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Brassinosteroids (BRs) are plant steroid hormones involved in plant growth and environmental adaptation. It is well known that 
oxidation/hydroxylation steps in the BR biosynthetic pathway are catalyzed by cytochrome P450 enzymes. It has been proposed 
that brassinolide is biosynthesized from campesterol via campestanol (CN) in the original BR biosynthetic pathway. However, a 
recent enzymatic analysis of cytochrome P450 enzymes and re-evaluation of the endogenous amount of BRs in BR-deficient mu-
tants included an investigation of the novel BR biosynthetic pathway (CN-independent pathway) not via CN. This review high-
lights comprehensive recent advances in the biochemical research of BR biosynthetic enzymes and the CN-independent pathway. 
This review also focuses the biosynthesis inhibitors and the antagonists/agonists that are utilized not only as plant growth regu-
lators but also as tools for the chemical and biological investigation of the physiological functions of BRs. ​ © Pesticide Science 
Society of Japan
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Introduction

Brassinosteroids (BRs) are a class of plant steroidal hormones 
that have been recognized as a sixth phytohormone that plays 
an essential role in plant growth. BRs have been isolated from 
64 plant species (53 angiosperms, 6 gymnosperms, Equisetum 
arvense (a pteridophyte), Marchantia polymorpha (a bryophyte), 
and 3 algae (Chlorella vulgaris, Cystoseira myrica and Hydrodic-
tyon reticulatum) and have been detected in leaves, stems, roots, 
flowers, pollen, anthers, and seeds as recently as 2011.1) At least 
69 BRs, including 65 free BRs and 5 conjugated BRs, have been 
identified and characterized.1) The various chemical structures 
of BRs can be derived from a 5α-steroid skeleton and are ar-
ranged by the functional groups on the A ring, B ring, and side 
chain.1,2) The most physiologically active compound, brassino-
lide (BL), is a C28 steroid that exists widely in the plant kingdom, 
together with other related BR compounds.1,2) After the isolation 
and structural determination of BL from the pollen of rapeseed 
(Brassica napus) in 1979,3) the second BR, castasterone (CS), was 
isolated from the insect galls of the chestnut (Castanea crenata) 
in 19824) (Fig. 1). Subsequently, numerous BRs have been identi-
fied in various plants.1,2,5) BR biosynthesis research is growing in 
both the chemical approach, including isolation and identifica-

tion of BRs in plants and pulse-chase analysis using labeled syn-
thetic BRs, and in the molecular genetic approaches of exploring 
BR biosynthetic pathways in BR-deficient mutants.1,2,5)

In the 1990s, BR biosynthesis-deficient mutants were discov-
ered in various plants, and BRs were recognized as plant hor-
mones that are indispensable for the physiology of plants.6–8) 
Research involving the chemical analysis of the endogenous 
BRs and the phenotype rescue of BR biosynthesis-deficient mu-
tants by exogenous application of BRs suggested that several 
cytochrome P450 (P450) genes (CYP85A, CYP90A, CYP90B, 
CYP90C, CYP90D, and CYP724) and a reductase (DET2) may be 
involved in oxidation and reduction steps in the BR biosynthetic 
pathway.2,6) However, the above indirect methods have limitations 
when it comes to ascertaining the enzymatic function of each 
P450 and reductase, because the endogenous level of BRs in plants 
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Fig.  1.	 Chemical structures of brassinolide (BL) and castasterone (CS). 
Gray shades are essential groups of BR physiological activities.1,2)
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is extremely low, and the BR biosynthetic pathway forms meta-
bolic grids.9) Therefore, an in vitro enzymatic assay with heterolo-
gously expressed proteins would be a powerful and direct method 
of elucidating the enzymatic functions of the BR biosynthetic 
pathway. Such biochemical analyses have recently revealed the 
functions of BR biosynthetic enzymes that catalyze 5α-reduction, 
C-3 oxidation (oxidation of the 3β-hydroxy group coupled with 
migration of the C-5 double bond), C-22 hydroxylation, C-23 hy-
droxylation, C-6 oxidation, and Baeyer–Villiger oxidation.

1.  P450 enzymes

P450s catalyze the stereospecific oxidation of unactivated hy-
drocarbons. P450s exist ubiquitously in more than 5,000 spe-
cies (3,651 plants, 2,960 fungi, 2,137 insects, 1,461 vertebrates, 
1,042 bacteria, 27 archaea, and 2 viruses).10) In plants, there are 
245 genes in Arabidopsis thaliana, 334 in Oryza sativa, 316 in 
Vitis vinifera, 332 in Glycine max, 71 in Physcomitrella patens, 40 

in Chlamydomonas, and 19 in Volvox.10,11) The number of plant 
P450s is particularly large compared with number in Drosophila 
(87 genes) and humans (56 genes). P450 is a hemoprotein con-
taining heme iron at the active center and a cysteine-derived thio-
late anion coordinated with heme iron. The maximum absorption 
band (Soret band) of reduced P450 is observed at around 420 nm. 
When carbon monoxide is coordinated with the heme iron Fe 
(II) in reduced P450, ultraviolet-visible spectroscopic analysis re-
veals that the Soret band shifts to 450 and 380 nm (“pigment 450 
nm” is the origin of the P450 name). Plant P450s localize to the 
endoplasmic reticulum membrane and catalyze the oxidation of 
substrates by activating molecular oxygen in conjunction with the 
NADPH-P450 reductase. P450 is a widely used target of not only 
fungicides but also plant growth regulators (PGRs).

2.  Campestanol (CN)-dependent pathway

C28 BRs are synthesized from campesterol (CR), which is one of 

Fig.  2.  Conventional proposed BR biosynthetic pathway (CN-dependent pathway).



Vol. 43,  No. 3,  159–167  (2018)	 Novel brassinosteroid shortcut pathway  161

the phytosterols that possess a methyl group at the C-24 position 
in its side chain (Fig. 2). CR is converted to CN via campest-
4-en-3-one (4-en-3-one) and 5α-campestan-3-one (3-one) by 
several BR biosynthetic enzymes.6) CN is then converted to CS 
through one of two pathways, the early C-6 oxidation pathway 
(where the C-6 position is oxidized early) or the late C-6 oxida-
tion pathway (where the C-6 position is oxidized in the final 
step).2) CS is finally converted to BL via Baeyer–Villiger oxida-
tion at the B ring.

On the basis of the chemical analysis of endogenous BRs, it 
was found that 6-deoxoBRs (late C-6 oxidation pathway) are 
predominant over 6-oxoBRs (early C-6 oxidation pathway) in 
most plants. In the original BR biosynthetic pathway, it was pro-
posed that BL is biosynthesized from CR via CN through the 
late C-6 oxidation pathway. In 1997, it was proposed that the 
Arabidopsis DET2 enzyme, which is homologous to mamma-
lian steroid 5α-reductases, acts at the step in which CR is con-
verted to CN.12) Arabidopsis det2 mutants have a small, dark-
green dwarf phenotype in light-regulated development. DET2 
is similar to mammalian steroid 5α-reductases (38 to 42% se-
quence identity with the deduced amino acid levels). The mam-
malian steroid 5α-reductase (Types 1 and 2) has been isolated 
and catalyzes the conversion of testosterone to dihydrotestos-

terone, which is a key step in steroid metabolism. DET2 actually 
catalyzes the reduction of 4-en-3-one to 3-one.13) The phenotype 
of Arabidopsis det2 mutants has been rescued with the overex-
pressed the mammalian steroid 5α-reductase gene.13) These find-
ings opened the door for BR to be recognized as the sixth plant 
hormone and led to the further development of BR biosynthesis 
signaling researches.

3.  C-22 hydroxylation

The phenotype of the Arabidopsis dwf4 mutant exhibits a severe 
dwarf phenotype, and the leaves are dark green with small curls. 
DWF4 encodes a cytochrome P450 protein, CYP90B1.14)

It was assumed that CYP90B1 would catalyze C-22 hydroxyl-
ation based on measurements of the endogenous BR amounts in 
dwf4 mutants and on phenotype rescue experiments involving 
the administration of BR biosynthesis intermediates. Concur-
rently, a novel compound, 22-OHCR with a hydroxyl group at 
the C-22 position, was identified in Arabidopsis, and metabolic 
experiments using the deuterium labeled 22-OHCR showed that 
it was converted to 22-OH-4-en-3-one→22-hydroxycampest-
3-one (22-OH-3-one)→6-deoxocathasterone (6-deoxoCT)15) 
(Fig. 3). This indicated that the early C-22 oxidation pathway 
also functioned in Arabidopsis in parallel with the route from 

Fig.  3.	 BR C-22 and C-23 hydroxylation. CYP90B and 724B function in the BR in early C-22 hydroxylation. CYP90C/D catalyzes the C-23 hydroxyl-
ation of 22-hydroxylated BRs (22-OHCR, 22-OH-4-en-3-one, 22-OH-3-one, 3-epi-6-deoxoCT, and 6-deoxoCT). Gray band shows the main route in C-22 
hydroxylation and C-23 hydroxylation.
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CR to CN. In 2006, Fujita et al. carried out enzymatic chemical 
analysis of the function of recombinant CYP90B1 expressed in 
Escherichia coli and demonstrated that CYP90B1 is a C-22 hy-
droxylase.16) In addition, the catalytic efficiency (kcat/Km) showed 
that the substrate specificity of CYP90B1 was about 300 times 
higher for CR than for CN, indicating that CR is a good sub-
strate of CYP90B1.16) Furthermore, endogenous CR levels are 
more than 50 times higher those of than CN. Taken together, 
these observations suggest that the early C-22 hydroxylation is 
the main route for BR biosynthesis in Arabidopsis.

Molecular evolutionary analysis of plant P450s has shown 
that CYP90B and CYP724 are located in the same cluster, which 
suggests that the two enzymes possess the same function.16) 
A rice cyp724B1 single mutant exhibits a weak phenotype, in-
cluding a shorter seed length, and a cyp90b2 single mutant 
produces only a very weak dwarf phenotype. Additionally, a 
cyp90b2/cyp724B1 double mutant exhibits a remarkable dwarf 
phenotype. This suggests that the two P450s are functionally re-
dundant in rice. The enzymatic characterization of CYP724B1 
and CYP90B2 revealed that the two P450s are C-22 hydroxy-
lases that convert CR to 22OH-CR and CN to 6-deoxoCT and 
that their substrate specificity toward CR is higher than that to-
ward CN. Thus, from the viewpoint of the molecular evolution 
of P450s, it is interesting that CYP724B and CYP90B, belonging 
to two different P450 families, both function as C-22 hydroxy-
lases (Fig. 3).

4.  C-23 hydroxylation

Initially, CYP90A1 was inappropriately attributed to a C-23 hy-
droxylase that converts cathasterone (CT) to teasterone (TE) 
because of a quantitative analysis of endogenous steroid levels 
in an Arabidopsis constitutive photomorphogenesis and dwarf-
ism (cpd) mutant that exhibited severe dwarfism due to a de-
ficiency of CYP90A1.17) This erroneous conclusion was drawn 
because of the available indirect evidence that the dwarf cpd 
phenotype could be rescued by TE (22,23-dihydroxyBR) but not 
by CT (22-hydroxyBR without a C-23 hydroxy group). In addi-
tion, CYP90C1 encoded by the Arabidopsis ROTUNDIFOLIA3 
(ROT3) gene, which is involved in the regulation of leaf length, 
was initially assigned to be a C-2 hydroxylase on the basis of 
phenotype rescue experiments of rot3 mutants.18,19) Finally, 
CYP90D1, which is most closely related to ROT3, was misun-
derstood to be an oxidase of the 3β-hydroxy group that produc-
es 22-OH-4-en-3-one from 22-OHCR. However, these inappro-
priate attributions of enzymatic function were later corrected 
by biochemical analysis of CYP90C1 and CYP90D1.20) The 
growth-deficient phenotype of a cyp90c1cyp90d1 double mutant 
was rescued by exogenous feeding of only 23-hydroxylated BRs. 
This indicated that the cyp90c1cyp90d1 double mutant was defi-
cient in C-23 hydroxylation and that the genes were functionally 
redundant. In vitro assays indicated that CYP90C1/CYP90D1 
catalyzed the C-23 hydroxylation of various 22-hydroxyBRs.20) 
Although indirect methods such as quantitative analysis of the 
endogenous BR in BR-deficient mutants and phenotypic rescue 

experiments are valid approaches to identify of the enzymatic 
functions of BR biosynthetic enzymes, direct methods such as 
in vitro enzymatic assay tend to yield more accurate results. 
CYP90C1 and CYP90D1 function redundantly as BR C-23 hy-
droxylases (Fig. 3).

5.  C-3 oxidation

This step consists of oxidation of the 3β-hydroxy group and mi-
gration of the C-5 double bond. Therefore, the overall reaction 
converts 3β-hydroxy-Δ5 steroids to 3-oxo-Δ4 steroids. In case 
of human steroid hormone biosynthesis, the 3β-hydroxysteroid 
dehydrogenase/Δ5–4 isomerase, a non-P450 enzyme, catalyzes 
the reaction, and 3β-hydroxy-Δ5 steroids such as pregnenolone, 
17α-hydroxypregnenolone and dehydroepiandrosterone are 
converted to corresponding 3-oxo-Δ4 steroids.21) In contrast, 
the conversion from (22S)-22-hydroxycampesterol (22-OHCR) 
and (22R,23R)-22,23-dihydroxycampesterol (22,23-diOHCR) 
to (22S)-22-hydroxycampest-4-en-3-one (22-OH-4-en-3-one) 
and (22R,23R)-22,23-dihydroxy-4-en-3-one (22,23-diOH-4-en-
3-one), respectively, in BR biosynthesis is catalyzed by P450. In 
this reaction, a C-3 carbon atom would be directly oxidized by 
CYP90A1, i.e., CYP90A1 would put an additional oxygen atom 
on the C-3 carbon to yield gem-diol intermediate,12) which is 
subsequently dehydrated to furnish a carbonyl group. This 
mechanism suggests that CYP90A1 could essentially convert 
3β-hydroxy-Δ5 steroids to 3-oxo-Δ5 steroids without double-
bond migration.

As mentioned above, CYP90A1 was erroneously assigned 
as a C-23 hydroxylase.17) In 2006, genetic and biochemical ap-
proaches revealed that CYP90C1 and CYP90D1 catalyze the 
C-23 hydroxylation step of the BR biosynthetic pathway, and an 
Arabidopsis cyp90c1cyp90d1 double mutant exhibited remark-
able dwarfism.20) If CYP90A1 is a member of C-23 hydroxylases, 
as originally concluded, CYP90A1 and CYP90C1/CYP90D1 
would be redundant in function. However, overexpression of 
CYP90C1 does not revert the cpd mutant to dwarfism.22) This 
result clarified that CYP90A1’s function is different from that of 
CYP90C1/CYP90D1. To re-evaluate the CYP90A1 function, BR 
quantitative analyses were repeated. The endogenous BR levels 
of the cpd mutant had already been analyzed in 1996, but the 
first experiments analyzed BR biosynthesis intermediates of the 
late C-6 oxidation pathway.17) The second quantitative analysis 
focused on BR intermediates not only on the early C-6 hydrox-
ylation pathway but also on the early C-22 hydroxylation path-
way. This second study found that 6-deoxo-3-dehydroteasterone 
(6-deoxo3DT) and 6-deoxocastasterone (6-deoxoCS) in the 
early C-22 hydroxylation pathway were markedly reduced in the 
cpd mutant as compared with the wild type. 6-Deoxoteasterone 
(6-deoxoTE) and 6-deoxotyphasterol (6-deoxoTY) were found 
to be below the limits of detection. In contrast, the endogenous 
level of 22-OHCR increased 85- to 121-fold in the cpd mutant.22) 
These findings increased the possibilities that CYP90A1 is (1) a 
C-23 hydroxylase of 22-OHCR to 22,23-diOHCR or (2) an oxi-
dase of the 3β-hydroxy group and isomerase of the C-5 double 
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bond of 22-OHCR to 22-OH-4-en-3-one. To more directly clar-
ify the function of CYP90A1, an in vitro enzymatic assay using 
a baculovirus–insect cell expression system was performed. The 
biochemical analysis of CYP90A122) showed that this enzyme 
catalyzes the C-3 oxidation of 3β-hydroxy-Δ5-steroids such as 
22-OHCR and 22,23-diOHCR to form 22-OH-4-en-3-one and 
22,23-diOH-4-en-3-one (Fig. 4). CYP90A1 also catalyzes the 
oxidation of the 3β-hydroxy group of C-5 saturated steroids 
such as 6-deoxoCT and 6-deoxoTE.22) Therefore, CYP90A1 is 
considered to be mainly responsible for C-3 oxidation in plants. 
However, CYP90A1 did not react with CR, which possesses no 
hydroxy group in the side chain. In addition, CYP90A1 did not 
recognize 3α-hydroxy steroids such as 3-epi-6-deoxoCT and 
6-deoxoTY as substrates. These findings clearly demonstrate 
that CYP90A1 is specific to 3β-hydroxy steroids, and the pres-
ence of a hydroxy group at C-22 seems to be essential for the 
substrate recognition of CYP90A1.

6.  C-6 oxidation

CS is recognized as an active BR, and its bioactivity is estimated 
to be as high as one-fourth of that of BL based on results from a 
lamina joint inclination test and on their dissociation constants 
for the BR receptor (BRASSINOSTEROID-INSENSITIVE I; 
BRI1).23,24) The tomato d mutant with a defect in the CYP85A1 
gene exhibits a severe dwarf phenotype resembling Arabi-
dopsis cpd and dwarf4 mutants, and so CYP85 was predicted 
to be involved in BR biosynthesis.25) In 1999, the enzymatic 
characterization of tomato CYP85A1 demonstrated that it 
is a C-6 oxidase catalyzing the C-6 oxidation of 6-deoxoCS to 
6α-hydroxyCS and the sequential oxidation of 6α-hydroxyCS 
to CS.26) This is the first P450 that was enzymatically charac-

terized in the BR biosynthetic pathway. In addition, it was re-
vealed that Arabidopsis CYP85A1 and CYP85A2 and rice 
OsDWARF are BR C-6 oxidases producing CS from 6-deoxoCS 
as a substrate.27,28) In contrast, CYP85A expressed in yeast did 
not catalyze the C-6 oxidation step of CN to 6-oxocampestanol 
(6-oxoCN). In addition, the endogenous levels of 6-oxoCN in a 
cyp85A1cyp85A2 double mutant were almost the same as in the 
wild type. These results indicate that the C-6 oxidation step of 
CN is catalyzed by an unidentified enzyme that is not CYP85A.

7.  7-oxa-6-oxolactone formation

The conversion from CS to BL introduces an oxygen atom into 
the C–C bond of the B ring to form 7-oxa-6-oxolactone. Such 
lactone formation is similar to a Baeyer–Villiger oxidation reac-
tion, and flavin-containing oxygenase catalyzes this reaction in 
fungi, but in Arabidopsis, P450 catalyzes 7-oxa-6-oxolactone for-
mation. A large amount of BL was detected in the tomato fruit, 
and the CYP85A3 gene, which is different from the CYP85A1 
gene, was strongly expressed. CYP85A3 expressed in yeast cata-
lyzes the C-6 oxidation of 6-deoxoCS to produce CS and con-
tinuously catalyzes further oxidation to produce BL.29) Similar-
ly, Arabidopsis CYP85A2 was shown to catalyze this oxidation 
from CS to BL.30) In contrast, CYP85A1 in tomato plants and 
Arabidopsis did not catalyze the lactonization of CS. Thus, the 
difference in enzyme function among the CYP85A subfamily is 
interesting with respect to the evolution of P450.

8.  CN-independent pathway

The originally proposed BR biosynthetic pathway was initiat-
ed by the C-3 oxidation of CR to 4-en-3-one, which was then 
converted by 5α-reductase to 3-one, which was then con-

Fig.  4.  C-3 oxidation (oxidation of the 3β-hydroxy group coupled with migration of the C-5 double bond) of BR biosynthetic intermediates by CYP90A.
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verted to CN (Fig. 2); however, CYP90A1 does not convert 
CR to 4-en-3-one.22) The endogenous level of CN in cpd mu-
tant is equivalent to that in wild type in spite of the mutant’s 
severe BR deficiency. These findings indicate that CYP90A1 is 
not involved in CN synthesis and the biosynthetic route from 
CR to CN is not essential for BR biosynthesis. The early C-22 
hydroxylation holds a prominent position in BR biosynthesis. 
CR is initially converted to 22-OHCR, and because 22-OHCR 
is not a favored substrate of the C-23 hydroxylase (CYP90C1 
and CYP90D1), the endogenous levels of 22,23-diOHCR 
are below the detection limit in cpd mutants. Then CYP90A1 
converts 22-OHCR to 22-OH-4-en-3-one. CYP90C1 and 
CYP90D1 prefer 22-OH-4-en-3-one, 22-OH-3-one, and 3-epi-
6-deoxoCT as substrates. The catalytic efficiency (kcat/Km) of 
CYP90C1 and CYP90D1 toward these three 22-hydroxyBRs 
is 60 to 120 times higher than that for 6-deoxoCT. The endog-

enous amounts of intermediates in the early C-22 hydroxyl-
ation step demonstrated that 22-OH-3-one, 3-epi-6-deoxoCT, 
and 6-deoxoCT are comparable, whereas 22-OH-4-en-3-one 
was not detected at all. On the basis of the above, CYP90C1 
and CYP90D1 directly cause the C-23 hydroxylation of 22-OH-
3-one and 3-epi-6-deoxoCT to 6-deoxo3DT and 6-deoxoTY, 
respectively.21) These findings suggest that the main biosyn-
thetic pathway of BR in plants is a pathway leading to a BR 
shortcut via the C-22 early hydroxylation route, but the con-
tribution of the CN-dependent pathway via CN has not yet 
been clarified. However, despite the marked dwarfism of the 
cpd mutant, the endogenous levels of CR and CN are almost 
the same in it and the wild type. Therefore, the biosynthetic 
pathway from CR to CN normally functions even in the se-
vere dwarf cpd mutant. Based on these findings, CN is not the 
main BR biosynthetic pathway, and the CN-independent path-

Fig.  5.  The campestanol (CN) independent route (the novel BR biosynthetic pathway). Gray band shows the proposed main BR biosynthetic pathway.
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way (CR→22-OHCR→22-OH-4-en-3-one→22-OH-3-one→3-
epi-6-deoxoCT/6-deoxo3DT→6-deoxoTY→6-deoxoCS→ 
CS→BL), which does not pass through CN, is considered to be 
the main BR biosynthetic route. It is not currently known how 
grid-like routes are used by plants and whether they are properly 
used. Future identification of these unidentified enzyme genes 
will further clarify the full picture of BR biosynthesis (Fig. 5).

9.  PGRs for regulating BR activities

BL was isolated and structurally determined, and BRs, 
24-epicastasterone and 24-epibrassinolide, were synthesized 
soon afterward.31) As a result of intensive BR synthetic research, 
numerous synthetic analogs including natural and artificial 
chemicals have been developed and have successfully revealed 
various BR physiological functions, such as cell elongation, cell 
division, and stress tolerance. Even today, the study of the struc-
ture–activity relationships of BR analogs to BRI1 plays an im-
portant role in understanding the physiological functions of BRs 
in developing PGRs.31,32)

Triazole-type chemicals have been widely utilized as PGRs.33) 
Some triazole-type chemicals have fungicidal properties associ-
ated with the inhibition of sterol biosynthesis, whereas others 
are potent inhibitors of elongation growth in plants. Triazole-
type PGRs such as uniconazole (UNI), paclobutrazol (PBZ), 
flurprimidol, and triapenthenol reduce shoot growth in plants 
by inhibiting a gibberellin biosynthetic P450 (CYP701). CYP701 
catalyzes the three oxidation steps of ent-kauren to ent-kaure-
noic acid. These triazole-type compounds are known to have 
affinity for the heme contained in P450s. Phenotype rescue ex-
periments and analysis of the transcript levels of BR biosynthetic 
genes demonstrated that UNI and PBZ inhibit BR biosynthe-
sis. However, although these triazole-type PGRs mostly inhib-
it P450s in plants, there are many reports that they also alter 
endogenous levels of primary and specialized metabolites such 
as phytosterols, phenylpropanoids, and other plant hormones. 
This is due to the low affinity of each P450 active site for the 
PGRs. To find and develop specific inhibitors of BR biosynthe-
sis, a chemical screening assay was performed and brassinazoles 
(Brz91, Brz2001, Brz220, etc.) were identified as potent inhibi-
tors (Fig. 6).34–37) To date, Brz91 (normally named brassinaz-
ole or “Brz”) is currently marketed as a reagent. The chemical 
structure of Brz is similar to triazole-type PGRs such as UNI 
and PBZ. Brz induces a severe dwarf phenotype that resembles 
BR biosynthesis mutants such as cpd and dwf4. Biochemical in-
hibition analysis indicates that Brz inhibits CYP90B1 from cata-
lyzing the oxidation of CR to 22-OHCR. It has been recently 
reported that new triazole-type inhibitors based on a ketocon-
azole scaffold (YCZ18) inhibit a new target, CYP90D1, in Ara-
bidopsis.38) Aside from BR synthesis inhibitors, BR antagonists 
have recently been developed. BL binds to BRI1 and functions 
as its most potent agonist. BR-structure-mimicking agonists 
and antagonists recently have been developed. Brassinolide-2,3-
acetonide strongly inhibited the agonistic effect of BL in a rice 
lamina joint inclination test.39) Brassinolide-2,3-acetonide re-

duces BR activity because of BR’s low affinity for BRI1 and also 
interferes with its interactions with other BR signaling factors in 
rice. Two other BR-mimicking chemicals, iso-carbabrassinolide 
(iso-carbaBL) and 6-deoxoBL were reported. Interestingly, these 
two chemicals showed opposite BR activities in Arabidopsis and 
rice.40) Iso-carbaBL was a relatively strong agonist in Arabidopsis 
but worked as an antagonist that competitively inhibits BR ac-
tivity. Besides BR-structure-mimicking chemicals, nonsteroidal 
BL-like compounds were designed in silico and synthesized.41,42) 
N-(3,4-dihydroxybenzoyl)-N′-(4-butanoyl-2-fluorophenyl)
piperazine (NSBR1) showed BL-agonistic activity based on an 
Arabidopsis hypocotyl elongation assay and a rice lamina joint 
inclination test.41) These chemicals have high potential as agro-
chemicals to improve the phenotype through BR regulation.

Dwarf phenotypes in BR-deficient plants are sometimes 
useful agricultural traits. Semi-dwarf phenotypes of crops are 
an agronomically important trait that improves lodging resis-
tance and contributes to yield increases. The semi-dwarf bar-
ley variety, uzu, exhibits dark green leaves and short coleoptiles 
and is the result of a mutation in a BR receptor kinase gene 
(HvBRI1).43) The Vicia faba dwarf mutant “Rinrei” is a BR-defi-
cient mutant with reduced metabolism of 24-methylenecoles-
terol to CR. The grass height of “Rinrei” is about 70% of that of 
the wild type, and this cultivar exhibits markedly stronger traits 
with respect to snow resistance as compared with the wild-type 
cultivar.44) These agronomic instances indicate that modifying 
BR receptors or BR biosynthetic genes has high potential as a 

Fig.  6.	 Chemical structure of BR biosynthetic triazole-type inhibitors 
and the dissociation constant (Kd) against P450s on the BR biosynthetic 
pathway.
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tool for controlling plant size and increasing yield and stress re-
sistance.45) In fact, overexpression of CYP90B1 in Arabidopsis 
increases seed weight.46) The rice osdwarf4 mutant, which is de-
ficient in BR C-22 hydroxylation, exhibits semi-dwarfism and 
erect leaves.47) The erect leaves phenotype has an advantage in 
photosynthetic light capture, which is associated with enhanced 
grain yields under dense planting conditions; the osdwarf4 
mutant increases the total and fertile grain numbers in dense 
plantations. Thus, these BR inhibitors and antagonists are useful 
chemical tools not only for investigation of the protein–protein 
interactions in BR signaling but also for practical utilization in 
agriculture.

Conclusions

BR biosynthesis research has greatly advanced by making use of 
chemical, enzymatic, and molecular genetic analyses. In particu-
lar, enzymatic analysis that elucidates each enzymatic reaction 
step in the BR biosynthetic pathway has proven to be a robust 
research strategy. Two reaction steps (C-2 hydroxylation and 
the oxidation/reduction of oxygen functionality at C-3) remain 
unelucidated in the BR biosynthetic pathway. Previous studies 
on structure–activity relationships with rice lamina joint incli-
nation tests indicated that the vicinal hydroxyl groups at the 
2α and 3α positions are important for BR physiological activi-
ties. Therefore, the identification of C-2 hydroxylase(s) and C-3 
oxidoreductase(s) will be important in clarifying the entire pic-
ture of BR biosynthesis.
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