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Abstract-Brassinosteroids are a new class of plant growth regulators. The developments in this field since the 
discovery of brassinolide in 1979 are discussed including the synthesis of brassinosteroids and the structure, isolation 
and occurrence of the natural compounds. Their bioactivity, structure-activity relationships and possible physiological 
role are also reviewed. 

INTRODUCTION 

Seeking new natural constituents with plant growth 
regulating activity Mitchell et al. [l, 21 found that 
‘brassins’ or the ‘brassin complex’ extracted from rape 
pollen (Brassica napus L.) produced a powerful growth 
accelerating effect when applied to young pinto bean 
plants. This phenomenon involved an increase in cell 
elongation and cell division [3]. The active principle 
possessing this bioactivity was isolated from 40 kg rape 
pollen to yield 4 mg of a crystalline compound named 
brassinolide. Its structure was elucidated as (22R,23R, 
24S)-2a,3a,22,23-tetrahydroxy-24-methyl-B-homo-7- 
oxa-%cholestan-6-one (1) by spectroscopic data 
including X-ray analysis 143. Thus, brassinolide rep- 
resents the first naturally occurring steroid with an 
unprecedented seven-membered lactone B-ring and two 
vicinal diol functions at ring A and the side chain. Because 
of its scarcity, interesting novel structural features and 
dramatic ability to accelerate plant growth, much effort 
has been devoted in recent years to the search for further 
natural brassinosteroids, to the synthesis of brassinolide 
and its analogues and to the study of their biological 
activity and physiological function. Promising results in 
the application of brassinosteroids to produce increased 
crop yields have also been reported [S-I 33. Thompson et 
al. [14] described the discovery of brassinolide (1) as 
‘perhaps the most important discovery of the plant 
physiologists and biochemists since the discovery of 
gibberellic acid’. The present review includes the structure, 
occurrence, synthesis and bioactivity of this new class of 
steroidal plant growth regulators which may be regarded 
possibly as a sixth group of phytohormones. 

STRUCTURE AND OCCURRENCE 

Since the discovery of brassinolide (1) as many as 13 
further native brassinosteroids 2-14 (Scheme 1) have been 

*To whom correspondence should be. addressed. 

found in species of different plant families. Structurally 
they exhibit either the 7-membered 7-oxalactone 
B-ring but differing in the C-24 substitution of the side 
chain moiety (l-5) or they are the corresponding 6-0x0 
steroids with a normal 6-membered B-ring (6-12). 
6-Deoxocastasterone (13) and 6-deoxodolichosterone 
(14) lack the B-ring oxygen function. All these brassino- 
steroids are 2a,3a,22R,23R_tetrols with the exception of 2- 
deoxycastasterone (typhasterol, 11) and teasterone (12) 
which show only one 3a- and 3j%hydroxy group in ring A, 
respectively. 

The isolation of brassinolide (1) from rape pollen was 
achieved by successive silica gel chromatography of the 
i-propanol extract followed by C,,Hi-flosil chromato- 
graphy and HPLC. To guide the separation the bean 
second-internode bioassay was used [4]. Most of the later 
published isolation procedures of brassinosteroids in- 
clude methanol extraction, column chromatography, gel 
filtration, partition processes and finally HPLC combined 
with a bioassay (lit. see Table 1). In a few cases preparative 
TLC was involved [35] or used instead of HPLC for the 
final separation [ 181. 

The microanalysis of brassinolide (1) and other brassi- 
nosteroids using GLC and GC/MS has been investigated 
and the corresponding bismethaneboranates were found 
to be more suitable derivatives then the trimethylsilyl 
ethers [17,36]. By means of GC/CIMS and a com- 
puterized selected ion monitoring program picogram 
amounts of brassinosteroids could be detected in plants 
[19,36,37] and this method has been widely applied for 
screening and detection of new brassinosteroids 
[16, l&20-22,25,28-30,351. Very recently the pro- 
duction of monoclonal antibodies to the synthetic 24- 
epibrassinolide in CAFl mice has been described and an 
enzyme-linked immunosorbent assay (ELISA) used for 
the examination of brassinolide (1) distribution in 
Brassica napus tissues [38]. 

The occurrences of native brassinosteroids are shown in 
Table 1. Among the investigated plant sources are such 
agriculturally important species as rape, rice, tea, Chinese 
cabbage and beans as well as the Gymnosperms Pinus 
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Scheme 1. Structure of natural brasainmtcroids 

thubergd and Picea si~chensis indicating a wide distri- 
bution in the plant kingdom. The detected amounts vary 
from 0.1 ng/kg (ethylbrassinonc. 7, from fruit of Brassicu 
campcswis var. pekinensis [ 163) up to 100 rcgflrg (brassi- 
nolidc. 1, from pollen of Bmsica napus [4]). The 
chemotaxonomical aspects of braxsinosteroid distri- 
bution have not been considered. However, the results 
obtainal so far show that, as in the case of gibbcrellin 
phytohormoncs, a spa~rum of different compounds are 
found but the major component an vary in different 
plant spccier Thus, brassinolide (1) represents the main 
constituent in Brassico nupus [43 whereas caStastcronc 
(6) is the predominant compound in Tlva sinmsis 
Cl63 or Pharbitis prpureu 1293 while dolicholide (4) 
prcdominrtu in Dolicho5 lablab [22]. 

Intcrutingly. in insect galls of Distylium roccmosnm the 
amounts OfcPstastcrone (@and bras&one (8) were found 
to be 20-300 times higher than in the leaves of the same 
plant and the bctone type brassinoxtcroids were present 
only in leaves but not in insect galls [193. On the other 
hand in comparative investigations of shoot, leaf, dower- 
bud and insect gall of the chestnut tree all tissues were 
found to contain cast~fcrone (6) and 6dcoxocasta- 
sterone (13) with a higher content of the latter compound. 
Additionally, a small amount of braxsinolidc (1) wax 

detected in the galL The larvae from the galls contained 
only a trace of bioactivity showing that activity of the galls 
is excluxively due to the plant tissue [20, 261. 

No results concerning the biosynthesis of brassino- 
steroids have been published to date and experiments 
using radioactive compounds arc nccesary. The bio- 
synthesis should presumably commence from the cor- 
responding stcrols, e.g. brassicasterol or 24methylcne- 
cholesterol for the C1*-brassinostcroids. For the bio- 
synthesis of the 2uJadihydroxy moiety from a 3/I?- 
hydroxy precursor different pathways via ketol or epoxide 
intermediates have been discussed [39]. The 64~x0 type 
brassinostaoids are assumed to be biosynthetic pre- 
cursors of the corresponding ‘I-oxolactone compounds, 
especially castasttrone (6) for brassinolidc (1) l&23.40] 
and brassinone (8) for 28-nor-brassinolidc (3) / 163. The 6- 
dcoxo brassinostcroids 13 and 14 have been considered 
[25] as putative precursors for their rcspcaive boxo 
analogucs 6 and 9. respectively, and the 3/Shydroxy 
compound teasteronc (12) was assumed to be the bio- 
synthetic intermediate to typhasterol (11) and further to 
costasterone (6) and brassinolide (1) on the basis of their 
common ocxurrencc in 75~0 sincnsis [33]. On the other 
hand from the absence of 7-oxalactonc type brassino- 
steroids, e.g. in Phurbitir purprea [29], as well as from the 
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time course of rice lamina inclination induced by casta- SYNTHUIS OF MASSIN~OILB 
steronc (6) and brassinolide (l), it was suggested [40] tbat 
the Goxo type members have their own phyeiological 
function in plants without prior transformation to the 

Soon after the structun elucidation of brassinolide (1) 

corresponding lactoncs 
its first syntheses were published [41,42] aA since that 
time brassinostcroid syntbcsis has remained a field of 
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tremendous activity. For the chemical synthesis of braasi- 
nosteroids starting from a suitable steroidal precursor 
the typical A/B ring functionalixation and the construc- 
tion of the dihydroxylated side chain moiety including the 
asymmetric centres at C-22, C-23 and C-24 are necessary. 
The Latter problem has been solved by two different 
strategies. Either a C-22 akiehyde was used for the possible 
stereoselective side chain construction or the desired 
2223diol function was introduced into a precursor with 
an intact sterol side chain. In the following account these 
fundamental pathways are discussed and their application 
is described in the synthesis of specific brassinosteroids 
(Table 2). 

AJB-FunctionalizaGon 

In nearly all syntheses a A’3/Lhydroxy starting 
steroid (15) is transformed into a A’&oxo compound 
(22) representing a suitable intermediate for the synthesis 
of both 6-oxo and 7-oxalactonc type brassinosteroids. 
This transformation has been achieved via cyclosteroid 
formation or hydroboration as key reactions (Scheme 2). 

In the first case a mesylate or tosylate of 15 was 
solvolysed to thecorresponding 3,S-cyclosteroid 16 which 
gave upon oxidation, e.g. with the CrO,-pyridine com- 
plex or PCC, a 3,S-cycMi-oxo-compound 17 
[ 14,26,43473. Upon reaction with DMSO-NaOAc the 
mesylatc of 15 could be transformed also directly to 17 in 
32 % yield 1483. The conversion of 17 to 22 was realized 

via reaction to the hydroxyketone 18 [ 14,433 followed by 
treatment of a corresponding mesylate 19 or tosylate with 
Li&O, [42] or LiBr [14,39.41,43,49]. A modified 
sequence to 22 leads via hydrogen halogenide catalyscd 
rearrangement of 17 to 2@ and subsequent elimination 
[47, SO, 511. Compound 22 was also directly obtained 
from 17 upon reaction with pTsOH-sulpholane [44+i]. 

The second pathway to 22 involves hydroboration of a 
15-mesylate followed by oxidation of the obtained 
6fl-hydroxy compound 21 with Jones reagent [42] or 
FCC [41,49] to 19 and subsequent elimination as 
described above. With an overall yield of 63% this 
sequence represents the most superior way to the key 
intermediate 22. Also, ergosteryl acetate (23) has been 
used as starting material for 22 via 17. Thus, compound 23 
was transformed to the corresponding 3,S-cyclosteroid 24 
and further oxidized to the A’-&oxo derivative 25. 
Subsequent reduction with Li-liquid NH, gave 17 [43]. 
On the other hand reduction of the crgosterol l&cyclo 
adduct 26 led to the corresponding 3&hydroxy-As- 
compound 15 as well as its A’-isomer [So]. 

Reaction of A’-6-ketones 22 with OsO* [42] or 
OsO.-NMMNO [41] results in stereospecilic hydroxy- 
lation to the 24,3adihydroxy+oxo compounds 27 thus 
yielding the typical A/B structural feature of the native 
brassinosteroids (610). Subsequent Bayer-Villiger oxi- 
dation of 27 or preferably oxidation of the corresponding 
2,3diacetate and saponification, gives up to 90% of the 
desired ‘I-oxalactones 28 with the final A/B-structural 

Table 2. Synthesis of brassinostaoids and rkcted plrplogues 

Starting compound Final product SW Yield References 

(2M)-6&Mc~hoxy-3qSqclyclo-5a-pregnane-2O-carboxyaMehyde 
(2&Q-3/I-Hydroxy-prcgngn-&-2O-carboxyaldehyde- 
3-tctrahydropyranykthcr 
Brlusicastcrol/22deydrocampcsterol 
Stigmastcrol 

(2OR)-3~.2~Dihydroxy-prcgn-S-cn-3-tetrahydro- 
pyranylether-2Wosylate 
(H)~6~Methoxy-L~lo-50-prcgnane-M 
mrboxyaldehydc 
(20S)6&Melhoxy-~5l~~-~~ane-2~ 
carboxyaldchyde 

Stigmstcrol 

22-Dehydroaunpe-sterol 3 

Stigmastcrol 4 

Stigmaaterol 
(~B-Acctoxy-~Scycl~~-prrgnanc 
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5 
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!Wanc 2. Pathwaya for A/Bfunctionalization in the synthesis of brassinosteroid. 

features of the lactonc+pc brassinostaoids l-5 
[14,41,42,45,52,53]. Thus, in the syntheses of 7-oxa- 
lactoncs the corresponding 6-oxo type members often 
OCN a8 intermediates. Huang-Mittlon reduction of the b 
0x0 pr ecursora (27) with the appropriate side chain led 
smoothly to ddeoxocastastaone (13) and 6dcoxo- 
dolicho8terone (14). respectively [53]. 

For 8tructurc-activity relationships a multitude of 
bra8sinoeteroid analoguar of the 6-oxo and lactone type 
have been prepa& in which the substitution pattern of 
ring A is mod&d. Among them are compounds with 
tmtntbetitutai ring A 139.541, ZaJazpoxy, 2/%mcthoxy, 
3ehydroxy. 2/.lJc+dihydroxy [39], k-hydroxy, 38 
hydroxy, 3sxo&%xdihydroxy and A’ umaturatal[54] 
ftmctions Al8o included i8 the synthe8is of the native 
prccumor typhastcrol (11) [52]. Effort8 to syntheii 
lactam and thiolactam analog via B&mann rcar- 
ratlgCmCIlt Of cOtTC8pondittg tiximes and 8UbseqUCnt 
thiation have kd only to the i8omcric 6-aza-7-0~0 lactams 
and the corresponding thiolactam8 [27,55]. 

Side chain construction 

The starting material for most of the brassinolide 
8yntiteses is a 22-aldehyde of the type 29 (Scheme 3) which 
is readily available from dinorchoknic acid [56] or 
stigmastcrol[46,57-593. Iahiguro et al. [41,52] used a 22- 
akkhyde (29) with a THP-cthcr protbctcd 3/3-hydroxy 
group which wn8 reacted with 3-methylbut-l-ynyl-Li to 
give a 1: 1 ratio of cpimcrk 22-alcohols. Reduction of the 
8cparatcd (22R)eompound (30) with Lindlar catalyst to a 
cis++c alcohol followzd by Sherpkss epoxidation with 
~-BuOOH-VO(acac)l led stcrcospc&cally to the 
(UR,23R)-cpoxide (31). Attempt8 to introduce the 24- 
methyl group, e.g. with Me,Al, MezCuLi or 
MeMgBr/CuI, were unsuccessful Therefore, the nitrile 
alcohol 32 wa8 prepared and the cyano-function trans- 
formed in a further 8cquence to the (24S)-methyl group of 

the brassinolide side chain (33). Later it was found 
[U, 601 that a direct methylation of 31 can be realized 
with MejAl-n-BuLi which enabled a sign&ant shorten- 
ing of the pathway and a higher yield of bra8sinolide (1). 

The bras.sinolide synthesis described by Fung 
and Siddall [42] involves stcrcosclactive alkyl- 
ation of a 3,5-@o&mcthoxyaldehydc (29) with 
Li+ [Mc~BuA~CH=CMCCHMC~]- to yield the major 
(22Rwhol 34. Epoxidation to 35 followed by anti- 
Markovnikov reduction with LiBH.-BHI*THF gave 
after inversion at C-24 the preferred (22R,23R,24Sb 
bras8inolide side chain 33. 

More raxntly similar principles of side chain con- 
struction were applied to the synthesis of other bra&no- 
steroid8 using various alkylation reagents such as 
MelCHC=CMgBr 1473. Br+CHCH$iyF 1601, 
Li+ [MelBuAICH=CMcCHMe~]- , and 
Li(LrCCHIMez [52]. 

In a further brassinolide synthesis published by the 
Mori group [45,46] (2Rb( + )-(2,3dimethyl)-pentyl- 
phenylsulphone wa8 usal a8 a preformed chiral building 
block, availabk in 10 step8 from (RH + )eitronellk acid. 
G&anion addition to 29 and acetylation led to the 
acetoxysulphon 36 which wa.8 reduced with Na-amalgam 
to the (24~A”-ol& 37. Its further transformation to 33 
followed the epoxidation pathway a8 described in the next 
Jection. More recently another reaction sequence to the 
(24S)-A”-okfin side chain (37) starting from 29 was 
developed by Anastasia et al. [47]. 

A quite variable method for the brassinostcroid Didc 
chain construction ha8 been developed by Takatsuto and 
Ikekawa [59,62,63] tt8ing the chelationcontrolled 
Grignard rcaaction for a staeo8ckctive introduction of the 
desired (22RJ3R)diol function. Thus, from 29 with 1,3- 
dithiane lithium the (22R)dithian wa8 obtained and its 
MOM-ether 38 wlls treated with HgO-BF, to yield the 
23-aldehydc 39. Chelationcontrolled Grignard rauztion 
with iso_BuMgBr and removal of the MOM group gave 
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Scheme 3. Construction of tbc brashsteroid side chain. 

the 2B-aorbrassinolidc side chain 48 [62]. Similarly 
@ignard addition of CHI=C(M Br)CHMq permitted 
synthesis of dolicholide (4) [S9,62&nd dolichostcrone (9) 
[S9]. With bPr-MgBr the brass&steroid analogucs of 
the 26,27-bisnor series arc available 1633. 

The synthesis of the brassinolide side chant developed 
by Donaubaucr et al. [64] involves the aldol reaction of 29 
with the Li-salt of 2,3dimcthylbutenolidc as a key 
readon leading to the major (22R,23R~isomcric 
hydroxybutmolide 41. Hydrogenation followed by re 
ductive lactone opening with m gave 42. An elimi- 
nation sequence for the additional 2Chydroxyl function 
led to the desired compound 33. A modified reaction 
sequence to 33 using 3-iso-propylbut-Zcnolide as side 
chain precurso r was also described by the same authors 
[Ml. 

Another stereosclcctive route to the brassinolide side 
chain involves reaction of 29 with the lithium salt 
of 2-(MalPhSitl-iodo-1-propcae to give the major 
(22!+allylic alcohol 43. Silyl-group assisted Sharpless 
epoxidation and elimination of the MesPhSi function 
with *BqNF led to an epoxy alcohol which was tranc 
formed to the bcnxyletha 44. The completion of the 
side chain moiety was achieved upon alkylation of U with 
(iso-Pr)lCu(CN)Li, followed by LiiNH, dcprotcction to 
give 33 [65]. 

Very recently a further pathway to 33 starting from a 
(2ORhtosyloxy steroid 45 prcparcd from prcgncnolone 
has been described [66]. Thus, the construction of the 
brassinolide side chain was carried out by alkylation of 45 
with a protected f&cyanhydrin building block followed 
by acid and base treatment to give the A”-22-0~0 
intermediate 46. Reduction of 46 with Dibal-H led 
stcrcosclcctively to the (22R)-allylic alcohol 34 which was 
further transformed to 33 as described above. 

Made of an inrocf side chain 

As a starting material with a preformed side chain the 
A’*“-unsaturated compounds 22dchydrocampcstcrol- 
bmssicastcrol [ 141, bmssicastcrol [48], stigmastcrol 
[39,44,45,53,55,60,67-711. ergosterol [43,50,72,73], 
22dehydrocholcstcrol [49] and porifastcrol [74] have 
ban uxd for brassinostcroid synthesis. In all these cases 
the introduction of the ncccwary vicinal22JZidiol fune 
tion was effected either upon direct OsO,-hydroxylation 
or epoxidation followed by epoxide 6ssion (Scheme4j 
When applied to the synthesis of native brassinostcroids 
by both routes the main problem consists in the achicve- 
ment of suEcicnt stereoselectivity with regard to the 
desired (22R,23R)-ax@uation. 

The stcrcochemistry of the hydroxylation of (22&A”- 
precursors 47 with OsO* or OsOd-NMMNO was found 
to be influenced strongly by the configuration of the 24- 
alkyl group. Unfortunately (2-y] substitution dircc- 
ted the hydroxykttion prefcrcntially to the (22S,23!+ 
contiguration 48 and the desired (22R,23R)-epimer 49 
was either not isolated 127.44.453 or only obtained in low 
yield [14,39,47,68,71,75]. Thus, starting from the 24 
cpimcric mixture of 22dehydrocampcstcrol and brassica- 
stcrol this reaction was used for the synthesis of brassi- 
nolide (1) with a quite low overall yield [ 14 Otherwise, 
the direct OsO&ydroxylation of (24eA 1. ‘-precursors 
was applied as a suitable method for the preparation of 
(22&23.S)-epimeric brassinostcroid analoguca such as 
(22&23S)homobrassinolide from stigmastcro1[45]. 

From (24Rwylated A”-p ramrsors (47) Oso,- 
hydroxylation gave both cpimcric (22R.23R)- and 
(22&23S)diols 50 and 51, respectively. in either an equal 
1:1rati0[43,50,72_75],a3:5rati0[~]0ra1:2rati0 
[74]. In this manner brassinostcroid analogues of the 
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52 53 59 60 63 

Scheme 4. Modilkation of a preformed side chain in the syntbeais of brassinostcroid. 

(24R)series, including 24-epibrassinolide. were available 
in a five-step sequence starting from brassicasterol[48]. 

Hydroxylation of (22E~22dehydrocholesterol with 
CkO,-NMMNO led to both epimeric dials 52 and 53 in 
7: 3 [75] and 2: 5 [49] ratios, respectively, from which the 
(22R,23R)-epimer 52 was further transformed to 28- 
norbrassinolidc (3) [49]. However, when this h droxy- 
lation was applied to a A”-precursor with a A 1 &oxo- 
function the reaction proceeded stereoselectively to a 
(22S,23S)diol (53) [SS]. OsO&ydroxylation of (22Z)- 
22dehydrocholesterol under more drastic conditions 
yielded thecorresponding (22R,23S)- and (22&23R~ols 
in a 7: 1 ratio [49]. 

As a more stereoselective route to the (22R,23R)diol 
side chain in the (24Qalkylated series, the intermediate 
47 was reacted with MCPBA to give a mixture of 
stereoisomeric epoxides (54). Tranr-opening of the 
epoxide ring with HBr and acetylation to regis and 
stereoisomeric bromoacetates 55and 56 followed by SN2- 
substitution of bromine by the acetoxy function led to 
both separable epimeric diacctates 57 and 5&l and further 
lo the dials 48 and 49. When applied to the synthesis of 
brassinolide (1) [45,46] and homobrassinolide (2) 
162,671 thusgavea3:2[45,67] and 10:9ratio [62] ofthe 
corresponding (22R.23Rb and (22&23S)diol inter- 
mediates 49 and 48, respectively. 

In a mod&d procedure, ring opening of the stereo- 
isomeric epoxides (54) with Ph2Sc2-NaBH* yielded a 
regioisomeric mixture containing 59 which was trans- 
formed with 30% H202 lo the allylic alcohol 60. 
Corresponding intermediates of 40 (R = Me or Et) are 
also available from 22-aldehydes as described in the 
foregoing section [53.61] or from ergosterol [73]. 
Epoxidation with MCPBA to 61 and altinium iso- 
propoxide catalysed rearrangement afforded, depending 
upon the C-24 substituent, the methylenediol or ethylide- 
nediol side chain 62 and 63. respectively. This reaction 
procedure has been used for the synthesis of dolicholide 
(4) [53,61] and homodolicholide (5) C53.69.761 as well as 
the corresponding 6-oxo-type members dolichosterone 
(9) [53] and homodolichosterone (10) [53.70,76]. 

BIOACTIVITY 

Brassinosteroids are potent plant growth promoters in 
a number of different test systems and act in many cases in 

a synergistic manner with auxin. In the bean second- 
internode bioassay brassinolide (1) produced nearly 
200% increase in elongation of the internode. The 
increased aU division response was manifested by curva- 
ture, swelling and a dramatic splitting of the second 
internode 143. Also, a high biological activity in the 
elongation test with wheat coleoptile has been observed 
1413. In comparative studies in selected auxin bioassays 
compound 1 elicited responses similar to IAA in bioassays 
based upon bean hypocotyl hook opening, elongation of 
maize mesocotyl, pea epicotyl and azuki bean epicotyl 
sections, and fresh weight increases in Jerusalem artichoke 
and pea epicotyl sections. However, only about 50% of 
the IAA responses were elicited in the maize mesocotyl, 
bean hypocotyl hook and JerusaIem artichoke bioassays. 
A powerful synergism between compound 1 and IAA was 
observed in the azuki bean, pea epicotyl and bean 
hypocotyl hook bioassay [77]. With compound 1 and 
IAA a synergistic effect has been observed on growth of 
sheath pulvini of grasses [78]. 

Compared lo GA, brassinolide (1) was found to be 
highly active in elongation bioassays employing the dwarf 
pea epicotyl and etiolated bean hypocotyl. Like GAS 
compound 1 also inhibited betacyanin accumulation in 
Amaranlhus seedlings and prevented adventitious root 
initiation in hypocotyls of mung bean, dwarf bean and 
cucumber. Unlike the case with IAA, compound 1 does 
not interact synergistically with GA, [79]. The growth 
rate of mung bean hypocotyls was used for evaluating the 
effect of 1 on cell elongation whereas growth stimulation 
was observed at lo- lo M and above. GA3 showed an 
additive relationship at 10-9-10-* M of 1 in this test 
system which suggested that the two growth promoters 
may independently act 81 the ceUular level [80]. Recent 
studies on the place of 24epibrassinolide in the sequential 
response lo plant hormones in elongating tissue from peas 
and wheat showed that the sensitivity to the brassino- 
steroid occurs after that to GA3 and begins before 
sensitivity to IAA [81]. 

With the rice lamina inclination test a specific and 
highly sensitive bioassay for brassinosteroids has been 
developed in which compounds 1 and 2 stimulated the 
lamina inclination of excised leaflamina at concentrations 
of 0.0005 and 0.005 pg/ml. respectively. IM showed a 
similar, but only weak effect, at SOpg/ml [82]. 
Subsequently the rice cultivars Arborio J-l and 
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Nihonbarc were found to be the most suitable plants for 
this microquantitative brassinosteroid bioassay. Addition 
of cytokinin reduced the promoting effect of brassinolidc 
suggesting that this test cafe be used also for detection of 
antibrassinostcroids [40]. A similar kaflamina bending in 
intact dwarf rice seedlings was observed for the synthetic 
brassinolide analoguc with (22$23S,24R~nfiguration 
[83]. For the bean first internode bioassay usal for 
brassinosteroid detection [ 14,753 a very sensitive madifi- 
cation has been developed allowing the detection of 
1 pmole of 24-cpibrassinolide [84]. For bioassay of 
brassinosteroids with intact plants radish (Ropluurus 
sutivus) and tomato (Lycoj~sicon oexulmtum) have been 
introduced aa suitable objects whereas promoted elon- 
gations of cotyledon petioks and hypocotyls of young 
plants at brassinolide concentrations as low as 0.01 ppm 

were observed. Auxins and gibbcrellins arc also active but 
only at the 10 ppm level [85]. 

For structurcactivity relationships most of the 
native brassinosteroids and many of the synthetic 
analogucs have been tested in different bioassays 
[ 14,39,43,74,75,82,85]. Table 3 summa&es the rela- 
tive activities of side chain mod&l brasainostcroidn in 
four diKerent test systems n&d to the most active 
member, brassinolide (1). Going from the 7-oxalactone to 
the 6-0x0 type (e.g. 1 + 6 or 2 + 7) the responses were 
much weaker. Thus, castasterone (6) gave about 50% of 
the brassinolide response in the rice lamina inclination 
and barn first internode bioassay% The relatively high 
activities of some synthetic analogucs with a mod&d side 
chain such as 24upibrassinolidc, (22S,23S,24Rb 
brassinolidc [74,75,85] and 27,28-bisnorbrassinolidide 

Table 3. ReLtivc bioactivity of natural brtinostaoids and side ctin modified analoguu 

Rice Ban 1st 
7-Oxatactone type Raphanus* Tomato* lamha* internode? Ret- 

HO.. 
. . 

HO 

R = -... Nu 
OH 

HO -. . . A+ 
OH 

HO 

OH 

HO 

(1) 100 100 loo 547 74,75,85 

I 100 180 74.75,85 

10 5 25 7475.85 

10 85 

10 

249 75 

10 10 198 74, 75,85 
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Table 3. (Continued) 

I795 

Ria &an Irt 
7-ox8l&ztone type R~~IIUB+ Tomato* Iamino* intcmodct RdCEMXS 

. . ..py 100 3 5-10 189 74,75,85 

6” 

“P 

-... r--c 3 1 50 141 74,75.85 

AH 

“0 / 

-..* ir, I 1 10 74.85 

OH 

/ : * 
. . . . ..r 

6” 

. . . ..K. 
i)H 

HO 

-... II-, 
iI" 

HO 

=YTf 
OH 

HO 

-... l+ 
OH 

HO 

OH 

HO 

0.5 1 5 74.85 

10 I 1 7 74,75.85 

1 0.1 0.1 74.85 

1 0.5 0.05 74,85 

100 100 63 

33 75 

210 75 

HO 

1 0.3 2 85.86 
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Table 3. (Continued) 

Rice Bun 1st 
Raphams* Tomato* hmina* intcmodct Rd- 

l-2 85.86 

HO 

. .._ 

OH 

HO HO 

‘... 

OH 

._ 
‘. 

OH 2 

HO 0.001 

0 

85 

85 

75 

86 

86 

GKctotypc 

HO.... 

HO 

-. NY 

-. (6) 
50 273 74,75 

R= 

OH 

HO 

-_ 
. . hc (7) 1 0.3 50 75 74.75,85 

OH 

HO 

*... 

ir, 
(8) 3 

OH 

HO 

1 5 17 74,75,85 

216 75 



179-l 

Table 3. (C-) 

Rice Ban 1st 

bKaotype R@UIUS* Tomao* lamins+ intcmo&t Rdcrcnces 

HO 

. . . . lv 
OH 

HO *..* r+ 
OH 

0.1 1 14.85 

0.03 0.5 X,85 

0.3 0.3 0.1 32 74.75.85 

10 50 

35 

63 

75 

86 75 

*Activity cxprewul as a pcmentagc of the activity of bnssionolklc (1). 
t %Growtb over Mxin-trated controL 

[63] seems remarkable. For the 2uJa-vicinal diol and the 
22J3-vicinal dial function of 1 two binding sites on a 
receptor has been assumed [SS]. However, systematic 
modifications at ring A of homobrassinolide showal that 
analogucs with a 3uJc+diol or 3a-al function instcdd of a 
2uJadiol still gave SO and 10 % responses, rcapa%ively. of 
2 in the rice lamina test [W]. Also, the native 3a- 
substituted member 2dcoxycastastcrone (11)1 M well as 
the 3&hydroxylatcd kastcrone (12), exhibit 10% 
brassinolide activity in the rice Iamina inclination bit+ 
assay 1393. Substitution of the &oxo-7dxalactone fune 
tion by the isomcrk 6-oxa-7-oxohctone led to a dramatic 
loss of activity 154,753 similar to that found for 64ua-7- 
0x0 lactams and thiolactam analogucs [27.55-J. 

The knowledge about the struaurcrrtivity reMon- 
ships of brassinostcroids has been further developed in 
several publications [ 14,54,63,75,853. The most recently 

postulatal structural rapiircmcnts for a high bra&no- 
steroid activity are the following: (22RJ3R)kinal dial 
moiety, (24Qmethyl or ethyl group, 7-oxalactone or 6. 
0x0 functionality in the Bring, 3u-hydroxy group, 2z,k- 
vicinal dial or 3aJakinal dial and A/Beans-fused ring 
junction 1541. However, until now A/B-&-funal brassi- 
nosteroids have not been prqred and in some patents 
synthetic brassinostcroida with high plant growth pro- 
moting activity having a 17-aIkyL. 17-alkcnyL [9] and 22- 
ctIlersidechain [lo] wcrc&imai. 

E!Exta to explore tbc physiologkal function and mode 
of action of the brassinosteroids 8re f& on two main . . 
duemom It has been shown that 24qiMlide 
induced growth stimulation in Azuki ban cpkotyl seg- 
mcntswaa asxociatedwithanincraaeofacidaazretion 
and by an early hypcrpolarixation of the transmcmbrane 
clcctrial potential aa found for IAA [87J. In root 
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segments of maize 24-cpibrassinolide induced a sign& 
cant stimulation of root growth, also associated with an 
increase of acid secretion aecompaniai by hyperpolar- 
ization of the transmembranc electtie potential. 
Contrariwise, iAA inhibited acid secretion and dcpolar- 
ixed the membrane potential in maize root segments, 
suggesting an action of two different hormone types on 
the proton pump via two di&rent mechanisms [SS]. 

On the other hand it has been found that the 
(22&23S,24R)-analogue of compound I stimulates se- 
veral fold the auxin-induced ethylene production by 
etiolatcd mung bean hypoeotyl segments in a synergistic 
manner with active auxins [89]. Also cytokinin interacts 
with this brassinosttroid in sling ethylene produe- 
tion [90] and Ca’+ acts synergistically [9]. The particular 
step of the ~in~t~oid-ids ethylene production 
process influenced in mung bean hypocotyls was found to 
be between SAM and ACC. The results led to the 
conclusion that this effect oaztrs through increased JAA 
activity resulting in increased ACC synthase activity [91]. 
Recently, studies on the relationship of steroidal structure 
to ethylene production by etiolated mung bean segments 
using compound 1 and a series of analogucs confirmed 
stringent structural requirements for this effect and a 
btassinolide&c activity. Thus, changing the eot@ur- 
ation from (22R,23R) to (22S.23S) or from (240 to 
(24~~mcthyl did not very much reduce the efficiency to 
stimulate ethylene production alone or in combiition 
with IAA. However, removal of the side chain hydroxyls 
eauscd inactivity similar to that found for removing the 7- 
oxa function on ring B. Thus, concordant structural 
tquirements for activity in growth-based bioassays of 
brassinosteroids and brassinostcroids plus IAA enhance- 
ment of ethylene biosynthesis have been confIrmed. These 
findings provided more support for the hypothesis that 
brassinosteroids may require endogenous auxin for 80 
tivity [92]. Further physiolo~ effects of brassino- 
steroids are summa&& in ref. [89]. 
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