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ABSTRACT

A number of novel brassinosteroid analogues were

synthesized and subjected to the rice leaf lamina

inclination bioassay. Modified B-ring analogues in-

cluded lactam, thiolactone, cyclic ether, ketone,

hydroxyl, and exocyclic methylene derivatives of

brassinolide. Those derivatives containing polar

functional groups retained considerable bioactivity,

whereas the exocyclic methylene compounds were

devoid of activity. Analogues containing normal

alkyl and cycloalkyl substituents at C-24 (in place of

the isopropyl group of brassinolide) showed an in-

verse relationship between activity and chain length

or ring size, respectively. The corresponding cyclo-

propyl and cyclobutyl derivatives were significantly

more active than brassinolide and appear to be the

most potent brassinosteroids reported to date. When

synergized with the auxin indole-3-acetic acid

(IAA), their bioactivity can be further enhanced by

1–2 orders of magnitude. The cyclopropyl deriva-

tive, when coapplied with the auxin naphthalene-

acetic acid, gave a significant increase in yield of

wheat in a field trial. Certain 25- and 26-hydroxy

derivatives are known metabolites of brassinoster-

oids. All of the C-25 stereoisomers of 25-hydroxy,

26-hydroxy, and 25,26-dihydroxy derivatives of

brassinolide were prepared and shown to be much

less active than brassinolide. This indicates that they

are likely metabolic deactivation products of the

parent phytohormone. A series of methyl ethers of

brassinolide was synthesized to block deactivation

by glucosylation of the free hydroxyl groups. The

most significant finding was that the compound

where three of the four hydroxyl groups (at C-3, C-

22, and C-23) had been converted to methyl ethers

retained substantial bioactivity. This type of modi-

fication could, in theory, allow brassinolide or 24-

epibrassinolide to resist deactivation and thus offer

greater persistence in field applications. A series of

nonsteroidal mimetics of brassinolide was designed

and synthesized. Two of the mimetics showed sig-

nificant bioactivity and one had bioactivity compa-

rable to brassinolide, but only when formulated and

coapplied with IAA. They thus represent the first

nonsteroidal analogues possessing brassinosteroid

activity.
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INTRODUCTION

Brassinolide (1) is a naturally occurring plant hor-

mone with a highly oxygenated steroidal structure

(Grove and others 1979). It manifests biological

activity at doses as low as 1 ng/plant in certain

bioassays (vide infra) and has been reported to im-

prove the yields of various commercially important

crops at remarkably low concentrations (for selected

reviews of brassinosteroids, see Cutler and others

1991; Fujioka and Sakurai 1997; Clouse and Sasse

1998; Khripach and others 1999; Sakurai and others

1999). Consequently, much effort has been invested

in the synthesis of 1 and a host of other naturally

occurring brassinosteroids, as well as in the prepa-

ration of novel analogs for the purpose of elucidat-

ing structure–activity relationships (SAR). Despite

the synthetic efforts of several groups (for reviews,

see Back 1995; Khripach and others 1999; McMorris

1999), brassinolide and its natural and synthetic

congeners generally remain too expensive for large-

scale commercial applications. This has prompted

the search for more efficacious analogues than 1,

which is generally considered the most potent of the

naturally occurring brassinosteroids, as well as re-

cent efforts toward the design of novel, nonsteroidal

structures, based on our growing understanding of

brassinosteroid SAR. The potentially simpler struc-

tures and greater ease of synthesis of such mimetics

offers the prospect of cheaper compounds that

would be more suitable for commercial exploitation

than 1 or other brassinosteroids. This review sum-

marizes our recent work in the area of brassino-

steroid SAR, our attempts to prepare more

efficacious brassinosteroids, and our efforts toward

the design, synthesis, and bioassay of novel non-

steroidal mimetics of 1.

Early SAR studies established that several key

structural features were required for strong bioac-

tivity in brassinosteroids. In the interest of brevity,

only a brief summary of the most salient early ob-

servations follows; for more detailed information on

SAR, the reader is directed to selected key articles

and reviews (Wada and Marumo 1981; Thompson

and others 1982; Takatsuto and others 1983;

Adam and Marquardt 1986; Mandava 1988; Yokota

and Mori 1992; Brosa 1997, 1999; Khripach and

others 1999). Several bioassays have been developed

for measuring the activity of brassinosteroids (for

reviews of bioassays, see Kohout and others 1991;

Brosa 1997; Khripach and others 1999; Takatsuto

and Yokota 1999). The rice leaf lamina inclination

bioassay, using intact rice seedlings (Takeno and

Pharis 1982), appears to be the most widely used

method, although the bean second internode assay,

which was used in the initial studies by Grove and

coworkers (1979), has also seen frequent use. The

bean first internode assay, as well as other assays

utilizing radish, tomato, wheat, and other plants, has

also been employed. Because a given brassinosteroid

can elicit varying responses in different types of bio-

assays, direct comparison of data derived from dis-

similar bioassays must be undertaken with caution.

Similarly, the relative activity of individual com-

pounds does not necessarily remain constant over the

entire dosage range in a given type of assay. Thus,

data measured over a broad range of doses is more

informative than single-dose studies.

The above caveats notwithstanding, some general

conclusions regarding the SAR of brassinosteroids

are possible. The presence of the 2a,3a-diol moiety

is necessary for optimum biological activity. The

absence of either A-ring hydroxyl group, or a

change in their configurations, is accompanied by a

significant loss of bioactivity. The seven-membered

B-ring lactone is needed for the highest level of

activity, although some modifications to the B-ring

are tolerated. For example, castasterone (2), with a

6-keto function, is strongly active, but less so than

brassinolide (1), while typhasterol (3), which con-

tains only one hydroxyl group in the A-ring, as well

as a 6-keto moiety, is the least active of the three

compounds. The complete absence of an oxygen

function in the B-ring, as in the carbocyclic com-

pound 4, results in very low or insignificant activity.

Lactone (5), the 6-oxa-7-oxo isomer of 1, shows

lower activity than brassinolide. The side chain

hydroxyl groups also play an important role in the

bioactivity of brassinosteroids. In general, a vicinal

diol moiety with the 22R,23R configuration, as in 1,

affords optimum activity. Considerable variation is

possible in the side-chain alkyl substituents. Thus,

24-epibrassinolide (6) and 28-homobrassinolide (7)

display relatively strong bioactivity, although gen-

erally lower than that of 1. However, 6 and 7 are

cheaper to synthesize than 1 and so have seen fre-

quent use in field trials. Moreover, brassinosteroids

lacking the C-26, C-27, or C-28 methyl group also

retain substantial bioactivity, as do compounds

containing methylidene or ethylidene groups in

place of the C-24 methyl substituent. For the

structures of 1–7, see Figure 1.

Although most of the SAR studies reported to

date have involved the synthesis of analogues con-

taining systematically modified structures, followed

by appropriate bioassays, molecular modeling has

also been used to further refine our understanding

of these phenomena. In particular, Brosa has de-

veloped modeling protocols designed to rationalize
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the SAR of brassinosteroids as well as explain the

nature of their interactions with brassinosteroid

receptors (Brosa 1996, 1997, 1999).

BIOASSAY PROTOCOLS

In our work on brassinosteroid SAR, we have relied

upon the rice leaf lamina inclination bioassay, using

the cultivar Tan-ginbozu (Takeno and Pharis 1982),

because it provides rapid, convenient, and highly

reproducible measurements. Typically, doses ranged

from subnanogram to 1000- or 10000-ng levels. In

general, 36 rice plants were used for each data

point, with 24 plants employed at doses of 1000 ng

or higher. Because brassinosteroids show synergy

with auxins (for example, see Takeno and Pharis

1982; Mandava 1988; Sasse 1991), all new com-

pounds were tested both alone and in the presence

of indole-3-acetic acid (IAA, a naturally occurring

auxin). The IAA was applied at a dose of 1000 ng,

unless otherwise indicated. The results obtained

with the coapplication of IAA are shown only in

selected plots herein. When thus synergized with

IAA, strongly active brassinosteroids such as 1

consistently show significant bioactivity at doses as

low as 10 pg/individual plant. Furthermore, new

analogues were always run simultaneously along-

side a known standard (usually 1), as well as against

controls consisting of solvent only and IAA plus

solvent. We should note here that IAA (1000 ng)

applied alone has no significant effect on leaf lamina

bending in this intact plant bioassay. Bioassay re-

sults are presented here as plots of leaf lamina angle

versus the dose of brassinosteroid in ng on a loga-

rithmic scale. The leaf lamina angle in untreated

controls is typically 160�–170� (almost upright) and

decreases in response to an active brassinosteroid,

reaching values of 60� or less with relatively high

doses of brassinolide or the most potent analogues.

NOVEL B-RING ANALOGUES OF

BRASSINOLIDE

In an effort to gain additional insight into the role

played by the B-ring lactone moiety of brassinolide

in its bioactivity, we synthesized and bioassayed the

novel analogues 8–13 (Figure 2) (Back and others

1997a; Baron and others 1998). Some previous

work on B-ring lactams, thiolactams, and cyclic

ethers in the 28-homobrassinolide series (in some

cases containing 22,23-diepi configurations) has

shown these compounds to be only weakly active or

inactive in the rice bioassay (Okada and Mori 1983;

Figure 1. Structures of brassinosteroids 1–7.
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Anastasia and others 1984, 1986; Kishi and others

1986). However, because brassinolide is generally

considered the benchmark for brassinosteroid ac-

tivity, we wished to determine the bioactivity of

such compounds when they retain the brassinolide

side chain. Although brassinolide derivatives are

more difficult to prepare than their 28-homo ana-

logues, a new synthetic approach (Back and others

1997b) has allowed us to prepare 1 and 2 in batches

of approximately 5 g, thus providing adequate ma-

terial for further transformation into new ana-

logues. The bioassay results of 8–11 are shown in

Figure 3, along with that of 1 for comparison.

Compounds 12 and 13 displayed no significant ac-

tivity and are not shown in Figure 3. It can be seen

that compounds 8–11 all showed substantial activ-

ity, although significantly lower (by about an order

of magnitude) than that of 1. These results indicate

that neither the oxygen atom at the 7-position nor

the C-6 carbonyl group of brassinolide is essential

for activity. However, the lack of activity of carbo-

cycles 12 and 13 demonstrates that a polar func-

tional group is necessary in the B-ring. Conversely,

the presence of a trigonal planar center at C-6 is not

sufficient for activity if it is part of a nonpolar exo-

cyclic alkene, even if it emulates the flattened ge-

ometry associated with a carbonyl group.

Coapplication of 8–11 with IAA (not shown) ren-

dered these compounds comparable to 1 alone, but

less active than 1 coapplied with IAA. Derivatives 12

and 13 remained essentially inactive even when

IAA was present. The bioactivity of 11 was subse-

quently reexamined by Seto and coworkers

(1999a), who confirmed our results and indicated

that 11 was approximately 1/20th as active as 1.

They also found that the corresponding 7-keto iso-

mer showed weaker activity than the corresponding

6-ketone 11, and the 8-membered B-ring homo-

logue of 11 was almost inactive (Seto and others

1999a, 2002).

The 6a- and 6b-hydroxy reduced analogues of

castasterone (14 and 15, respectively; see Figure 2)

Figure 2. Structures of B-ring analogues 8–16.

Figure 3. Bioassay of compounds 8–11 vs. 1. Data taken

from Figures 4 and 5 of Baron and others (1998).
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displayed significant and comparable activity, which

was, however, lower than that of 1 or 2, and was

strongly synergized by IAA (Sung and others 2000).

During an investigation of the activity of biosyn-

thetic precursors of 1 and 2, Fujioka and coworkers

(1998) reported that the 6a-isomer 14 was inter-

mediate in activity between 2 and the 6-deoxy de-

rivative 4. These results further illustrate that

considerable variation is possible in the B-ring

without complete loss of bioactivity.

The A/B-trans ring junction has been widely re-

garded as necessary for bioactivity. Surprisingly, the

2,3-diepi-5b analogue 16 (Figure 2) showed rela-

tively strong activity in the rice leaf lamina incli-

nation bioassay (Brosa 1996). However, this

discovery has aroused some controversy because it

employed only a single, relatively high dose of 1 lg/

plant (Seto and others 1998, 1999b). The 5a-hyd-

roxy and 5a-fluoro derivatives in several brassino-

steroid series have also been investigated. The

presence of an alcohol substituent at C-5 generally

diminishes bioactivity (Takatsuto and others 1987;

Brosa and others 1998; Ramı́rez and others 2000),

whereas fluorination gives rise to relatively potent

analogues. For example, 5a-fluorotyphasterol is

more active than typhasterol (3) (Ramı́rez and

others 2000).

SIDE CHAIN ANALOGUES THAT ACT AS

‘‘SUPERBRASSINOLIDES’’

As noted earlier, the brassinosteroid side chain tol-

erates considerable variation in its alkyl substitu-

ents. Indeed, even some compounds completely

lacking a side chain at C-17 have been reported to

show measurable activity in the bean second

internode assay (for example, see Kohout and Str-

nad 1989). However, side chain analogues do not

generally display bioactivity exceeding that of

brassinolide (1). We were therefore intrigued by a

report that 25-homobrassinolide (17) is more potent

than 1 in the rice leaf lamina inclination bioassay

(Mori and Takeuchi 1988). This prompted us to

search for new analogues that might be similarly

superior to 1 in this bioassay, compounds we refer

to as ‘‘superbrassinolides.’’ Consequently, we pre-

pared a series of novel derivatives containing chains

of varying length (18–20) and cycloalkyl groups

with different ring sizes (21–24) at C-24 (in lieu of

the isopropyl group present at that position in 1).

See Figure 4 for structures 17–24. The results ob-

tained in the bioassay of 18–20, along with those of

1 and 17 for comparison, are shown in Figure 5

(Back and others 2000a). The bioactivity clearly

increases inversely with the chain length. Thus, the

n-dodecyl derivative 18 shows no activity, while the

n-propyl analogue 20 is strongly active, but less so

than 17 or 1. In our hands there was virtually no

difference between the activities of the latter two

compounds. A similar trend is seen with the cyclo-

alkyl derivatives. Although the cyclohexyl analogue

21 was less active than 1 or 17, the cyclopentyl

compound 22 was comparable to 1 (Figure 6), and

the small-ring derivatives 23 and 24 were more

potent than 1 or 17 (Figure 7). In particular, the

superbrassinolides 23 and 24 are approximately 5–7

times more potent than 1 or 17 and appear to be the

two most strongly active brassinosteroids reported

to date (Back and others 2000a, 2001). Moreover,

the cyclopropyl derivative, when coapplied with

naphthaleneacetic acid, gave a significant increase

in the yield of wheat in a field trial (Back and others

2001). One can speculate that the small-ring com-

Figure 4. Structures of side chain analogues 17–24.
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pounds 23 and 24 have fewer degrees of freedom

than acyclic alkyl substituents, thus permitting

tighter binding with their putative receptor(s). All of

the brassinosteroids 17–24, except for 18, were

strongly synergized by IAA, affording activities 1–2

orders of magnitude stronger than in the absence of

the auxin.

ANALOGUES DESIGNED TO BLOCK

METABOLIC DEACTIVATION OF

BRASSINOSTEROIDS

A limitation to the commercial exploitation of

brassinosteroids in crop production is that they are

metabolized relatively rapidly by plants to less bio-

active products. Repeated exogenous applications

are therefore required to compensate for metabolic

deactivation. Clearly, an improved understanding of

the steps that comprise metabolic deactivation and

the means to block such processes would be useful

in devising more efficacious and persistent brassi-

nosteroids for field applications. Recent work has

shed considerable light on the pathways by which

active brassinosteroids are metabolized in both cell

cultures and intact plants (Yokota and others 1991;

Adam and others 1996; Adam and Schneider 1999;

Khripach and others 1999). For example, metabo-

lism of exogenously applied 24-epibrassinolide (6)

in cell cultures of Lycopersicon esculentum resulted in

enzymatic hydroxylation at C-25 and C-26, fol-

lowed by glucosylation of these sites (Schneider and

others 1994; Hai and others 1995) (Figure 8). The

glucosylated conjugates had low activity in bioas-

says. However, the hydroxylated aglycones 25 and

26 were described as having varying degrees of

bioactivity, up to 10 times that of the parent com-

pound 6 in the case of 25 (Adam and others 1996;

Hai and others 1995; Voigt and others 1996). The

metabolism of brassinolide (1) has also been stud-

ied. Voigt and others (1996) reported that 25-hy-

droxybrassinolide (27) displays comparable

bioactivity to 1 in the rice leaf lamina inclination

bioassay. In contrast, Seto and others (1999c) found

relatively low activity for 27 and for (25S)-26-hy-

droxybrassinolide (28). Thus, although it is gener-

ally agreed that metabolic glucosylation of

brassinosteroids results in deactivation, it appeared

less clear whether enzymatic hydroxylation at C-25

and C-26 represents an activation or deactivation

step. We therefore synthesized 27, 28, and its 25R-

epimer 29, as well as both C-25 epimers (30 and 31,

Figure 5. Bioassay of compounds 17–20 vs. 1. Data

taken from Figure 1 of Back and others (2000a).

Figure 6. Bioassay of compounds 21 and 22 vs. 1 and

17. Data taken from Figure 2 of Back and others (2000a).

Figure 7. Bioassay of compounds 23 and 24 vs. 1 and

17. Data taken from Figure 3 of Back and others (2000a).
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respectively) of the related 25,26-diol (Back and

others 2000b); for structures 27–31, see Figure 9. All

of these hydroxylated derivatives were subjected to

the rice leaf lamina inclination bioassay and proved

to have very low or no activity (Pharis and others

2001). We therefore conclude that hydroxylations

at C-25 and C-26 comprise deactivation pathways in

the case of brassinolide (1).

It is of interest to design novel brassinosteroids in

which metabolic deactivation is precluded by

structural features capable of blocking hydroxyla-

tion at C-25 and C-26. Toward this effect, we pre-

pared the 25-fluoro, 25-aza, and 25-methoxy

derivatives 32–34, respectively (Figure 9). Com-

pounds 32 and 33 proved completely inactive, al-

though 34 displayed strong activity in the rice

bioassay (Back and others 1999). Coapplication of

34 with IAA produced a stronger bending response

than was observed with 1 alone, but not as strong as

that displayed by 1 when IAA was coapplied (Figure

10). At the time of this discovery, the lack of activity

of 32 and 33 suggested that hydroxylation at C-25

was a required step in the biosynthesis of active

brassinosteroids and that this hydroxylation was

blocked by the presence of a heteroatom. The ac-

tivity of 34 was taken as an indication that alkoxy

groups can act as surrogates for free alcohols at C-

25. However, in view of the subsequent negative

bioassay results observed with an authentic sample

of 27 (vide supra), this hypothesis appears to be er-

roneous. In hindsight, the lack of activity of 32 and

33 is probably related to their relatively poor solu-

bilities (and therefore low bioavailability) instead of

their refractory nature toward enzymatic hydroxy-

lation.

Glucosylation of existing hydroxyl groups at C-2,

C-3, and C-23 of brassinosteroids represents, inter

alia, another metabolic deactivation pathway (Yo-

kota and others 1991; Adam and others 1996; Adam

and Schneider 1999; Khripach and others 1999). It

has been demonstrated that brassinosteroids con-

taining 22,23-epoxy groups and ester functions at

Figure 8. Enzymatic hydroxylation and glucosylation of 24-epibrassinolide (6).

Figure 9. Structures of side chain analogues 27–34.
Figure 10. Bioassay of compound 34 vs. 1 with and

without coapplied IAA. Data taken from Figure 1 of Back

and others (1999).
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C-2 and C-3 exhibit greater persistence in the field

than natural brassinosteroids. One such compound,

TS303 (35; Figure 11), is particularly efficacious in

this regard (Kamuro and Takatsuto 1999). Although

this may be partly due to its gradual conversion by

hydrolysis into more active brassinosteroids, it is

also likely that TS303 resists glucosylation, which

contributes to its long-lived activity. We considered

the possibility that glucosylation could be blocked

by converting the free hydroxyl groups of brassi-

nolide into the corresponding methyl ethers. Be-

cause ethers are hydrolytically more stable than

epoxides or esters, such compounds might have

exceptional persistence, provided that O-methyla-

tion did not destroy the bioactivity associated with

the free alcohol groups of 1 in the first place. The

significant bioactivity observed with 34 (Figure 10)

provided some reassurance in this regard. Further-

more, the systematic O-methylation of brassino-

lide’s hydroxyl groups was expected to provide

information on the role that these groups play in

manifesting biological activity through, for example,

hydrogen bonding to the brassinosteroid recep-

tor(s).

We therefore prepared a series of methyl ethers

36–45 (in addition to 34) and subjected them to the

rice leaf lamina inclination bioassay (Luo and others

1998; Back and others 2002). Figure 11 shows the

structures of 35–45, whereas Figure 12 shows that

methylation of the hydroxyl group at C-23 (37) is

more deleterious to bioactivity than methylation of

the hydroxyl group at C-22 (36). Surprisingly,

methylation of both side-chain alcohol groups re-

sulted in the strongly active analogue 38, which is

comparable to 24-epibrassinolide (6) across the en-

tire dosage range (Luo and others 1998). Evidently,

free hydroxyl groups on the brassinosteroid side

chain are not essential for bioactivity. We next ex-

amined the bioactivity of compounds containing

methyl ether groups at C-2 and C-3, with and

without methylation of the side chain hydroxyl

groups (39–43, respectively) (Back and others

2002). Figure 13 shows that compounds 40 and 42
(methyl ethers at C-3) are more active than 39 and

41 (methyl ethers at C-2), suggesting that a free

hydroxyl group at C-2 is more crucial for bioactivity

than at C-3. It is therefore possible that the C-2 al-

cohol functions as a hydrogen bond donor when

interacting with a putative receptor, and that

methylation of this group blocks the required in-

teraction. All of the above methyl ethers were

Figure 11. Structures of TS303 (35) and methyl ethers 36–45.

Figure 12. Bioassay of compounds 36–38 vs. 1 and 6.

Data taken from Figure 2 of Luo and others (1998).
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synergized by IAA and coapplication of 40 or 42

with the auxin produced activity approaching or

comparable to that observed with 1 alone, but lower

than that obtained with 1 plus IAA. In contrast to

25-methoxybrassinolide (34), which was quite

strongly active (Figure 10), additional methylation

of hydroxyl groups at either C-2 or C-3 resulted in

compounds 44 and 45, respectively, with very low

activity (Back and others 2002). The tetramethyl

derivative 43 was essentially inactive, with or

without IAA (Luo and others 1998). The relatively

strong bioactivity of the trimethylated analogue 42,

particularly when it is coapplied with IAA, is par-

ticularly noteworthy as this compound is expected

to be resistant to glucosylation at two of the key

sites (that is, hydroxyl groups at C-3 and C-23)

where glucosylation is known to occur. It remains

to be seen, though, whether this finding will be

translated into greater persistence and efficacy in



further 1–2 orders of magnitude, approaching 10

pg/plant. The synthesis and bioassay of 25- and 26-

hydroxylated derivatives and related congeners of

brassinolide (27–31) has confirmed that, when

formed in vivo, they are the products of metabolic

deactivation, not activation, in plants. The search

for more persistent analogues that resist deactiva-

tion by glucosylation of existing hydroxyl groups

resulted in the discovery of T303 (35) in Japan,

whereas a systematic investigation of O-methylated

brassinosteroids in our laboratory revealed that 42,

where glucosylation is presumably blocked at the

key hydroxyl groups at C-3 and C-23 (as well as at

the less critical C-22), retains considerable bioac-

tivity in the rice bioassay. Finally, compounds 46

and 47 represent the first nonsteroidal mimetics of

brassinolide to date. Compound 47 gives strong

bioactivity when applied under optimized condi-

tions and demonstrates that it is possible to prepare

biologically active nonsteroidal analogues of brassi-

nolide consisting of a relatively rigid scaffolding that

holds key functional groups in the required spatial

orientation to mimic the structure and geometry of

1 and related brassinosteroids. The simpler struc-

tures of such mimetics should result in lower costs

of production, thereby expediting commercial ap-

plications that are currently precluded by the high

cost of brassinosteroids.
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