symbels denate individual samples. Bars represent s.d. €, BES] phospharylation status tested by immunablot with a-BEST antibody in roots of
Col-0 and DWF4-0OE &-day-old seedlings. Tubulin was used as loading cantrol. The experimant was perfarmed twice. d, Root meristem architecture of
G-day-old Arabidopsis wild-type (Cal-0) and DWF4-0E seedlings with long ar short roots. More than three independent experiments were performed.
Representative images are shown. e-g, Quantification of different raot meristern parameters of 6-day-old Col-0 and DWF4-OE seedlings with long or shart
roots: cortical meristem cell number (), cortical meristern cell length of the first 20 cells of individual roots (£ and root diameter (g). All individual

data points are plotted. Red horizantal bars represent the means and error bars represent s.d. n=number of roots (e,g) and cells (f) analysed. f, Numbers
of individual roots used were 16, 16 and 15 for Col-0, DWF4-0E long and DWF4-OE short, respectively. Significant differences between transgenic

lines and Col-0 contral were determined by one-way ANOVA and Dunnett's multiple comparison tests. ***P < 0.001. Pvalues versus Col-0 for differant
transgenic lines are as follows: e, DWF4-0E long, 01754 and DWF4-0E short, <0.0007; f, DWF4-0E long, <0.0001 and DWFA4-0E short, <0.0007;

g DWF4-0OE long, <0.0001 and DWF4-OE short, <0.0001. All experiments were repeated independently maore than three times, with similar results.

h, Six-day-old dwf4 mutant roots expressing DWF4-GFP under the cantrol of its native promoter. i, Six-day-old dwf4 mutant roots expressing DWF4-GFP
under the contral of the WER promater. Mote the decrease in GFP signal in the elongation zone. hj, ldentical confocal settings were used. Mare than

three independent experiments were performed. Representative images are shown. jk, Quantification of root length (j) and mature cortical cell

length (k) of Col-0, dwf4 and two independent dwfd mutant lines expressing DWF4-GFP under the control of the DWF4 and WER promoters.

Six-day-old plants were transferred to fresh medium, lengths were measured after 2 days and plants were imaged by confocal micrascopy. All individual
data points are plotted. Red horizontal bars represent the means and error bars represent s.d. n=number of roots (J) and cells (k) analysed. k, Number

of individual roots used were 25, 23, 23, 24, 17 and 21 for Col-0, dwf4, line no. 18, line no. 20, line no. 1 and line no. 5, respectively. Significant differences
between transgenic lines and Col-0 control were determined by one-way ANOVA and Dunnett's multiple comparison tests. ***P< 0001, **P<0.01,

“P< 0.05. Pvalues versus Col-O for different transgenic lines are as follows: j, dwfd, <0.0007, line no. 18,0.9911, line no. 20,0.9975, line no. 1, <0.00071,
line no. 5, <0.0001; k, dwfd, <0.0001, line no. 18,0.9903, line no. 20,0.0429, line no. 1, <0.0007, line no. 5, <0.0001. All experiments were repeated
independently more than three times, with similar results. Roots were stained with prepidium iodide, Scale bars, Tem {a) and S50 pm (d h.i). WB,

western blot.
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In the case of the rate-limiting enzyme DWF4, maximum expres-
sion precedes the signalling peak along the longitudinal root axis, as
monitored by the BES1-GFP nuclear accumulation, implying that
hormone production is a prerequisite for increased BR signalling
in the elongation zone. Overexpression of DWF4 enzyme demon-
strates that elevated gene expression leads to increased BR signal-
ling that, in turn, reduces meristem cell numbers and negatively
affects root growth. similarly to exogenous BL. Moreover, restrict-
ing the expression of DWF4 and CPD enzymes to either the meri-
stem or the elongation zone reveals a clear link between hormone
production and local biosynthetic gene expression. Even in the case
of auxin, a hormone well known for its directional transport, local-
ized expression of the auxin biosynthetic enzyme TRYPTOPHAN
AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1) plays an
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important role in the formation of the local hormone maximum™.
Therefore, we postulate that the expression maximum of BR biosyn-
thetic enzymes also reflects the hormonal maximum, finally deter-
mining local BR signalling response levels. This type of localized
biosynthesis places BRs in a unique position among the other major
groups of plant hormones, which are highly mobile compounds and
of which their transport over long distances often plays a crucial
role in the establishment of local hormone maxima*".

Collectively, our data demonstrate that root meristem and
elongation zones require different BR concentrations for optimal
growth. Such dose-dependent responses of roots to exogenous BRs
have been shown previously”™. Although exogenous BRs, even
when applied at extremely high concentrations, have no negative
impact on the final size of mature cells in the root elongation zone,
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Fig. 7| Localized BR biosynthesis coordinates root growth. a, Expression domains of BR binsynthetic enzymes that do not always overlap.

Expression patterns are shown for DWF4 and CPD, two consecutive enzymes in the biosynthetic pathway. It is likely that BR intermediates need to

be exchanged between neighbouring cells for conversion to bioactive molecules. This mavement is restricted and creates local BR maxima and a
hormone concentration gradient along the longitudinal root axis. b, BR signalling shows a gradient along the langitudinal root axis and enables optimal
cell division rates in the meristem and cell expansion in the elongation zone. This signalling gradient corresponds to lacal expression masxima of BR
biosynthetic genes and, hence, local BR levels, In dwfd biosynthetic mutant roots, meristematic cells divide at a reduced rate and their elongation is
impaired, resulting in a short root phenotype. When dwfd roats were treated with low concentrations of BL, the meristem activity was recovered but not
the cell elongation. Increased concentrations recevered dwfd cell elongation defects but simultaneausly depleted cells from the maristam. Therefore,
both treatments led to dwfd roots shorter than those of the wild type, demonstrating that low BR levels in the meristem and high levels in the elongation

zone are needed for optimal root growth.

root growth is strongly impaired”. However, increased BR levels
negatively affect the meristem activity”. Root growth defects caused
by elevated ERs can be explained by a Sizer mechanism for cell elon-
gation and differentiation during root grl:lwth". which Prcdicts that
cells sense their own length and cease to expand after a threshold
value is reached. According to this model, the final length of dif-
ferentiated cells is independent of changes in meristematic activities
and it can therefore explain the retarded root growth phenotypes
observed in situations characterized by unaltered mature cell length
and decreased meristematic activity. Because minute quantities of
exogenous BL can restore the root meristem architecture and func-
tion of the dwf4 mutant but not the elongation zone defects, we
postulate that a low level of BR signalling is achieved in the root
meristem by the maintenance of low amounts of endogenous BRs.
Indeed, direct BR content measurements in different zones of pea
roots revealed higher BR concentrations in the elongation and
transition zones than in the meristem. Hence, we propose a model
(Fig. 7a) in which the BR signalling output reflects the existence of
a hormone gradient along the longitudinal root axis. In BR-deficient
mutants the elongation of all root cells is impaired, causing two

MATURE PLANTS | VOL 7 | MAY 2021 | 619-632 | www.
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distinct phenotypic defects, decreased final cell length and decreased
meristematic activity. Both phenotypic defects can be fully rescued
by exogenous BL, but not simultaneously. Whereas low BL con-
centrations are able to rescue the root meristemn architecture of
biosynthetic mutants, only high concentrations enable full cell elon-
gation. Nevertheless, high-concentration treatments result in both
untimely elongation of meristematic cells and decrease in meristem
cell numbers and mitotic cell production rates (Fig. 7b).

In summary, we postulate that BR signalling levels correspond to
a local hormonal accumulation achieved through regulation of the
expression of BR biosynthetic enzymes, and radial short-distance
transport of active BRs and their precursors. Due to limited mobil-
ity, local BR production leads to local hormone accumulation
which, in turn, triggers signalling and enables timely transition of
meristematic cells to the elongation zone.

Methods

Plant material. Arabidepsis thaliana (L) Heynh. Col-0 plants were used for all
experiments, For phenotypic analysis, the following mutant lines were used: dwfi-
102 (Ar3g50660)", cpd (A1Sg05690), det2-1 (At2g38050)7, rot3 (Atdg3a3an)”,
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cyp90di (A3g13730)7, bréox-1 (AtSg38970)", bréox2-2 (At3g30180) 7 and
bridbrl1/brl3 (Atdg39400/At1g556 10/ At3g1 23800 . The mutant pairs rof3/cyp90d1
and bréox1/breox2 were crossed to obtain double mutants. Genotyping primers
are listed in Suppl tary Table 1. Transg Arabidupst s expressing
PDET2:DET2-GFP-GUS/det2-9 (ref. '), pBES[:BES!-GFP/Col-0 (ref. ) and
PERIEBRI-mCITRINE bril (ref, ©') have been described previously.

Growth conditions. Seeds were surface sterilized with sterilization buffer (80%
viv ethanol, 20% wiv sodium hypochlorite), stratified for 2 days in the dark at
4°C and grown vertically on half-strength Murashige and Skoog (1:MS) agar
plates supplemented with 1% (wiv) sucrose at 22°C, with a 16/8-h light/datk
photoperiod. For the phenotypic analysis, 6-day-old seedlings were transferred to
either fresh plates for 3 additional days, for root growth measurement, or to sail
and imaged after 3weeks.

Chemical treatments and root growth assays. For BL (OlChemlm, Ltd.)
treatments of dwf4 mutants, plants were grown on agar plates for 6 days until
segregating homozvgous mutants were recognizable (wild-type-looking
seedlings consisting of Col-0 and dwft heterozygous plants were used as
wild-type contral), whereafter the seedlings were transferred to fresh medium
containing different concentrations of BL. BL was maintained at different stock
concentrations in DMSO and diluted 1,000 to reach final concentrations in the
medium. For mock treatment, DMSO was used at a final concentration of 0.1%
{wfv). Root growth was recorded every 24h for 4 days. For confocal microscope
abservations, the procedure was repeated and root tips were stained with
propidium jodide (Sigma-Aldrich) and imaged 24 h post-treatment. Meristem
arca was determined as a region extending from the QC to the first elongating
cell {cell length is twice its width), and meristem cell numbers as the numbers of
cortical cells in a single file spanning from the QC to the first elongated cell. To
measure the length of mature cortical cells, cells from the root region where root
hairs start to emerge (a sign of cell differentiation after cessation of elongation)
were imaged. The root meristem production rate () was calculared according
to ref. . Six-day-old Col-0 and dwfi seedlings were transferred to fresh agar
plates containing different BL concentrations and grown for 3 days, On the third
day, root tips were marked and grown for an additional 24 h. Root elongation (E)
of individual roots was recorded and roots were stained with propidium iodide
and imaged with a confocal microscope. For each root, the length of at least
30mature cortical cells was measured and mean cell length was caleulated (L, ).
P was obtained with the equation P=FE/L,_. For BL and BRZ (Tokyo Chemical
Industry) treatment of pDWFELDWFI-GFP/dwid roots, plants were grown on

1 M$ agar plates for 5 days before transfer to new plates containing mock, BL ar
BRZ, grown for 24h and imaged.

Microscopy and image analysis. Seedlings were imaged on a Leica SPSX confocal
microscope. GEP was excited at 488 nm and acquired at 500530 nn; mCHERRY
was excited at 594 nm and acquired at 600-650 nm. For meristem imaging, roots
were stained with propidium indide (Sigma- Aldrich). Images were taken by a =20
or %40 ohjective, Vertical imaging was done using a Carl Zeiss Axio Observer.7
armed with a Visiscope spinning disk confocal unit based on the Yokogawa
CSU-W1-T2 equipped with a V5-HOM1000 excitation light homogenizer

and a PRIME-95B Back-Mluminated sCMOS camera, and a Plan- Apochromat
*20/0.8 numerical aperture M27 objective. For time-lapse microscopy experiments
with plants expressing pDWF4:DWF4-GFP/dwfi, pCPI-CPD-GFP/cpd,
PROTEROTI-GFP/ror3 and pBESI:BESI-GFP/Cal-0, 6-day-old seedlings were
transferred to a three-dimensional (3D)-printed triple microscopy chamber (five
seedlings in each) on Y2MS agar blocks, supplemented with propidium iodide and
imaged overnight at 25-min intervals, Time series were assembled with stitching
of tiled 3D microscopic image acquisitions™ and subsequent analysis with either
Fiji (hty ) of LASX software. To measure the nuclear intensity signal of
BESI-GFE, Z-stack confocal images were acquired for each root, Fluorescence
intensity was measured in Fiji software for optical sections that passed through
the centre of the nucleus of the cell of interest along the longitudinal root axis. For
DWF4-GFP intensity measurements, fluorescence intensity of whole cells was
measured. At least five roots were analysed for each line.

Generation of constructs and transgenic lines, To generate transcriptional
reparter lines of BR biosynthetic enzymes, promater regions roughly 2 kbp
upstream from the start codons of DWE, CPD, ROT3 and CYPYODT were
amplified by PCR and cloned into pDONRP4-PIR by means of the Gateway

BP clonase enegyme mix (Thermo Fisher Scientific). The BR60OX] promoter

was amplified and doned with the restriction enzymes BamHI and Xhol into
PENTRLA4-R1 (ref. ). For BR6OX2, a 6.5-kbp promoter region was incorporated
into pDONRPA-PIR by bly of four PCR fi with the Gibson Assembly
technology (New England BioLabs), The protocol, including primer design, was
according to the instruction manual of the Gibson Assembly Master Mix. All
promoters were recombined into pMEZS"NFm14GW (ref. ) with the Gateway
LR clonase enzyme mix (Thermo Fisher Scientific) to generate the expression
constructs PROMOTERNLS-GFP, each carrying a kanamycin resistance gene for
plant selection. For the pROT3:NLS-mCHERRY construct, the promoter-carrying
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entry clone was combined with entry clones carrying the NLS signal peptide

and the mCHERRY gene. These constructs were introduced into the Col-0 wild
type by means of the floral-dip method™. The lines pROT3:NLS-mCHERRY

and pCPLENLS-GFP were crossed to obtain a co-expressing line, To generate
translational reporter lines of BR biosynthetic enzymes, coding sequences of the
full genemic fragments of DWFY, CPD, CYPYIDI, BRAOX1 and BRAOX2 were
amplified by PCR and cloned by BP clonase enzyme mix into pDPONR221 (Thermo
Fisher Scientific). The genomic DNA fragment of ROT3 was isolated by overlap
extension PCR and cloned into pDONR221. For GFP-CYP85A2, the signal peptide
sequence (first 78 bp starting from ATG)" was included in the GFP cloning primer,
and SP-GFP was PCR amplified and introduced into pDONR221. The genoiic
sequence of CYPA5A2 withourt the first 78 bp was cloned into pDONR2R-P3. Entry
clones were combined with destination vectors in LR reactions to obtain expression
clones with GFP-tagged enzymes (pB7m34GW for DWEFY, ROT3, CYPODI,
BR6OXI and BR60OXZ, and pKT7m34GW for CPD). The expression clones were
introduced into corresponding mutant backgrounds with the floral-dip method. To
generate the pWER:DWF4-GFP construct, the complementary DNA of DWF4 was
amplified by PCR, cloned into pDONR221 and subsequently recombined with the
WER promoter-carrying pDONRP4-PIR" into the pHAm34GW-FAST destination
vectar, The DWF4-OE line was constructed by recombination of pDONR221 with
genomic DWES into pDONRPA-P1LR-355 (cauliflower mosaic virus (CaM V) 358
promoter) and of pDNORP2R-P3 into the pB7m34GW destination vector. For
CPD ectopic expression lines, cONA was cloned into pDONR221 and recombined
inan LR reaction with promoter-carrying entry clones into pB7m34GW 1o obtain
PSCR:CPD-mCHERRY and pCOBLS:CPD-mCHERRY, or into pHEm34GW-FAST
to obtain pWER:CPD-GFP clones, For BASI ectopic expression lines, cDNA was
cloned into pDONR221 and recombined in an LR reaction with promoter-carrying
entry clones into pB7m34GW to obtain pSCR:BASI-mCHERRY, or into
pHEmM34GW-FAST to obtain pRPSSA:BAS]-GFF and pSCR-XVEBAS1-GFP
(SCR-XVE promoter clone was described previously). Cloning primers are listed
in Supplementary Table 1.

Immunaoblot analysis. For BESI immunolot analysis, experiments were

done in duplicate, For protein extraction, approximately 50 roots of 6-day-old
DWEF4-0E seedlings (both long and short roots) were collected. For the line
PSCR-XVEBASI-GFP, transgenic and Col-0 seedlings were germinated on
medium containing 10pM f-oestradiol (Sigma- Aldrich) and grown for 7 days.
Approximately 50 roots were collected for each sample. Plant material was frozen
in liquid nitrogen, ground by Retsch MM400 and homogenized in 100 pl of
ice-cold homogenization buffer (1% viv SDS, 25 mM Tris/HCl pH 7.5, 150 mM
NalZl, 10mM DTT and Roche Complete protease inhibitor (one tablet 10ml ')}
and placed on ice for 30 min. The homogenates were centrifuged twice {10 min,
14,000 r.pm.} at 4°C. After the addition of 4x lithium dodecy] sulfate and sample
reducing agent {10x), the samples were heated for 10 min a1 70°C, centrifuged
again, separated on 4- 15% viv SDS-polyacrylamide gel electrophoresis stain-free
protein gel (Bio-Rad Laboratories) and blotted on Trans-Blot Turbo Minit PVDF
Transfer Packs. Membranes were blocked at 4°C in 5% v/v Difco Skim Milk. For
immunodetection, the anti-BEST antibody at 1:5,000 was used as primary antibody
and donkey anti-rabbit (Merck) at 1:10,000 as the secondary antibody. For tubulin
detection, the anti-Tubulin {Abcam) an 1:5,000 was used as primary antibody
and sheep anti-Mouse (Merck) at 1:10,000 as secondary antibody. Proteins were
detected by the ChemiDoc MP Imaging System (Bio-Rad Laboratories). For the
BESI dephosphorylation assay, the ratio of dephosphorylated BESI to total BESI
proteins was quantified according to the signal intensity. Loading was adjusted to
an equal level based on the amount of tubulin, Signal intensities were determined
with Image Lab (Bio-Rad Laboratories).

BR measurement. Seeds of pea (B safivum), variety Sweet Horizon (Eurotuin),
were soaked in water for 4b and placed on water-wetted paper at the bottom of
plastic hoxes. They were kept in the dark at room temperature for 2 days. Plant
material was collected from three successive zones along the longitudinal axis

of the radicles: meristem (1 mm), transition (2 mm} and elongation (3 mm).

Pea radicles 2-3cm long were used for material harvesting. Analysis of BRs

was performed according to the modified protocol given in ref. ™. Briefly, pea
root material (20 mg fresh weight of each sample) was powdered in liquid N.,
extracted in 2ml of ice-cold 60% acetonitrile and centrifuged. The supernatant
was supplemented with internal standards of deuterium-labelled BR mix (25 pmol
per sample, OlChemIm, Ltd.). Samples were purified on polyamine solid phase
extraction columns Discovery DPA-65 (50mg, Supelco) and evaporated to
dryness. Bach sample residue was then dissolved in 75 pl of 100% MeOH by
vartexing and sonicating for 5 min, made up to 1 ml with PBS buffer (pH 7.2) and
passed through immunoaffinity columns (Laboratory of Growth Regulators). BRs
were then eluted from the columns using cold 100% MeOH. After evaporation

to dryness, samples were reconstructed in 40pl of MeOH and analysed by liquid
chromatography with tandem mass spectrometry (UHPLC-MS/MS) on an
ACQUITY UPLC 1-Class Systen (Waters) with the use of a triple quadropole
mass spectrometer Xevo TO-5 MS (Waters M3 Technologies). Details of the
conditions used in UHPLC-MS/MS analysis were described previously®. Each
analysis was performed in pentaplicate.
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RT-qPCR. Total ENA was extracted by quantitative PCR with reverse
transcription (RT-gPCR) from Col-0 and DWEF4-OE seedlings (both long and
short roots) 6 days after germination with the RNeasy Mini Kit (Qiagen). Genomic
DNA was eliminated by on-column digestion with RQ1 RNase-free DNase
(Promega) during the isolation procedure. cDNA was generated from 1pg of total
RNA with g5cript cONA SuperMix (Quantabio) and analysed on a LightCyeler
48011 apparatus (Roche) with the SYBR Green | Master mix (Roche) according

to the manufacturer’s instructions. Expression levels were normalized to those of
ACTINZ. Primers are listed in Supplementary Table 1.

Quantification and statistical analysis. All ical analyses were done in
GraphPad Prism v software, Significance of differences was determined with
two-tailed Student’s unpaired f-test analysis for himary comparisons, Comparison
of more than two genotypes was done by one-way analysis of variance (ANOVA),
with Dunnetts multiple comparisons test subsequently used in the comparison
procedure. For dwfd mutant rescue treatments with BL, two-way ANOVA was
utilized and Tukey'’s multiple comparison test was subsequently used in the
comparison procedure, ***P <0001, **P<0.01, ‘P <0.05.

Reporting Summary. Further information on research design is available in the
Nature Rescarch Reporting Summary linked to this article,

Data availability
The data supporting the findings in this study are available from the corresponding
author upan reasonable request. Source data are provided with this paper.
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Extended Data Fig. 1| The GFP-tagged BR biosynthetic enzymes are functional and show similar expression patterns in multiple independent
transgenic lines. a, Rescue of the BR biosynthetic mutants by expression of the corresponding GFP-tagged enzymes under the control of their endogenous
promoters. Two independent transgenic lines for each gene are compared with the wild type (Col-0) and the corresponding mutant. Six-day-old seedlings
are shown. Scale bars, 1cm. b, Consistent expression patterns of GFP-tagged BR biosynthetic enzymes under the control of their endogenous promoters

in multiple independent transgenic lines. Root meristems of the 6-day-old seedlings from two independent transgenic lines for each GFP-tagged enzyme
are shown. For seedlings expressing pCYPS0D1:.CYPS0DI-GFP only the root elongation zone is shown, because the signal in the root apical meristem is
extremely weak. Scale bars, 50 um. ¢, Six-day-old pDWF4:DWF4-GFPdw(4 roots treated with mock (DMSO), brassinazole and brassinolide for 24 h. Scale
bars, 50 um. d, Expression patterns of the PROMOTER-NLS-GFP reporters for all BR biosynthetic genes. For each reporter line, 6-day-old root meristems
and cross section are shown. Scale bars, 50um. e, Co-expression of NLS-GFP and NLS-mCHERRY reporters under the control of CPD and ROT3 promoters,
respectively. Scale bar, 50 prn. Roots were stained with propidium iodide.
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Extended Data Fig. 2 | Ectopic expression of CPD and BAS1 in the Arabidopsis root. a, Quantification of the root meristem cell numbers of cpd seedlings
expressing the pSCRICPD-mCHERRY construct. All individual data points are plotted. Red horizontal bars represent the means and error bars represent =.d.
n=number of roots analysed. The significant differences between transgenic lines and the Col-0 control were determined by one-way analysis of variance
{ANOVA) and Dunnett's multiple comparison tests. *** P<0.001, ** P<0.01 and * P < 0.05. The P value versus the Col-0 cantrol for epd is = 0.7077, line #
1=0.1849 and line # 9 < 0.0001. The experiment was repeated independently three times with similar results. b, Reverted root meristem diameter of tha
cpd mutant to that of the wild type upon ectepic expressian of CPD in the endodermis. Six-day-old seedlings of the two independent transgenic lines were
measured. All individual data points are plotted. Red horizontal bars represent the means and error bars represent s.d. n=number of roots analysed. The
significant differences between transgenic lines and the Col-0 cantral were determined by one-way analysis of variance (AMOVA) and Dunnett's multiple
comparison tests. *** P<0.007, ** P< 0.01 and * P<0.05. The P value versus the Col-0 contral for cpd is < 0.0001, line # 1=0.3417 and line # 5=01597.
The experiment was repeated independently three times with similar results. €, Active BR depletion by the BAS1-GFP overexpression causing a typical BR-
deficient phenatype. Scale bar, 1em. d, Thickening of the meristem and shortening of the maeristern cells caused by the BAST-GFP averexpression, typical
for BR-related mutants. More than three independent experiments were performed. Representative images are shown. Scale bars, 50 pm. e, Decreased
root growth by the inducible, tissue-specific expression of BAS1-GFP in the endodermis. Twe independent transgenic lines were compared with the wild
type (Col-0). Four-day-old seadlings were transferred to fresh medium containing 10 pM p-estradiol (EST) and imaged after 3 days. Scale bar, 1em. f, Non-
induced pSCR-XVE:BAST-GFP seedlings without impaired root growth. n = number of roots analysed. g, h, Quantification of meristem cell number (g) and
root diameter (h) of EST-induced pSCR-XVEBASI-GFP seedlings. All individual data paints are plotted. Red horizontal bars represent the means and error
bars reprosent s.d. 1 = number of roots analysed. The significant differances betwean transgenic lines and the Col-0 control were determined by one-way
analysis of variance (ANOVA) and Dunnett’s multiple comparisan tests. *** P< 0,001, ** P=< 0.01 and * P < 0.05. The P values versus the Col-0 contral for
transgenic lines are as follows: for (g) line # 1=0.9250 and line # 4=0.0294; for (h) line # 1< 0.0001 and line # 4 <0.0001. More than three independent
axperimants were performed. Representative images are shown. i, BES] phosphorylation status tested by western blot with the @-BEST antibody in roots
of 7-day-old Col-0 and pSCR-XVE:BAS]-GFP seedlings. Tubulin was used as a loading control. Seedlings were germinated and grown on medium containing
10 uh proestradiol. The experiment was performed twice with similar autcome. j, Confocal image of a 6-day-old root meristem expressing pSCR:BASI-
mCHERRY. More than three independent experiments were performed. Representative images are shown. Scale bar, 50 pm. k-n, Quantification of root
length (k) meristern cell number (1), meristern cortical cell length - first 20 cells of individual roots (m) and root diameter (n) of Cal-0 and pSCR:BASI-
mCHERRY &-day-old seedlings. All individual data points are plotted. Red horizontal bars represent the means and error bars represent s.d. n = number

of raots analysed for (k), (1) and (n) and n = number of cells analysed far (m). For (m) number of individual roots used in experiment are 18, 14 and 13

for Cal-0, line # 3 and line # 10, respectively. The significant differences between transgenic lines and the Col-0 eontrel were determined by one-way
analysis of variance (ANCVA) and Dunnett’s multiple comparison tests. *** P<0.001, ** P< 0.01 and * P< 0.05. The P values versus the Col-0 contral for
transgenic lines are as follows: for (k) line # 3 < 0.0001 and line # 10 < 0.0001; far (1) line # 3=0.8157 and line # 10 =0.336; for (m} line # 3<0.0001
and line # 10 < 0.0007; for (n) line # 3 < 0.0001 and line # 10 < 0.0001 All experiments were repeated independently more than three times with similar
results.
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Extended Data Fig. 3 | Expression patterns of BR biosynthetic enzymes in the root elongation zone. a, The expression domains of several genes
expanding in the root elongation zone. DWFA-GFP expression was very broad and the GFP signal could be abserved in all cell types of the elongation zone.
The CPD-GFP expression was restricted to the stele of the elongation zone. The DET2-GFP expression was limited to the stele, similarly to the expression
of CPD-GFP, The ROT3-GFP expression had maxima in the stele, but a signal also occured in all other cell types. The expression of the ROT3 homolog,
CYP90D1, was limited to the stele. The BREOX1 and BREOX2 enzymes both had expression maxima in endodermis and pericyele, but the expression
pattern of the BREOX1 enzyme was expanded in all cell types. Roots were stained with propidium iodide. Scale bars, 50pm. b, Increase in the expression
levels of mast of the BR biosynthetic enzymes in the transition and elongation zones as visualized by colour-based fluorescence intensity coding. All
reporter lines showed an increase in expression higher in the reot except for DET2-GFP and GFP-BREOX2. The signal intensity of the BR receptor, BRI1-
mCITRINE in pBRIT:BRI-mCITRINE/ bril line did not exhibit signal increase in the elongation zone, Maximurm Z projections of the same roots from Fig, 2a
are shown for BR biosynthetic enzyme lines. Scale bars, 100 um. ¢, Roots expressing pBREOX2:BRE0X2-GFP (left panel). Increased GFP signal could be
abserved in the elongation zone as visualized by colour-based fluarescence intensity coding (right panel). Secale bars, 100 pm. All transgenic lines in (a),
(b) and (€) were imaged in mare than three independent experiments. Representative images are shown. d, Expression levels of BR biosynthetic genes
and BRIT in the Arabidopsis root. All BR biosynthetic genes had an increased expression in the elongation zone, while BRIT-mCITRINE exhibited the highest
axpression in the meristern. Extracted from Huang and Schiefelbain (2015). MZ, meristamatic zome; EZ, elongation zone; DZ, differentiation zone. Symbals
depict individual values. Bars represent s.d.
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Extended Data Fig. 5 | Effects of exogenous brassinolide (BL) on root growth. a, Root growth rates of Col-0 plants grown on increasing concentrations of
BL. Six-day-old seedlings were transferred to fresh media containing BL or mock and root growth was followed for 4 days. Values represent the means of
the root growth rates + s.d. n=number of roots analysed. b, ¢, Quantification of the root meristem diameter (b) and the root meristem area size measured
from the quiescent center to the first elongated cell (c) of Col-0 and dwf4 treated with increasing concentrations of BL. Roots were treated with BL for 24 h.
All individual data points are plotted. Red horizontal bars represent the means and error bars represent s.d. n=number of roots analysed. The significant
differences between Col-0 and the dwf4 seedlings treated with BL and Col-O grown on mock (0) were determined by two-way analysis of variance
(ANOVA) and Tukey's multiple comparisons tests. *** P <0.001, ** P<0.01and * P<0.05. The P values versus the Col-0 + DMSO control for different
treatments are as follows: for (b) Col-0+10 pM BL < 0.0001, Col-0 + 50 pM BL < 0.0001, Col-0+100 pM BL < 0.0001, Col-0 + 250 pM BL < 0.0001,
dwf4+DMSO < 0.0001, dwf4 +10 pM BL=0.0142, dwf4 + 50 pM BL < 0.0001, dwf4 + 100 pM BL < 0.0001, dwf4 + 250 pM BL < 0.0001; for (c)
Col-0+10pM BL=0.9019, Col-0 + 50 pM BL=0.3871, Col-0 +100 pM BL>0.9999, Col-0+ 250 pM BL=0.9972, dwf4 + DMSO = 0.0638, dwf4 +10 pM
BL>0.9999, dwf4 + 50 pM BL=0.5746, dwf4 +100 pM BL=0.3938, dwf4 + 250 pM BL=0.0037. All experiments were repeated independently more than
three times with similar results. d, Experimental setup for measurements of the root meristem cell production rate (left panel). Six-day-old Col-0 and dwf4
seedlings were transferred to agar plates supplemented with BL and mock, and after 3 days of growth, elongation of individual roots was recorded for the
period of 24 h (E). Subsequently, roots were imaged with confocal microscope, and the average mature cell length was calculated (L, ) for each root and
used to calculate the meristem production rate (P). e, Quantification of the root meristem production rate (P) for cortical cells. All individual data points
are plotted. Red horizontal bars represent the means and error bars represent s.d. n=number of roots analysed. The significant differences between Col-0
and the dwf4 seedlings treated with BL and Col-0 grown on mock (0) were determined by two-way analysis of variance (ANOVA) and Tukey's multiple
comparison tests. *** P<0.001, ** P<0.01and * P<0.05. The P value versus the Col-0 + DMSO control for Col-0 +10pM BL is = 0.0874, Col-0+100pM
BL=0.7849, dwf4 + DMSO < 0.0001, dwf4 +10 pM BL=0.9623 and dwf4 +100 pM BL < 0.0001. The experiment was repeated independently three times
with similar results. f, Quantification of mature cell length of individual roots used to calculate the meristem production rate in (e). All individual data
points are plotted. Red horizontal bars represent the means and error bars represent s.d.
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Extended Data Fig. 6 | Ectopic expression of DWF4 enzyme. a, Confocal images of meristems of long and shart p35S:DWF4-mCHERRY (DWFA-OE)

roots. Six-day-old seedlings were used for imaging. Scale bars, 50 pm. Confocal imaging was performed in three independent experiments. Representative
images are shown. b, Two biological replicates of the western blot shown in Fig. &¢. The experiment was repeated independently three times with similar
results. ¢, Eight-day-old seedlings expressing DWF4-GFP in dwf4 mutant background under the control of native or WEREWOLF (WER) promoters. Two
independent transgenic lines for each construct were compared with wild type (Col-0) and dwf4. Plants were grown for 6 days until the point where
homozygous dwf4 plants could be recognized and transferred to fresh agar plates. Root tips were marked (yellow bar), and grown for two additional
days. d, Confocal images of root meristems of Col-0, dwf4 and two independent dwf4 mutant lines expressing DWF4-GFP under the control of the
DWF4 and WER promoters. Six-day-old plants were imaged. Roots were stained with propidium iodide. All transgenic lines were imaged in more than
three independent experiments. Representative images are shown. Scale bars, 50 pm. e-g, Quantification of cortical meristem cell number (e), root
meristem diameter (f) and cortical meristem cell length of the first 20 cells of individual roots (g). All individual data points are plotted. Red horizontal
bars represent the means and error bars represent s.d. n=number of roots (e, f) and cells (g). For (g) number of individual roots used in the experiment
are 19,18, 13,19, 21 and 20 for Col-0, dwf4, line # 18, line # 20, line # 1 and line # 5, respectively. The significant differences between transgenic lines and
the Col-0 control were determined by one-way analysis of variance (ANOVA) and Dunnett’s multiple comparison tests. *** P<0.001, ** P<0.01and *
P<0.05. The P value versus the Col-0 control for different transgenic lines were as follows: for () dwf4=0.5724, line # 18 =0.8377, line # 20=0.4041,
line #1=0.0308 and line # 5=0.0763; for (f) dwfd <0.0001, line # 18 =0.7739, line # 20=01982, line # 1<0.0001 and line # 5 <0.0007; for (g)

dwf4 <0.0001, line # 18 =0.0938, line # 20=0.0022, line £ 1< 0.0001 and line # 5 <0.0001. The experiment was repeated independently three times
with similar results.
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Extended Data Fig. 7 | Confined expi of CPD enzyme can only locally rescue the root phenotype of cpd mutant. a, Six-day-old cpd mutant roots

expressing CPD-GFP and CPD-mCHERRY under the control of WEREWOLF (WER) and COBRA-LIKE9 (COBL9) promoters, respectively. All transgenic lines
were imaged in more than three independent experiments. Representative images are shown. Scale bars, 100 um. b, ¢, Quantification of the root lengths
(b) and mature cortical cell lengths (c) of the Col-0, cpd, pWER:CPD-GFP/cpd and pCOBL9:CPD-mCHERRY/cpd lines. All individual data points are plotted.
Red horizontal bars represent the means and error bars represent s.d. n = number of roots (b) and cells (€) analysed. For (¢) the number of individual

roots used in the experiment was 12 for all lines. The significant differences between transgenic lines and the Col-0 control were determined by one-way
analysis of variance (ANOVA) and Dunnett’s multiple comparison tests. *** P<0.001, ** P<0.01and * P<0.05. The P value versus the Col-0 control

for different transgenic lines are as follows: for (b) cpd < 0.0001, pWER:CPD-GFP < 0.0001 and pCOBL9:CPD-mCHERRY < 0.0007; for (€) cpd < 0.0001,
pWER:CPD-GFP < 0.0001 and pCOBL9:CPD-mCHERRY = 0.049. The experiment was repeated independently three times with similar results. d, Confocal
images of root meristems of Col-0, cpd, pWER:CPD-GFP/cpd and pCOBL9:CPD-mCHERRY /cpd lines. All transgenic lines were imaged in more than three
independent experiments. Representative images are shown. Scale bars, 50 um. e-g, Quantification of cortical meristem cell number (e), cortical meristem
cell length of the first 20 cells of individual roots (f) and root meristem diameter (g). All individual data points are plotted. Red horizontal bars represent
the means and error bars represent s.d. n = number of roots (e, g) and cells (f). For (f) the number of individual roots used in the experiment was 12 for all
lines. The significant differences between transgenic lines and the Col-0 control were determined by one-way analysis of variance (ANOVA) and Dunnett’s
multiple comparison tests. *** P<0.001, ** P<0.01 and * P < 0.05. The P value versus the Col-O control for different transgenic lines are as follows: for (e)
cpd=0.0808, pWER:CPD-GFP=0.0370 and pCOBL9:CPD-mCHERRY = 0.0323; for (f) cpd < 0.0001, pWER:CPD-GFP=0.011 and pCOBL9:CPD-mCHERRY =

< 0.0001; for (g) cpd < 0.0001, pWER:CPD-GFP=0.2712 and pCOBLY:CPD-mCHERRY = < 0.0001. The experiment was repeated independently three times
with similar results.
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Brassinosteroids (BRs) are steroidal phytohormones that are essential

for plant growth, development and adaptationto environmental

stresses. BRs act ina dose-dependent manner and do not travel over

long distances; hence, BR homeostasis maintenanceis critical for their
function. Biosynthesis of bioactive BRs relies on the cell-to-cell movement
of hormone precursors. However, the mechanism of the short-distance BR

transport is unknown, and its contribution to the control of endogenous BR
levels remains unexplored. Here we demonstrate that plasmodesmata (PD)
mediate the passage of BRs between neighboring cells. Intracellular

BR content, inturn, is capable of modulating PD permeability to optimize its

own mobility, thereby manipulating BR biosynthesis and signaling.
Our work uncovers a thus far unknown mode of steroid transportin
eukaryotes and exposes an additional layer of BR homeostasis regulation

in plants.

Brassinosteroids (BRs) are steroidal phytohormones that are crucial
for plant growth and regulate diverse developmental processes, such
as cell elongation, cell division, photomorphogenesis and xylem dif-
ferentiation, as well as biotic and abiotic stress responses’. BRs are
perceived by the plasma membrane-localized receptor kinase BR
INSENSITIVE 1(BRI1) and its coreceptor BRII-ASSOCIATED RECEFTOR
KINASE1(BAK1) inthe apoplast, triggering sequential phosphorylation
between BRI1and BAK1 (ref. 1), This stepis required for BRI1activation
and leads to downstream phosphorylation and dephosphorylation
events that activate the transcription factors, such as BRASSINAZOLE
RESISTANT 1{BZR1) and BRII-EMS-SUPPRESSOR 1 (BES1)/BZR2, either
to induce or to repress genes in the nucleus as the final outcome of
the BR response™’,

Normally, the hormone level at any given site within the plant
is determined by the relative rates of biosynthesis, catabolism and
transport’. Until now, a negative transcriptional feedback loop has
been considered the main regulatory mechanism of BR biosynthesis
and catabolism, in which the transcription of BR biosynthetic and
catabolic genesis directly regulated by BES1and BZR1 (refs. 5,3). Nev-
ertheless, in the Arabidopsis thaliana root, the elongation zoneis the
site of maximum BR biosynthetic expression® and signaling levels,
indicating that additional mechanisms control the expression of bio-
synthetic enzymes. In the root meristem, the expression domains of BR
biosynthetic enzymes are separated, implying cell-to-cell movement of
hormone precursors” to allow the biosynthetic pathway completion.
Hence, the question arises if BR homeostasis in the root meristem is
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also mediated by short-distance BR transport, as well as what is the
mode of BR movement between neighboring cells.

BRs are derived from campesterol and converted to brassinolide
(BL), the mostbioactive BR, after aseries of reactions, including reduc-
tion, hydroxylation, epimerization and oxidation”. All enzymesinvolved
in BR biosynthesis, except the steroid 5-a-reductase, de-etiolated 2
(DET2), are members of the cytochrome P450 (CYP) protein superfam-
ily”. The CYPs are well conserved and are predominantly localized in
the endoplasmic reticulum (ER)" membrane. For two of the BR CYPs,
DWARF4 (DWF4) and CYP85A2, an ER localization has already been
demonstrated™. Nonetheless, how BRs exit the cell after their syn-
thesis in the ER membranes and how they are transported between
neighboring cells is stillunknown. The mammalian steroid hormones,
after their release from steroidogenic cells, are transported to the
target cells through the blood by their carrier proteins'’. However,
no homologs of the mammalian steroid carrier proteins are found in
plants, and BRs do not undergo long-distance movements”.

Multicellular organisms rely on cell-to-cell communication to
coordinate growth and development across tissues and organs®. In
plants, plasmodesmata (PD) are critical cytoplasmic communication
channels”. PD cross the cell walls of adjacent cells and enable intercel-
lular movement of nutrients, hormones, RNAs, proteins, metabolites
and viruses” . The typical structure of PD consists of a cytoplasmic
sleeve, a plasma membrane leaflet and a desmotubule, a membranous
cortical ER-derived rod, connecting adjacent cells™. PD connectivity is
exceptionally dynamic, responds to both internal and external stimuli
andisregulated by the deposition of callose, a 3-(1,3)-glucan polymer, in
the PDneck™”. Localized production of the polymer by callose synthases
can narrow the cytoplasmic sleeve, whereas degradation mediated by
B-1,3-glucanases canwiden the channel™. Nevertheless, PD conductivity
isnot directly correlated with the size of the cytoplasmic sleeve”, and
howexactly PD mediate the exchange of moleculesbetween neighboring
cells remains poorly understood. PD numberis also controlled because,
forinstance, secondary PD are often formed during cell growth either to
maintain or toincrease the PD density in expanding cell walls~. Whether
BR precursorsare transported via PDto complete the biosynthetic path-
way or initiate signaling in adjacent cell files is not known.

Here we corroborate the subcellular localization of BR biosyn-
thetic enzymes in the ER membranes, where hormone biosynthesis
likely occurs. By combining genetic and bioorthogonal chemistry
approaches, we demonstrate that PD are involved inthe short-distance
transport of BR precursors, which s required for biosynthetic pathway
completion, Finally, we provide evidence that the intracellular BR
content negatively regulates PD permeability, possibly through BR
signaling inducing callose deposition in the cell walls near the neck
zone of the PD and, ultimately, affecting its own mobility and biosyn-
thesis efficiency. Our work reveals an unidentified transport mode of
steroidal hormones in eukaryotes and presents an additional layer of
BR biosynthesis regulationin plants.

https://doi.org/10.1038/s41589-023-01346-x

Results

Symplastic communication modulates BR signaling

To determine the subcellular localization of BR biosynthetic enzymes,
we co-expressed the GFP-tagged rotundifolia 3 (ROT3) and DWF4
with the mCherry-tagged ER membrane-resident marker cinnamate
4-hydroxylase (C4H)"" in Nicotiana benthamiana (tobacco) leaves
(Extended Data Fig. 1a,c) and in roots of transgenic Arabidopsis plants
(Extended Data Fig. 1b,d). Asreported earlier for some Arabidopsis CYP
proteins™ ™, bothenzymes localized in the ER membrane, marking it
as the likely site of BR biosynthesis within cells.

Previously we showed that BRs move between neighboring cell
filesin the roots of Arabidopsis®. Given that BR biosynthetic enzymes
are localized in the ER membranesand the hormone is synthesized
intracellularly, we hypothesized that the exchange of BRs between
adjacent cell files occurs via PD. First, we asked whether the sites of
BR biosynthesis might coincide with PD, which could facilitate hor-
mone transport. To this end, we examined the colocalization of the
BR biosynthetic enzyme, DWF4-GFP, and the mCherry-tagged PD
marker, PD-located protein 1(PDLP1)", intobacco leaves (Extended
Data Fig. le) and estimated the PD enrichment by calculating the PD
index** (Extended Data Fig. 1f). DWF4-GFP exhibited a higher PD
index than the ER lumen marker HDEL-BFP, indicating a PD asso-
ciation, but these values were lower than those for MCTP3-GFP, a
PD-resident protein®. However, in the roots of Arabidopsis plants
co-expressing ROT3-GFP and DWF4-GFP with PDLP1-mCherry, no
clear enrichment of the GFP signal at the PD was found (Extended
Data Fig. 1g,h). These findings suggest that the BR biosynthetic
machinery might be loosely associated with PD and only in certain
cell types. Second, to test if BRs move through the PD, we exam-
ined the root growth of transgenic Arabidopsis plants expressing
the gain-of-function callose synthase 3 (CALS3) from the estradiol
(EST)-inducible endodermis 7 (EN7) promoter (pENicals3m) that
canblock PD by callose depositionin the PD neck in the endodermis
afterinduction® (Fig. 1a). The phenotypic analysis showed that after
a48-hEST treatment, primary root growth was arrested and that the
length of the mature cortical cells was substantially shorter than
that of the mock-treated plants (Fig. 1b-d). To investigate whether
blocking PD in the endodermis affects BR signaling, we analyzed
BR-specific phenotypes in the root meristems”. To look at relatively
early BR signaling responses and minimize the pleiotropic effect of
PD closure, we decreased the induction time to 12 h, as this condi-
tion was sufficient to observe callose production (Extended Data
Fig.2c). Callose deposition reduced the average lengthof meristematic
cortical cells and slightly increased the root diameter (Extended Data
Fig.2a,b), suggesting decreased BR signaling levels in pENZicals3m
roots after induction. We then analyzed the accumulation of
dephosphorylated BES1 (dBESL), which can be used as a readout
for BR signaling activation’. Compared to the wild-type accession
Columbia-0(Col-0), BES1 wasslightly less dephosphorylatedin the

Fig.1|PD permeability modulates BR signaling. a, Increased callose
biosynthesis at plasmodesmatain isals3m expressing plants inhibits the
exchange of molecules between neighboring cells (left). Aniline blue staining of
callose deposition in endodermis of the root tips of pENZicals3m plants upon
EST (5 uM) or DMSO (mock) treatment for 48 h(right). Scale bars, 100 um.

b, Induction of callose deposition (48-h EST treatment) in the endodermis of
PENZricals3m seedlings causes root growth defects. Root tips were marked
immediately after the transfer (white bars), Scale bar, 1 em, ¢.d, Quantification of
the primary root length (¢) and mature cortical cell length (d) of seedlings shown
inb. Allindividual data points are plotted. Horizontal and error bars represent
the means and s.d., respectively. n, number of roots used in c and cellsused ind.
The significant differences were determined with one-way analysis of variance
(ANOVA) and Tukey's multiple comparison tests. e, Phosphorylation status of
BES1 detected by immunoblotting with a-BES1antibody. Tubulin detected with
a-tubulin antibody was used as aloading control. Root tips of 5-d-old Arabidopsis
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seedlings grown as ina and induced for 12 hwere used. £, Quantification of

BES1 dephosphorylationin e presented as a ratio of dBESI relative to the total
BESL. The significant difference was determined with a two-tailed Student’s
paired r-test analysis, Error bars represent s.d. g, Confocal images of root tips

of pBESI;gRESI-GFF/Col-0 and pBESLgBESI-GFP{pENT icals3m seedlings.
Five-day-old seedlings were transferred to agar media containing EST (5 pM) or
DMSO (mock)and imaged after 12 h. Cell walls were stained with PIL Nine cells
used for fluorescence intensity measurements in hare shown ininset panels (1.5<
enlarged). In theinset panels, only GFP signal is shown. Brightness and contrast
were equally adjusted for each treatment. Scale bars, 100 pm. b, Quantification
of nuclear/eytoplasmic BES1-GFP fluorescence intensity ratio of epidermal cells
inthe root transition zone (nine cells shown in the inset panclsin g). Values and
error bars represent means and s.d., respectively, n, number of roots used for
each treatment. ***P = 0.001 and **P < 0.01 for ¢,d and f. For b-h, experiments
were performed in three repeats with similar results. [B, immunoblotting.
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callose-induced roots (Fig. 1e,f), indicating a decrease in BR signal-
ing.Inaddition, we introduced the pBESI:gBES1-GFPreporter™into
the pEN7Z:icals3m plants™ and examined the nuclear accumulation of
BESI1, which is also used as an indicator of BR signaling activation’.
The nuclear/cytoplasm fluorescent intensity ratio of BES1-GFP was
reduced inroot epidermal cells after 12 hof EST treatment (Fig. 1g,h),
possibly asaresult of decreased BR signaling. These findings suggest
that the reduced PD permeability might compromise BR signaling,
probably due to impaired transport of BRs through the PD.
Limiting the PD transport can be detrimental to root growth
because numerous signaling components and nutrients are trans-
ported through theseintercellular channels” . To overcome, or atleast

https://doi.org/10.1038/541589-023-01346-x

limitthe pleiotropic effects of callose-plugged PD onroot growthand
uncouple BR-specific effects, we ectopically expressed the PD-located
protein 5 (PDLPS)-BFP’ fusion to induce overaccumulation of callose
atthe PDin the native domain of the BR biosynthetic enzyme, constitu-
tive photomorphogenesis and dwarfism (CPD) in the pCPD:CPD-GFP/
cpd (Extended Data Fig. 2d,e). This fusion allowed us to spatially link
CPD enzyme activity with ectopic callose deposition in the central
part of the root, the stele, and minimize the interruption of move-
ment of other PD-transported molecules. Roots of this transgenicline
grew more slowly than those of pCPD:CPD-GFP/cpd (Extended Data
Fig. 2f,g) and exhibited BR-deficient phenotypes (Extended Data
Fig. 2h,i). Additionally, an increase in phosphorylated BESI (pBESI1)
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indicated reduced BR signaling levels in roots expressing PDLP5-BFP
(Extended Data Fig. 2j).

To validate our findings that impaired symplastic transport
negatively regulates BR signaling, we compared the effect of PDLP5-
BFF expression under the CPD promoter in pCPD:CPD-GFFP/cpd and
pSCR:CPD-mCherry/cpd backgrounds. When the CPD-mCherry”®
enzyme was ectopically expressed in the endodermis, milder growth
defects were observed (Extended Data Fig. 2d-i), as well asless affected
BR signaling levels (Extended Data Fig. 2j). CPD is a BR biosynthetic
enzyme with the most restricted expression domain in the stele,
whereas all other enzymes are, at least partially, expressed in ather
tissues®. Therefore, displacement of CPD enzyme expression to the
endodermisallowed possible movement of BR precursors and comple-
tion of the pathway by bypassing PDLP5-BFP-induced callose deposi-
tion and the reduced PD connectivity in the stele, respectively.

Subsequently, we assessed the BR-related phenotypes and
BR signaling in transgenic Arabidopsis plants overexpressing the
callose-degrading enzyme plasmodesmal-localized -1,3-glucanase
1 (PABG1)™" (p355:PdBGI-mCitrine/Col-0, PABG1-0E), which have
increased PD permeability as a result of enhanced callose turnover
(Extended Data Fig. 3a,b). The phenotypic analysis revealed that the
length of the primary roots of PABG1-OE seedlings was substantially
longer than that of the wild type, with longer meristematic cells and
aslightly smaller root radius (Extended Data Fig. 3d-f), thus, resem-
bling, toacertain extent, the phenotype of plants with constitutive BR
responses”. In agreement, the PABGI-OE plants accumulated more
dBES1than the control (Extended Data Fig. 3g,h), whereas the expres-
sion of DWF4 was downregulated (Extended Data Fig. 3i), indicat-
ing that the increased cell-to-cell connectivity positively affected BR
signaling. Taken together, our results show that PD permeability can
moderately modulate BR signaling levels.

PD mediate BRmovement

We hypothesized that the impaired BR signaling in different PD
mutants was due to the altered mobility of BR precursors. To test this
assumption, we employed BR precursor feeding experiments with
22-hydroxycampesterol[22-OHCR{compound1);Supplementary Note1],
which is the product and the substrate of DWF4 and CPD enzymes,
respectively (Extended Data Fig. 4a). As expected, exogenous 22-O0HCR
(500 nM) was able to rescue the root growth of dw/f4 and to dephos-
phorylate BESI in this mutant, similarly to BL (500 pM), whereasit was
inactive when applied to the cpd mutant (Extended Data Fig. 4b-d).
Next, the inducible pEN7 icalsIm construct was introduced into the
dwf4 mutant to conditionally perturb PD permeability in the endo-
dermis. We postulated that after induction of callose deposition at PD
inthe endodermis, exogenous BL would reach epidermal and cortical
celllayers, where BR signaling is sufficient to rescue the root growth of
BR-related mutants™ (Fig. 2a). Conversely, the inactive BR precursor
22-0HCR would need to move to the stele, where the CPD enzyme is
expressed, to be converted into the following BR precursor and, finally,
to BL to rescue dwyf4 root growth. In a scenario in which BRs move via
the PD, callose-induced PD blockage in the endodermis would interrupt
the biosynthetic pathway and exogenous 22-0HCR would not rescue
the duwf# defects (Fig. 2a). Consistent with this hypothesis, we found
that without callose induction, both exogenous 22-OHCR (500 nM)
and BL (500 pM) rescued the root growth defects of pENZicals3m/ duwf4
plants, including primary root and mature cortical cell lengths
(Fig. 2b-d). However, after blocking PD in the endodermis, 22-0HCR
was less effective in rescuing the dwf4 root growth defects than BL
(Fig. 2b-d and Extended Data Fig. 4e-g).

To further corroborate the different capacities of exogenous BL
and 22-0HCR to rescue dwf# when PD were closed in the endodermis,
we evaluated BR signaling by immunoblot analysis of the phospho-
rylation status of BES1. Because the EN7 promoter is only active in the
root tip, we collected root tips for immunoblotting. In accordance
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with the observed root phenotypes, BR signaling was less efficiently
recovered by 22-OHCR thanby BL after callose induction (Fig. 2e). Then,
we introduced the pBESI.gBEST-GFP construct into pENZicals3m/dwfd
plants and quantified the nuclear accumulation of BES1-GFP in the
root epidermis as a BR signaling readout. As predicted, BR signaling
in the mock-treated pBES1.gBESI-CGFP/pENZ icals3m/dwf4 seedlings
was enhanced by exogenous BL and 22-OHCR with equal efficiency
(Fig. 2f,2), butit was only partially complemented by 22-OHCR in the
EST-treated seedlings (Fig. 2f.g).

Taken together, these results suggest that PD closure renders BR
biosynthesis inefficient, possibly due to the necessity for BR precursors
to be exchanged through PD between adjacent root cell files.

Direct visualization of BR movement
Tovalidate the PD-mediated intercellular transport of BRs and directly
visualize BRs in Arabidopsis roots, we used a bioorthogonal chemistry
approach. To this end, castasterone-alkyne (CSA, 2) was synthesized
by the introduction ofan alkyne group attached to alinker connected
to the C-6 position of the castasterone (CS) molecule (Fig. 3a and Sup-
plementary Note 2), which is the direct precursor of BL (Extended Data
Fig. 4a). C5A can be visualized after cycloaddition or a click reaction
between its alkyne and the azide group of the commercially available
green-emitting fluorescent dye azide-BODIPY-fluorescein (azide-
BDP-FL)* to generate CS-BDP-FL (3; Fig. 3a). Although slightly less
potent than CS, CSA retained biological activity, because it rescued the
short-root phenotype of the duwf4 mutant and induced BES1 dephos-
phorylation (Fig. 3b and Extended Data Fig. 5a,b). Subsequently, a click
reactionwas carried out on transgenic Arabidopsis lines with perturbed
PD permeability. Initially, the pENZ:icals3m line was used, which has
increased callose deposition (Fig. 1a) and closed PD in the endoder-
misafter EST induction. In the absence of CSA, no signal was detected
inthe mock- and EST-treated seedlings (Fig. 3c), indicating that the
azide-BDP-FL fluorescent dve did not bind nonspecifically, whereas
inthe presence of CSA and after a click reaction with azide-BDP-FL,
the CS-BDP-FL signal occurred only in epidermal and cortical cellsin
EST-treated roots, but it was ubiquitous in all cell files in noninduced
roots (Fig. 3c,d). These findings suggest that closed PD in the endo-
dermis block the C5A movement from the cortex to the inner tissues.
Consequently, a similar click reaction was carried out with
a line expressing icals3m from the WEREWOLF (WER) promoter™,
PWER:icals3m. This line specifically accumulated callosein epidermal
cells, presumably blocking PDinthistissue (Extended DataFig. Sch, and
caused root growth inhibition (Extended Data Fig. 5d,e). In the root
tipsofthe pWERicals3m seedlings treated with CSA followed by a click
reaction, the fluorescent CS-BDP-FLsignal accumulated preferentially
in epidermal cells when compared to the Col-0 control (Fig. 3e.f),
implying that PD closure in the epidermal cells is sufficient to block
CSA frommoving to the inner tissues. Notably, the uptake of CSAinthe
epidermal cells was not compromised by extensive callose deposition
(Extended Data Fig. 5f), hinting that the lack of fluorescent signal in
theinner tissues of the pWER:cals3m line is due to the compromised
symplastic transport and not to impaired compound uptake. Finally,
CSAclick chemistry experiments were conducted with the PABG1-0OE
plants™, which have open PD. The accumulation of the fluorescent sig-
nalinall cell layers was higher than that of the Col-0 control (Fig. 3g.h),
suggesting an enhanced accumulation of CSA inthe root whenthe PD
aperture is increased. In conclusion, bioorthogonal chemistry allowed
the direct visualization of a bioactive BR precursor in plant tissues,
confirming the involvement of PD in intercellular BR transport.

BRsmodulate PD permeability

As BRs are transported through the PD, we queried whether BRs could,
inturn, modulate PD permeability. To investigate this hypothesis,
we visualized callose deposition by means of a callose-specific anti-
body in wild-type Col-0 plants treated with either BL (200 nM) or the
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Fig. 2| BLbut notits precursor 22-OHCR rescues dwf4 mutants after PD
closure. a, Schematic representation of different complementation principles
by BLand 22-OHCR of the dwf4 root upon callose depositionin the endodermis.
b, The root growth phenotype of pENZ:icals3m/dwf4 plants in response to
exogenous BL and 22-OHCR upon callose induction. Four-day-old seedlings
were transferred to an agar medium containing either DMSO (mock) or EST

(5 M) for 24 h. Next, seedlings grown on DMSO were transferred to an agar
medium containing DMSO, BL (500 pM) or 22:OHCR (500 nM; upper panel).
Seedlings grown on EST were transferred to an agar medium containing EST

(5 M), EST (5 uM) + BL (500 pM) and EST (5 pM) + 22-OHCR (500 nM; lower
panel) and grown for 24 h. Root tips were marked immediately after the transfer
(white bars). Scale bar, 5 mm. ¢.d, Quantification of the primary root (¢) and the
mature cortical cell (d) lengths fromb. Horizontal and error bars represent the
meansands.d., respectively. n, number of roots used inc and cellsused ind. The
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significant differences between the transgenic lines and the wild-type (Col-0)
control were determined with ANOVA and Tukey’s multiple comparison tests.
***P<0.001.e, Phosphorylation status of BES1 detected by immunoblotting with
«-BESIantibody in root tips. Tubulin detected with a-tubulin antibody was used
asaloading control. f, Confocal images of 6-d-old root tips of pBESL:.gBESI-GFP/
PENZ:icals3m/dwf4 Arabidopsis seedlings treated as in b. Cell walls were stained
with PL. Nine cells used for fluorescence intensity measurementsing are shown in
insets (1.5x enlarged). Intheinset panels, only the GFP signal is shown. Brightness
and contrast were equally adjusted for each treatment, Scale bars, 100 pm.

£, Quantification of nuclear/cytoplasmic BES1-GFP fluorescence intensity ratio
of epidermal cells in the root transition zone (nine cells from the inset panelsin ).
Errorbars represent s.d. n, number of roots used for each treatment. Forb-dand
e-g, experiments were performed in three and two repeats, respectively, with
similar results.
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BR biosynthesis inhibitor BRZ (1 pM) for 24 h. The immunostaining  BRZ treatment (Fig. 4a,b and Extended Data Fig. 6). Consistently, the
revealed that BL-treated seedlings exhibited increased callose dep-  BR-deficient dwf4and cpd mutants had almost no callose depositionin
osition, whereas the callose levels were substantially reduced after  theirroot meristems, but the observed callose deficiency was rescued
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Fig.3 |Localizati f CSAIn Arabidopsis root tips. a, Chemical compounds
used inthe bioorthogonal reaction. b, CSAis retaining the biological properties
of C5. Phosphorylation status of BESI detected withimmunoblotting and
a-BESL antibody. Tubulin detected with the a-tubulin antibody wasused asa
loading control. Five-day-old wild-type Arabidopsis and dwf4 mutant seedlings
were transferred to an agar medium containing CS or C5A at the indicated
concentrations and DMS0 (mock) for 24 h. ¢, Blocking PD in the endodermis
arrests CS-BDP-FL signal in epidermal and cortical cells. Five-day-old seedlings
were transferred to anagar medium containing either EST (5 uM) or DMSO
(mock) for 24 h. Next, seedlings from each treatment were divided into two

and transferred to liquid media containing either CSA (20 pM) or DMSO

(mock) for 4 h, followed by a bivorthogonal reaction. d, Fluorescence intensity
quantification along the white dashed arrow in ¢, positioned at 200 pm away

by exogenous BL (Fig. 4a.b and Extended Data Fig. 6). These results
indicate that BRs can modulate PD permeability and that high and low
BR signaling would induce closure and opening of PD, respectively.

To explore whether the symplastic BR transport is regulated by
BR signaling, we performed photoactivation of cytosolic DRONPA:s,
areversibly switchable photoactivatable fluorescent proteinin single
root cells and monitored the spread of the fluorescent signal to the
surrounding cells™ (Fig. 4c). We observed substantially faster spread
ofthe signalin mock-treated Col-0 plants in comparison to BL-treated
ones (Fig. 4d), demonstrating the ability of BRs to decrease PD perme-
ability. To directly observe the distribution of CSA under conditions
of perturbed BR signaling, click chemistry was used. As anticipated,
exogenous BL substantially reduced the accumulation of CSAin Col-0
roots when compared with the mock control (Fig. 4e.f). Conversely,
CSA accumulationinthe root meristems of dwf4 seedlings was stronger
than in Col-0 roots (Fig. 4g,h). To examine whether the reduced CSA
accumulationis a consequence of increased BR signaling levels and not
acompetition with BL, we tested CSA accumulation after bikinin (BIK)
treatment, which can activate BR signaling downstream of the BRIl
recepror”. Similar to BL, BIK application reduced CSA accumulation
inthe treated plants (Fig. 4¢.f). The BR-induced callose turnover and
control of PD permeability are likely under transcriptional control
because BR signaling positively regulates expression levels of several
callose deposition-related genes in the Arabidopsis root™® (Extended
Data Fig. 7 and Supplementary Table1).

In summary, our findings demonstrate the existence of an addi-
tional BR signaling regulatory feedback loop that acts at the PD per-
meahility level and ensures optimal BR biosynthesis by modulating
BR movement.

Discussion

Polyhydroxylated steroidal molecules are used as signaling molecules
in both mammals and plants to control a plethora of developmental
processes” . Although these moleculesshare similar structures, they
impact geneexpression differently. For example, inmammals, steroidal
hormones actinanendocrine manner, namely they are synthesized in

https://doi.org/10.1038/s41589-023-01346-x

fromthe roottip showninc. e, Blocking the PD in epidermal cells arrests
CS5-BDP-FLsignal accumulation in the epidermis. Six-day-old seedlings were
incubated in aliquid medium witheither CSA (20 pM) or DMSO (mock) for 4-h
followed by a bioorthogonal reaction. f, Quantification of fluorescence intensity
ine, positioned at 200 pm away from the root tip shown in e. g, Highly permeable
PD increase the CSAuptake. Six-day-old PABG1-OE plants were treated as ine.

h. Quantification of fluorescence intensity in g, in whicha 50 = 50 prr*area,

200 pm away from root tip (white dashed box in g), was used. The significant
differences were determined with ANOVA and Tukey's multiple comparison
tests, ""*F = 0,001 Scale bars, 100 pm {¢,e and g). Horizontal barsin hrepresent
the means, and error bars in d,Fand hrepresent the s.d. AU, arbitrary units; n,
number of roots, For b.eand £, the experiment was repeated two times; for ¢ and
d, four times; and for g and h, three times with similar results.

glands, transported by specialized protein carriers and after release
into the target cell cytoplasm, they bind to intracellular receptors”.
In plants, a family of plasma membrane-localized receptors, includ-
ing BRI1 and its homologs BRI1-LIKE1 (BRL1) and BRI1-LIKE3 (BRL3),
perceive locally produced BRs in the apoplast™ because plant steroidal
hormones do not undergo long-distance transport”. The textbook
knowledge suggests that steroid hormones can freely diffuse across
biologicalmembranes due to their hydrophabicity. However, the simple
diffusion theorywas challenged by finding that the release of the steroid
hormone ecdysone in Drosophila melanogaster requires ATP-binding
cassette transporter-mediated vesicle loading and calcium-mediated
vesicle exocytosis”, and the cellular uptake of ecdysone needs amem-
brane solute carrier transporter. In addition, molecular dynamics
simulation experiments demonstrated that the flip-flop transitions
of steroids, and hence, their ability to diffuse across lipid membranes,
are determined by the number of hydroxyl groups in the molecule®.
Here we confirmed that the BR biosyntheticenzymesarelocalizedinthe
ER membrane, whichis the most likely place for BR biosynthesis. As BR
biosynthetic enzymes are expressed in anonoverlapping fashionalong
the radial axis of Arabidopsis roots, exchange of precursors between
cells of different cell files is necessary for the completion of bioactive
BR synthesis. Given that BRs are hydrophobic molecules, itis unlikely
that they freely move via an apoplastic route between neighboring
cells. Alternatively, PD-mediated symplastic transport can ensure the
movement of steroid molecules in plants. This pathway enables the
cell-to-cell exchange of nutrients, hormones, RNAs, proteins, metabo-
lites and viruses™ ", Therefore, we speculated that the intermediates
orbioactive BRsare transported through the PD after synthesis inthe
PDvicinity. Inthe scenario of PD-mediated BR transport, perturbation
of PD permeability should affect BR signaling. Examination of Arabi-
dopsis plants with altered PD permeability revealed that BR signaling
wasmodulated to a certain extentin plants with perturbed PD perme-
ability, possibly due to the reduced or enhanced ability to transport
BRs through the PD. Nevertheless, BR signaling levels were not drasti-
cally changed when PD conductivity was altered. The reason for this
observation might be the pleiotropic nature of PD mutants and the

Fig. 4 |BRsregulate PD permeability. a, Callose immunostaining of Arabidopsis
wild-type (Col-0}, dwf# and cpd roots using an a-callose antibody, Four-day-old
seedlings were transferred to an agar medium containing BL (200 nM), BRZ (1 uh)
and DMSO {mock) for 24 h. Scale bars, 20 pm. b, Quantification of callose intensity
atthe PDina. Callose signal at the cell plate was excluded from measurements. ¢,
The reversibly switchable photoactivatable fluorescent protein system DRONPA-5
movement after activationin a single meristematic cell of the root. Confocal
images of &-d-old root meristems stained with Pl are shown. Roots were treated
either withmock or BL{200 nM) for 24 hbefore imaging. Scale bars, 20 pm.

d. Normalized values of the mean fluorescence intensity of the DRONFA-s are
extracted from the adjacent cells next to the activated cell. For each time point,

n = 15. Error bars represent the standard error of the mean (s.e.m). e, Reduction

of the CSA uptake after BL and BIK treatment. Five-day-old seedlings were

transferred to anagar medium containing BL {200 nM), BIK (30 pM}or DMSO
(mock) for 24 h, followed by the bivorthegonal reaction w form CS-BDP-FL.

. Quantification of fluorescence intensity of images in e in the boxed region of
interest positioned 200 pm away from the root tip. g, duf4 seedlings exhibited
anincreased CSA uptake capacity. The bioorthogonal reactionwas donein
a-d-old Arabidopsis seedlings of Col-0 and dwyf4, h, Quantification of fluorescence
intensity of images ing in the boxed region of interest positioned 200 pm away
from the root tip. Horizontal and error bars {b.fand h) represent the means and
s.d., respectively. n, number of roots (b fand h). The significant differences were
determined with ANOVA and Tukey's multiple comparison tests, P < 0,001 and
*p = 0,0Lfor b.fand h. Scale bars, 100 pm (e and g). For aand b, experiments were
performed in four repeats with similar results; forc-£, in three repeats; and for g
and h, intwo repearts with similar results.
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fact that the molecules that negatively regulate BR signaling*’arealso  and mask reduced hormone synthesis. Whether the BR biosynthetic
transported via PD. Additionally, changes in the cell wall composition  machineryisassociated with PD and what physiological relevance this
of PD mutants might trigger BR signaling without theligand binding"'  association might have remained to be tested indetail in future studies.
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« BR precursor = Bioactive B8

Fig. 5| PD-mediated transport and homeostasis of BR biosynthesis and
signaling. BR biosynthetic enzymes are expressed in neighboring cells, requiring
the exchange of BR intermediates through PD to produce bioactive BRs. Once
synthesized, BRs exit the cell viaan unknown mechanism and reach the apoplast
{left panel). Once inthe extracellular matrix, bicactive BRs bind to the BRIT
receptor and coreceptor BAKL and initiate asignaling cascade thatleads to

BR bicsynthetic enzyme @ Callose

dephosphorylation of the BESL transcription factor. BES1 can then enter the
nucleus and initiate transcriptional responses. High levels of BRs increase callose
deposition and decrease PD permeability, possibly via BR signaling-initiated
transcriptional regulation. Restricted BR precursor movements reduce hormone
production and contribute to optimal BR signaling level maintenance (right
panel). PM, plasma brane; PD, plasmc a; ER, endoplasmic reticulum.

To further demonstrate the PD-mediated BR movement, we used
precursor feeding experiments. Conditionally disrupting cell-to-cell
communication, specifically in the endodermis, prevented the rescue
of dwf# mutants with their exogenous product, 22-OHCR. Hence, we
concluded that closed PD in mid-positioned root cel files blocks this
BR precursor movement and prevents it from reaching inner tissues
where it can be converted to downstream BR precursors. Neverthe-
less, it seems that the transport of 22-0HCR was not completely
blocked by the PD constriction, leaving the possibility for partial apo-
plastic movement of the hormone. Currently, no tools are available
thatallow menitoring of the BR distribution or movement in plant tis-
sues, in contrast to other plant hormones*’. Alexa Fluor 647-CS (AFCS)
is the only existing bioactive fluorescently labeled BR that could be
used to track BR movementsin living cells*®, but this chemical probe
might be problematic because of the bulky fluorophore. Therefore,
we took a bioorthogonal chemistry approach and developed the BR
probe C5A that can be visualized with confocal microscopy after
conjugationwith an azide-BDP-FL probe. Click chemistry allowed us
to follow the CSA distribution in Arabidopsis roots under perturbed
PD permeability conditions. When the endodermal PD were closed,
CSAaccumulatedinepidermal and cortical cellsand could not reach
the stele, but when PD were blocked in the epidermis, the CSA was
detected onlyinepidermal cells. This interesting finding implies that
only epidermal cells of the root can directly uptake BRs and possibly
other steroid-like compounds frequently used in plant research,
such as EST. In addition, plants with an enhanced PD permeability
accumulated more CSA in all cell files of the root. Together, these
results demonstrate that the PD play a crucial role in short-distance
BR transport.

Maintenance and regulation of BR levels in cells are essential for
plant growth and development. The feedback transcriptional regula-
tion of key BR biosynthetic genes by direct BES1and BZR1 binding to
their promoters is one of the well-known mechanisms for retaining
BR homeostasis’. Intriguingly, in Arabidopsis roots, the expression
domains of BR biosynthetic enzymes are separated. We hypothesize
that this spatial organization of the biosynthetic pathway allows more

flexible control of hormone biosynthesis through precursor transport
regulation. Indeed, the callose immunostaining together with click
chemistry-based visualization of BRs revealed that intracellular BR
content, probably through BR signaling, regulates PD permeability.
Presumably, control of the callose- regulating turnover, and, hence,
BR mobility, can optimize BR biosynthesis and signaling, thus creat-
ing a negative feedback regulation loop between PD permeability
andintracellular BR content. Nevertheless, how BR signaling impacts
callose production and degradation at PD remains to be investigated.
Recently, the callose synthase gene, glucan synthase-like 8 with a
function in plant defense, hasbeenreported asadirect target of BESL,
and its expression to be induced by BRs*. Our analysis of existing BR
response single-cell RNA-sequencing datasets™ revealed that two
other genes implicated in callose turnover regulation in the Arabi-
dopsis root, PDLP3 (ref. 48) and GSL4 (ref. 49), are upregulated after
BR treatment.

Collectively, our results show that BR precursors are transported
through PD after their biosynthesis in the PD-neighboring ER mem-
brane to complete BR biosynthesis and to produce bioactive BRs
(Fig. 5). In turn, elevated BR levels can alter callose deposition and
decrease PD permeability, possibly through transcriptional regulation
initiated by BR signaling, thereby reducing hormone production by
restricting the movement of BR precursors. In contrast, low intracel-
lular BR levels lead to decreased callose deposition and increased PD
permeability, with enhanced hormone production as a consequence.
This negative feedback loop ensures the precise amount of bioactive
BRs that is beneficial to plant growth and development. Our work
revealsathus farunknown BR transport pathway in plants and expands
the regulatory mechanisms of hormone homeostasis.
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Methods

Plant materials and growth conditions

The A. thaliana (L.) Heynh., accession Col-0, was used in all experi-
ments. Seeds were surface-sterilized with sterilization buffer (80%
(vol/vol) ethanol and 20% (vol/vol) sodium hypochlorite), strati-
fied for 2d in the dark at 4 °C and grown vertically on half-strength
Murashige and Skoog (1/2 MS) medium (1%) agar (wt/vol} plates sup-
plemented with 1% (wt/vol) sucrose at 22°C, with a 16-h light/8-h
dark photoperiod. The following mutant lines were used: dwf4-102
(ref. 50), cpd™, pPDWF4:DWF4-GFF/dwf4 (ref. 6), pROTI:ROT3-GFP/rot3
(ref. 6), pCPD:CPD-GFP/cpd®, pBR6OX2:BR60OX2-GFP/bréoxI bréox2
(ref. &), pBESL:gBESI-GFF/Col-0 (ref. 6), pENF:icals3m/Col-0 (ref. 27)
and p35S:PdBGI-mCitrine/Col-0 (ref. 30). Primers used for genotyp-
ing are listed in Supplementary Table 2. The lines pENZricals3m/dwf4
and pBESI:gBESI-GFP/pENT icals3m/dwf4 were obtained by crossing
PpENF:icals3m with dwf4-102 and pENT:icals3m/dwf4 with pBES1.gBEST-
GFP/Col-0, respectively.

Plasmid construction and generation of transgeniclines

To generate the p355:C4H-mCherry and pUBQI0:PDLPI-mCherry
constructs, the genomic fragments of C4H (AT2G30490) and PDLPI
(AT5G43980) were amplified by PCR and cloned into pDONR22]
(Thermo Fisher Scientific). The resulting entry clones were recom-
bined with the cauliflower mosaic virus 355 and the UBIQUITINIO pro-
maoters in pDNORP4-PIR with pDNORP2R-P3-mCherry for C4H and
PDLPI, respectively into the pH7m34GW* destination vector by anLR
reaction. The resulting constructs were used for transient expression
in tobacco and generation of transgenic plants by introducing them
into pDWF4:DWF4-GFP/dwf+ and pROT3:ROT3-GFF/rot3 plants by
Agrobacterium tumefaciens-mediated transformation according to
the floral dip protocol™. To generate pWER:icals3m, pDONRP4-PIR-
WER {obtained from NASC set 2106366) was recombined with icals3m
in pDONRPI-P2 and without in pDONRP2R-P3 into the pB7m34GW*™
destination vector by an LR reaction. The construct was transformed
into Col-0. To generate pCPD:PDLPS-BFP/pCPD:CPO-GFP/cpd and
PCPD:PDLPS-BFP/pSCR:CPD-mCherry/cpdlines, the genomic fragment
of PDLP5 was cloned into pDONR22! and combined in an LR reaction
with pDONRP4-PIR-CPD" and pDNORP2rP3-BFP in the destination
vector PKEm34GW-FAST. The resulting constructs were introduced
into pCPD:CPD-GFP/cpd” and pSCR.CPD-mCherry/cpd” translational
lines. To generate p355.0WF4-GFP and p355:R0OT3-GFP constructs,
the entry clones pDONR221-DWF4 and pDONR221-ROT3 (ref. 6) were
putinto the pK7FWG2 destination vector by an LR reaction. To gener-
ate p35S:MCTP3-GFP construct, MCTP3 (AT3G57880) was amplified
by PCR and cloned into pDONR22I (Thermo Fisher Scientific). The
resulting entry clone was putinto the pK7FWG2 destination vector by
an LR reaction. The cloning primers are listed in Supplementary Table 2.

Chemical treatments

BL (OlChemlIm), BRZ (Tokyo Chemical Industry), B-EST (EST:
Sigma-Aldrich), BIK (Sigma-Aldrich), 22-OHCR and CSA were kept
at different stock concentrations in dimethyl sulfoxide (DMSO) and
were diluted 1,000 to reach the final concentrations in the media.
For the mock treatment, DM50 was at a final concentration of 0.1%
(vol/vol). Specific treatments are described in the main text and/or
figure legends.

Immunoblotanalysis

For the BES1 immunoblot analysis of pENZ:icals3m seedlings,
the experiments were done in triplicate. Five-day-old Col-0and
pENTicals3m seedlings were transferred to fresh 1/2MS medium agar
plates containing DMSQ or 5 puM EST. The root tips were collected for
immunoblotting after 12 h of treatment. For the BESL immunoblot
analysis of pCPD:PDLP5S-BFE/pCPD:CPD-GFP/cpd and pCED:PDLPS-
BFP/pSCR:CPD-mCherry/cpd lines, the experiments were done in
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triplicate. Six-day-old seedlings (root part) were collected for the
BESI assay. For the p35S:PdBGI-mCitrine line, experiments were done
induplicate. Six-day-old seedlings of p355:PdBGI-mCitrine and Col-0
were collected for the BES1 assay. For the 22-OHCR activity tests,
experiments were done in duplicate. Five-day-old Col-0, dwf# and
cpdseedlings were transferred to 1/2 MS medium agar plates contain-
ing DMSO, BL (500 pM) or 22-OHCR (500 nM) for 24 h and collected
for the BEST assay. For the CSA activity test, experiments were done
induplicate. Five-day-old dwf4 seedlings were transferred to fresh 1/2
MS medium agar plates containing DMS0, CS (1 pM and 10 pM) or CSA
(1M and 10 pM) and collected after 24 h for the BEST assay. All plant
material was frozen in liquid nitrogen, ground by Retsch MM400 and
homogenized in 100 pl of ice-cold homogenization buffer (1% (vol/
vol) SDS, 25 mM Tris-HCl, pH 7.5,150 mM NaCl, 10 mM dithiothreitol
and Roche Complete protease inhibitor (one tablet/10 ml)) and placed
on ice for 30 min. The homogenates were centrifuged twice (10 min,
20,000g) at 4 °C. After the addition of 4= lithium dodecyl sulfate and
sample-reducing agent (10x), the samples were heated for 10 min at
70 °C, centrifuged again, separated on 4-15% (vol/vol) SDS-polyacryla-
mide gel electrophoresis stain-free protein gel (Bio-Rad Laboratories)
andblotted on Trans-Blot Turbo Mini PYDF Transfer Packs. Membranes
were blocked at 4 °Cin 5% (vol/vol) skimmed milk (Difco). For immuno-
detection, the anti-BES1 antibody at 1:5,000 was used as the primary
antibody and donkey anti-rabbit (Merck) at 1:10,000 as the secondary
antibody. For tubulin detection, the anti-tubulin (Abcam) at 1:5,000
was used as the primary antibody and the sheep anti-mouse (Merck)
at1:10,000 as the secondary antibody. Proteins were detected by the
ChemiDoc MP Imaging System (Bio-Rad Laboratories). For the BES1
dephosphorylation assay, the ratio of dBES1 to total BES1 proteinswas
quantified according to the signal intensity. Loading was adjusted to
an equal level based on the amount of tubulin. Signal intensities were
determined with Image Lab (Bio-Rad Laboratories).

Synthesis of chemical compounds and bioorthogonal
chemistry

CSA and 22-OHCR were synthesized as described (Supplementary
Notes 1 and 2). Azide-BDP-FL (Jena Bioscience, CLK-044-1) and
Click-&-Go Cell Reaction Buffer Kit (Click Chemistry Tools, 1263) were
used for click chemistry labeling experiments. The plant material was
incubated without or with CSA (20 pM) in liquid 1/2MS medium for 4 h,
washed twice with PBS, fixed with 3.7% (vol/vol) formaldehyde in PBS
for 15 min and washed twice with 3% (wt/vol) BSA in PBS. The samples
were permeahilized by 0.5% (vol/vol) Triton X-100 in PBS for 20 min
at room temperature and washed three times with 3% (wt/vol) BSA in
PBS. The click chemistry was done according to the manufacturer’s
instructions (Click Chemistry Tools), using Azide-BDP-FLat a4 pM
concentrationinthe reaction mixture for 30 min. Sampleswere washed
with 3% (wt/vol) BSAin PBS, counterstained by propidiumiodide (PI)
at1:1,000 dilution in H,0 and imaged.

Aniline blue staining

Seedlings were fixed and destained in 1:3 acetic acid/ethanol until the
material was transparent (usually 2 h), then washed in 150 mMK,HPO,
for 30 min. Next, seedlings were incubated for at least 4 hin 150 mM
K,HPO, and 0.01% (wt/vol) aniline blue (staining solution) in tubes
wrapped in aluminum foil for light protection, washed in 150 mM
K;HPO, for 5 min and imaged.

Calloseimmunostaining

Arabidopsis seedlings were vertically grown on 1/2 MS medium agar
platesfor 4 d, thentransferred to fresh media with the following treat-
ments for another 24 h: 200 nM BR, 1 M BRZ and DMSO mock. The
immunolocalization procedure was done according to the published
protocol™. In summary, seedlings were fixed in 4% (vol/vol) paraformal-
dehydein microtubule stabilization buffer [MTSE; 50 mM piperazine-
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N.N-bis(2-ethanesulfonicacid), 5 mM{ethyleneglycol-bis(B-aminoethyl
ether)-N,NN N-tetraacetic acid, 5§ mM MgSO., pH 7 with KOH]. Root
tips were cut and mounted on poly-lysine-coated microscopy slides.
Unspecific binding was prevented by blocking in neutral donkey serum
before incubation with the antibody. The callose antibody (Australia
Biosupplies) was diluted to 1:500 in MTSB containing 5% (vol/vol)
neutral donkey serumand incubated with the samples for 4 hatroom
temperature. The secondary goat anti-mouse [gG (H&L)—Alexa Fluor
594 wasdiluted to1:500 in MTSB buffer containing 5% (vol/vol) neutral
donkey serum and incubated with the samples for 1 h,

Reverse transcription-quantitative PCR

Total RNA was extracted by reverse transcription-quantitative PCR
from 6-d-old seedlings with the RNeasy Mini Kit (Qiagen). Genomic
DNA was eliminated by on-column digestion with RQ1 RMNase-free
DNase (Promega) during the isolation procedure. cDNA was generated
from 1 ug of total RNA with gScript cDNA SuperMix (Quantabio) and
analyzed onalLightCycler 4811 apparatus (Roche) with the SYBR Green
I Master mix (Roche) according to the manufacturer’s instructions.
Expression levels were normalized to those of ACTIN2. Primers are
listed in Supplementary Table 2.

Analysis of BL scRNA-seq

To examine the transcriptional regulation of PD-related genes by
BRs, we reanalyzed a previously described scRNA-seq dataset (GEO:
GS5E212230) inwhichwild-type Arabidopsis plants were grownon 1 pM
BRZ for 7 dand transferred to1 pMBRZ versus 100 nMBL for 2 h(ref. 36).
First, we constructed a heatmap by calculating the log, fold-change
of BL2 h/BRZ using aggregated counts across all cell typesand devel-
opmental stages. The heatmap was visualized with ComplexHeatmap
(v2.10.0)™. Differentially expressed genes from each combination of
cell type and developmental stage of the root™ were used to identify
BL-regulated PD-related genes. We then plotted the log-normalized,
‘corrected’ counts produced by the SCTransform function™ for PDLP3
and CalS8/GS5L 4 on the two-dimensional uniform manifold approxima-
tion and projection embedding.

Microscopy and image analysis

Most of the images were captured by a Leica SP8X confocal micro-
scope. Images were collected using Las-X software (v 3.5.0.18371).
GFP and mCherry were excited at 488 nm and 594 nm and acquired at
500-530 nmand at 600-650 nm, respectively. For the study of subcel-
lular localization of BR biosynthetic enzymes, images were taken by a
#40/1.10 WATER objective and signal accumulation was used during
confocal imaging for Arabidopsislines related toROT3 and DWF4. For
theexperimentsrelated to the transgenic line pBES1:gBESI-GFP, Arabi-
dopsisroots were mounted ina Pl{Sigma-Aldrich) (10 ng ml ") solution
between slides and coverslips and images were taken by a #25/0.95
WATER objective. Nine cells from the root transition zone were used for
BES1-GFP signal quantification. For the click chemistry experiments,
the BDP-FL signal was detected with a 503-nm laser excitation and a
505- to 519-nm emission filter, and images were taken by a x25/0.95
WATER objective. For pDWF4:DWF4-GFP/pUBIIO:PDLPI-mCherryand
PROT3:ROTI-GFP{pUBIO:PDLPI-mCherry in Extended Data Fig. 1g,
roots were imaged under avertical Zeiss LSM 900 microscope equipped
with a Plan-Apochromat M27 20=/0.8 n.a. objective. GFP and mCherry
were excited at 488 and 587 nm and acquired at 410-546 nm and at
595-700 nm, respectively. Forimmunostaining, samples wereimaged
with a Zeiss LSM 880 microscope with an #40/NA 1.3 oil lens. Atto350
excitation was done with 0.3% of 561-nm power, and fluorescence
was collected between 566 and 700 nm. Zeiss ZEN 3.3 (blue edition)
software was used for image collection with Zeiss LSM 880 and Zeiss
LSM 900 microscopes. Callose deposition at PD was quantified for
whole root meristems with the Fiji software (https://fiji.sc/) macroin-
struction program (Supplementary Note 3). The callose signal at the
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cell plate was excluded from the measurements. The experiment was
repeated two times with similar results. For aniline blue staining, a
405-nm laser excitation and a 505-nm long-pass emission filter were
used for imaging. Image analysis was done with the Fiji software. To
measure the length of mature cortical cells, seedlings were stained
with PI (Sigma-Aldrich) and images were taken with =25/0.95 WATER
objective. The cells from the root region, in which root hairs start to
emerge (a sign of cell differentiation after cessation of elongation),
wereimaged and measured.

Two-photon microscopy and cell diffusion assay with
DRONPA-s

Five-day-old 355-DRONPA-s seedlings were grown on 1/2 M5 agar plates
underlong-day conditions at21 °C and 70% humidity. Then, they were
transferred to plates containing either DMSO or 200 nM BL for an ad di-
tional 24 h. Before imaging, plants were incubated for 2 minin1/500 Pl
inawater solution. Intotal, 15-20 roots were analyzed with two to three
regions of interest (ROIs) per root. For the DRONPA-s assay, root tips
were analyzed withaLeica TCS SP5—multiphoton confocal microscope
setup. Plwas excited at 488 nmand detected at 620-700 nm. Fluores-
cence intensities were quantified with the Leica LAS AF software. For
DRONPA-s deactivation, root tips were illuminated with 488-nm light
for 455 at 70% of the total laser intensity (argon laser, 20 mW; Leica
Microsystems). For DRONPA-s activation, three ROIs (corresponding
tothree cells per root) were set to the center ofthe cell to avoid activa-
tion of the adjacent cells. ROIs were illuminated with 800-nm light for
55 using a two-photon infrared (IR) (Titane-Saphir pulsating laser).
Laser power is circa 2.6 W with a 20% gain. For DRONPA-s acquisition,
thedetectionwas made 2 safter single-cellactivation up to 120 s, with
20% (488 nm) argon laser atemission 500-575 nm. For DRONPA-s move-
ment analysis, mean fluorescence intensities were measured from the
activated cell and the two adjacent cells in Image). DRONPA-s move-
ment was calculated as a fluorescent signal moving from the activated
cellinto the adjacent cells. X-Y drifts were corrected with the StackReg
plugin. After normalization and background subtraction, values were
transformed into percentages of the average fluorescence from the
two adjacent cells. The activated cell is considered to be at 100% (for
example, 100% of the DRONPA-s molecules were activated in the ROI).
Atotal of15-20 roots were analyzed with two to three ROls per root.

PDindex

PDenrichment was assessed by calculating the fluorescence intensity
of FP-tagged DWF4, PD localized MCTP3and the ER protein HDEL™, at
(1) PD (indicated by PDLP1-mCherry or PDCBL-mCherry) and (2) the
cell periphery. Constructs of interest were transiently co-expressedin
N. benthamiana leaves with PDLP1-mCherry or PDCB1-mCherry (FD
markers). Confocal images of leaf epidermal cells were acquired by
sequential scanning of PDLP1-mCherry or PDCB1-mCherry in chan-
nelland GFP/BFP-tagged proteins in channel 2. Approximately 20
images of leaf epidermis cells were acquired for each combination. The
quantification was carried out according to the standard protocol™,
Individual images were processed using Image] by defining six ROls at
PD {using PD marker to define the ROlin channel 1) and 12 ROIs at the
cell periphery outside PD. The GFP/BFP-tagged protein mean intensity
(channel 2) was measured for each ROl and then averaged for asingle
image. The PD index corresponds to the intensity ratio between the
fluorescence intensity of the protein of interest at PD versus the cell
periphery outside of PD. Roots expressing DWF4-GFP/ROT3-GFPand
PDLP1-mCherry were imaged in a similar fashion to tobacco leaves,
and the PD index for more than 20 cells per transgenic line (four roots
per line) was calculated as explained above.

Statistical analysis
All statistical analyses were carried out with GraphPad Prism v.8.0
and v.2.0 software. Two-tailed Student’s paired t-test was used for
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BES1 immunoblot analysis. Comparison of more than two genotypes
or treatments was done with a one-way analysis of variance. Tukey's
multiple comparison tests were used in the comparison procedure
(***P<0.001,*P<0.0land*P<0.05).

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

MNumerical source data files and uncropped scans of blots are provided
for figures and extended data figures. Primer lists, Fiji macro for callose
deposition quantification and notes on synthesis of chemical com-
pound used in this study can be found in Supplementary Information.
Source data are provided with this paper.

Code availability

Single-cell RNA-sequencing data analysis code used in this study is
deposited at GitHub at hteps:/fgithub.com/tmnolan/Plasmodesmara-
mediate-cell-to-cell-transport-of-brassinosteroid-hormones.
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Extended Data Fig. 1| Subcellular localization of BR biosynthetic enzymes.
a,b,c.d, The BR biosynthetic enzyme ROT3-GFP and DWF4-GFP co-localize
withthe ER marker C4H-mCherry when transiently co-expressed in tobacco
leaves (a,¢) and in Arabidopsis root epidermal cells expressing ROT3-GFPand
DWF4-GFP under the control of their native promoters (b,d). The fluorescence
intensity profiles along the white arrows are shown on the right. A.U., arbitrary
units. e, Co-localization of HDEL-BFP and DWF4-GFP with plasmodesmata (PD)
marker PDLPI-mCherry and MCTP3-GFP with PD marker PDCBI-mCherry when
transiently co-expressed intobacco leaves. These co-expression combinations
were used to calculate PDindexesin (f). f, The PD index of DWF4-GFP biosynthetic
enzyme compared to the indexes of ER marker HDEL-BFP and PD-resident protein
MCTP3-GFP. DWF4-GFP index above lindicates partial enrichment at PD. All
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Extended DataFig. 2| See next page for caption.
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Extended Data Fig. 2| Reduced cell-to-cell connectivity negatively affects
BR signaling. a,b, Quantification of root meristem cell length in (a) and root
diameter in (b} of 5-d-old Col-0 and pENTicals3m seedlings which were grown for
12 h on agar medium containing either estradiol (EST) (5 pM) or DMSO {mock).
For (a,b) the significant differences were determined with two-way analysis of
variance (ANOVA) and Siddk's multiple comparisons test. ** P< 0.001and

= P= 0,05, ¢, Aniline blue staining of callose deposition in the root tips of
pENTicals3m plants. Five-day-old seedlings were transferred to agar medium
containing estradiol (EST) (5 pM) for the indicated times and DMSO (mock),
followed by aniline blue staining. Scale bars, 100 pm. d, Confocal images of
PCPD:PDLPS-BFFPCPDCPD-GEF/epd and pCRDPDLPS-BFRpSCR:CPD-
mCherry/cpd lines. Scalebars, 50 pm. e, The relative gene expression of PDLPS
in pCPD:PDLPS-BFP{pCPD.CPD-GFFicpd (line #15) and pCPD.PDLPS-BFF/pSCR:
CPO-mCherry/icpd (line #14) compared to their segregating siblings that
donot express pCPOCPOLPS-BFP. Error bars represent s.d.F, Phenotypes of
&-d-old pCPD:CPD-GFPYcpd, pCPD:PDLPS-BFP pCPD:CPD-GFPicpd, pSCR:

https://doi.org/10.1038/s41589-023-01346-x

CPD-mCherryepd, and pCPOPDLPS-BFFpSCR:CPD- mCherry/cpd seedlings from
twoindependent transgenic lines, For each line, segregating siblings that do

not express pCPOPRLPS-BFFate shown, Scale bar, 1em., g, The quantification of
primary root length of eransgenic lines shown in (). hi, Quantification of root
meristem cell lengthin (h) and root diameter in (i) of seedlings shownin ().

. Phosphorylation status of BES1 detected by immunoblotting (16} with a-BESL
antibody inroors, Tubulin detected with a-tubulin antibody was used as loading
control. pBESL phosphorylated BESL, dBESL dephosphorylated BESL Two
panels from each row are from the same blots and were cropped and arranged for
clarity. For a,b,g.hi, all individual data points are plotted. Horizontaland error
bars represent the means and s.d., respectively. n, number of roots used inb g i,
and cells used ina h. The significant differences for g.h i, were determined with
one-way ANOVA and Tukey's multiple comparison tests. *** P<= 0.001,** P= 0.0L
and * P<0.05 For a,b/hij, the experiment was repeated twice and for £.g, three
times with similar results.
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Extended Data Fig. 3| Increased cell-to-cell connectivity positively affects BR
signaling. a, A confocal image of 6-d-old p35S:PdBGI-mCitrine (PABG1-OE) root
meristem, Cell walls were stained with propidiumiodide. b, Aniline blue staining
of callose depositionin the root tips of PABG1-OE plants. Scale bars, 100 pm (a,b).
¢, Phenotype of 6-d-old PABGI-OE seedlings. Scale bar, Lcm. d.e,f, Quantification
of the primary root length (d), root meristem cell length (e) and root meristem
diameter (f) shown in (). Allindividual data points are plotted. Horizontal and
error bars represent the means and s.d., respectively. n, number of roots (d,f)
and cells (e). The significant difference was determined with two-tailed Student’s
unpaired t-test analysis. *** P< 0.001,** P<0.01,and * P< 0.05. g, Phosphorylation
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status of BES1 detected by immunoblotting with a-BES1 antibody in whole
seedlings. Tubulin detected with a- tubulin antibody was used as loading control.
PBESI, phosphorylated BESI, dBESI, dephosphorylated BES1. h, Quantification
of BES1dephosphorylationin (g) represented as aratio of dephosphorylated
BESI (dBESI) relative to the total BES1. pBESI, phosphorylated BESL i, The
relative gene expression of DWF4in Col-0 and PABGI-OE line. Error bars
represent the s.d. For h,i, the significant difference was determined with two-
tailed Student’sunpaired t-test analysis. *** P< 0,001, ** P<0.01,and * P<0.05,
Forc,d.e.f, the experiment was donein two and for g.h.i, in three independent
biological repeats withsimilar results.
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Extended Data Fig. 4 | 22-Hydroxycampesterol (22-0HCR) is an inactive
BR precursor. a, R biosynthetic pathway with all known enzymes and their

presumed position within the pathway. The position of 22-0HCR is highlighted.

b, 22-0HCR rescued the root phenotype of duwfd, but not of epd. Five-day-old
Arabidopsiswild type (Col-0), duwf4, and cpd seedlings were transferred to agar
medium containing BL (500 pM}), 22-0HCR (500 nM), and DMSO (mock), and
imaged after 24 h, Root tips were marked immediately after the transfer (white
bars). Scale bars, 5mm. ¢, Quantification of the primary root length of Col-0,
duwyf4 and cpd in (b). Horizontal and error bars represent the means and thes.d.,
respectively. n, number of roots analyzed. The significant differences between
the wild type (Col-0) and the mutants were determined with one-way analysis

https://doi.org/10.1038/s41589-023-01346-x

of variance (ANOVA) and Tukey's multiple comparison tests. == P< 0.001d,
Phosphorylation status of BES1 detected by immunoblotting (IB) with the a-BES1
antibody in seedlingsin (b). Tubulin detected with the cetubulinantibody was
used as loading control. pBESL, phosphorylated BESL, dBES], dephosphorylated
BESL e, Confocal images of 6-day-old root tips of pBESLgBESI-GFP/pENT icals3my
dwf4 Arabidopsis seedlings stained with P1. Scale bars, 100 pm. £.g, Quantification
of the meristem cell lengeh () and root meristem diameter (g) of roots shownin
(e). Horizontal and error bars represent the means and s.d., respectively.

1, number cells. The significant differences were determined with one-way
analysis of variance (ANOVA) and Tukey's multiple comparison tests. " P<(0L.00L
Forb,c.d.efg the experiment was repeated twice withsimilar results.
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