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INTRODUCTION

 

Steroids play a role as essential hormones in plants as well
as in animals. Plants produce numerous steroids and ste-
rols, some of which are recognized as hormones in animals
(Geuns, 1978; Jones and Roddick, 1988). Brassinolide (BL)
is the most bioactive form of the growth-promoting plant
steroids termed brassinosteroids (BRs). Grove et al. (1979)
purified 4 mg of BL from 

 

�

 

40 kg of bee-collected rape pollen
to determine its structure, which shows similarity to animal
steroid hormones (Figure 1). Due to its low concentration,
the identification of BL took 10 years of dedicated work on
the part of U.S. Department of Agriculture researchers at a
cost of over one million U.S. dollars (Mandava, 1988). To-
day, over 40 naturally occurring BRs are known; these carry
an oxygen moiety at the C-3 position in combination with
others at the C-2, C-6, C-22 or C-23 positions (Bishop and
Yokota, 2001; Figure 1). Initial interest in brassinosteroids
was based on the growth-promoting properties of pollen ex-
tracts studied by Mitchell et al. (1970). Although results from
these early experiments revealed potential hormonal activi-
ties, many of the observed BR-induced effects appeared to
be similar to those of other known plant hormones. The def-
inition of BRs as hormones therefore did not gain wide ac-
ceptance, and the difficulty in obtaining and quantifying BRs
restricted the related research. However, through the dedi-
cation and perseverance of a select group of researchers,
numerous BRs were identified and metabolism studies per-
formed, enabling the elucidation of the biochemical pathway
leading to the production of BL (see Figure 2). Many reviews
have covered this early research period (Adam and Marquardt,
1986; Mandava, 1988; Sakurai and Fujioka, 1993; Clouse,
1997; Sasse, 1997; Yokota, 1997) and an excellent book
provides intriguing details on related subjects (see Sakurai
et al., 1999). The observation that Arabidopsis mutations
abolishing the biosynthesis of BL result in a dwarf pheno-
type that can be restored to a wild-type phenotype by exter-
nally provided BL and intermediates of BR biosynthesis (Li
et al., 1996; Szekeres et al., 1996) resulted in a wider accep-

tance that BRs are essential plant hormones. Characteriza-
tion of BR-insensitive mutants showing a similar dwarf
phenotype has subsequently identified key genes in BR sig-
naling (Clouse et al., 1996; Li and Chory, 1997; Li and Nam,
2002). Recent advances in the study of plant steroid hor-
mone biosynthesis and signaling are highlighted by several
reviews (Clouse and Sasse, 1998; Szekeres and Koncz,
1998; Altmann, 1999; Li and Chory, 1999; Schumacher and
Chory, 2000; Bishop and Yokota, 2001; Friedrichsen and
Chory, 2001; Mussig and Altmann, 2001).

In animal cells, steroid hormones are perceived by bind-
ing to their cognate nuclear steroid receptors, which are
present in the cytoplasm. Once activated, the receptor com-
plex is transferred to the nucleus to promote or repress tran-
scription of hormone-responsive genes (Beato et al., 1995).
This is called genomic signaling because it involves the ge-
nome in generating a physiological response. Steroid hor-
mones can also elicit cellular responses in the presence of
inhibitors of transcription or protein synthesis, and in enu-
cleated cells. This mechanism is often referred to as nonge-
nomic steroid signaling because it is not mediated by the
genome. Some of the nongenomic signaling mechanisms
imply a direct interaction between nuclear steroid receptors
and other signaling molecules. Nongenomic steroid signal-
ing pathways can also stimulate alterations in second mes-
senger levels, ion fluxes, and protein kinase activities via as-
yet uncharacterized steroid carrier proteins and plasma
membrane–associated receptors (for reviews, see Wehling,
1997; Falkenstein et al., 2000). The annotation of the Arabi-
dopsis genome sequence (Arabidopsis Genome Initiative,
2000) has confirmed the previous notion (Li and Chory,
1997; McCarty and Chory, 2000) that plants lack close ho-
mologs of animal nuclear steroid receptors. Steroid signal-
ing in plants that also leads to alteration in transcription or a
physiological response is therefore probably mediated by
alternative mechanisms that may be similar to nongenomic
steroid signaling in animals.

This review highlights the characterization of genes and
mutations that is beginning to reveal the mode of steroid
hormone action in plants, but at the same time is mindful
that this was preceded by the characterization of BR’s ef-
fects on plant growth and development. To identify regula-
tory functions in plant steroid signaling, a genetic approach
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was exploited that aimed at the isolation of 

 

brassinosteroid
insensitive 

 

(

 

bri

 

) Arabidopsis mutants (Clouse et al., 1996). In-
triguingly, initial characterization of these 

 

bri

 

 mutants led
only to the identification of multiple mutant alleles of the

 

BRI1

 

 gene, which was subsequently cloned by chromo-
some walking (Li and Chory, 1997). BRI1 encodes a leucine-
rich repeat receptor-like kinase (LRR-RLK) that provides an
important key to deciphering primary events in BR signaling.
In addition to summarizing our current knowledge on the
regulatory role of BRI1, this review provides a brief look at
the characterization of further genes that is beginning to
provide an insight into some intricate signaling functions
controlling steroid hormone action in plants.

 

Physiological Activity of BRs

 

The leaf bending caused by extracts from 

 

Distylium racemo-
sum

 

 in the rice lamina inclination assay (Marumo et al.,

1968) is one of the earliest reports of BR activity in plants. In
this assay, BRs caused dose-dependent swelling of the
adaxial cells in the joint between the leaf blade and sheath
of etiolated rice seedlings. The angle of the leaf bending
caused by the swelling is used as a sensitive bioassay dur-
ing BR isolation and quantification procedures (Crozier et
al. 2000). An early report on growth-promoting activity of
“brassin,” from which BL was isolated, was based on
BL-mediated stimulation of elongation of bean 2nd and 3rd
internode, with higher concentrations causing splitting of
the stem (Mitchell et al., 1970; Grove et al., 1979). BL and
synthetic analogs were subsequently used in various bioas-
says, which indicated that in addition to leaf bending, cell
elongation, and cell division, BL also effects source/sink re-
lationships (Krizek and Mandava, 1983b), proton pumping
and membrane polarization (Cerana et al., 1983; Romani et
al., 1983), photosynthesis (Braun and Wild, 1984), and stress
responses including thermotolerance (Wilen et al., 1995;
Dhaubhadel et al., 1999) and senescence (Mandava et al.,
1981). In addition to these effects, BRs promote vascular
differentiation (Iwasaki and Shibaoka, 1991; Yamamoto et
al., 1997) and reorientation of microtubules (Mayumi and
Shibaoka, 1995). Key observations in BR’s interaction with
other hormones in stem elongation include a synergistic
response with auxins and an additive effect with gibberel-
lins (Mandava et al., 1981; Yopp et al., 1981). However,
BRs inhibit root elongation (Guan and Roddick, 1988a,
1988b) that may be the consequence of BR-induced ethyl-
ene synthesis (Arteca et al., 1983; Arteca and Bachman,
1987).

 

BR-Related Dwarf Mutants

 

Because BRs have such strong growth-promoting prop-
erties, it is not surprising that mutants involved in BR
biosynthesis and signaling display a dramatic pheno-
type, dark green dwarfs (Figure 3). When grown in the
dark, the BR-deficient dwarf mutants show a de-eti-
olated phenotype and lack of normal skotomorphogene-
sis, which suggests a potential interaction between BR
and light signaling pathways. Such interactions be-
tween light and BR responses had been previously re-
ported (Krizek and Mandava, 1983a, 1983b; Arteca and
Bachman, 1987), and the availability of mutants now al-
lows their more detailed analysis. Other phenotypes ex-
hibited by BR-deficient dwarfs that correlate well with
preceding physiological experiments include delayed se-
nescence, lack of xylem formation, and in some cases,
sterility problems. Certain BR-deficient mutants were
identified in screens for sensitivity to other hormones, for
example, abscisic acid (Ephritikhine et al., 1999), which
led to the observation that BRs enhance seed germination
(Leubner-Metzger, 2001; Steber and McCourt, 2001). BR
signaling mutants also show altered responses to ABA (Li
et al., 2001b) and auxins (Koka et al., 2000), although their

Figure 1. Structures of Steroid Hormones.

Chemical structure of brassinolide and castasterone plant steroid
hormones, in comparison with the mammalian sex steroid hormones
testosterone and oestradiol, and the insect steroid hormone ecdy-
sone. Highlighted are carbon numbers of BL having oxygen moieties
that are important for BR activity.
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primary phenotype is BR related. In addition to genetic
approaches yielding BR-deficient and -insensitive dwarfs,
a chemical approach has been developed that uses spe-
cific inhibitors of BR biosynthesis. Brassinazole is such an
inhibitor and, when applied at micromolar concentrations,

generates phenotypes mimicking those of BR-deficient
dwarf mutants (Asami et al., 2000; Nagata et al., 2001)
and thus provides a useful tool for discerning the effect of
BRs in plant species for which BR mutants have not been
identified.

Figure 2. BR Biosynthesis Pathway.

A simplified scheme of the BR biosynthesis pathway including steps of early and late C-6 oxidation that lead to the synthesis of BL (Noguchi et
al., 2000; Shimada et al., 2001). Mutations in genes coding for key biosynthetic enzymes are in bold. det-2, DEETIOLATED-2, steroid 5� reduc-
tase (Li et al., 1996); dwf4, DWARF4 cytochrome P450 CYP90B, C-22 hydroxylase (Choe et al., 1998); cpd, CONSTITUTIVE PHOTOMORPHO-
GENIC and DWARFISM cytochrome P450 CYP90A, C-23 hydroxylase (Szekeres et al., 1996); dx, DWARF cytochrome P450 CYP85, C-6
oxidase (Bishop et al., 1996, 1999; Shimada et al., 2001); DDWF, DARK-INDUCED dwf-LIKE-1, cytochrome P450 CYP92A6, C-2 hydroxylase
(Kang et al., 2001).
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BRI1, a Conserved Function in BR Perception

 

The Arabidopsis 

 

bri1

 

 mutant was originally identified by its
normal root elongation in the presence of BL (Clouse et al.,
1996). Repeated screens for BL-insensitive mutations first
resulted only in the identification of numerous mutant alleles
of 

 

BRI1

 

 (Kauschmann et al., 1996; Li and Chory, 1997; Noguchi
et al., 1999; Friedrichsen et al., 2000), indicating that BRI1
represents a major nonredundant component of BR percep-
tion. Nonetheless, careful re-examination of dwarf mutants
from the original collection used to clone BRI1 identified a
gain-of-function mutation in the 

 

BRASSINOSTEROID IN-
SENSITIVE-2

 

 (

 

BIN2

 

) locus, which results in reduced BL sig-
naling accompanied by abscisic acid hypersensitivity (Li et
al., 2001b). BR-insensitive mutants have also been charac-
terized in rice (Yamamuro et al., 2000), pea (

 

lka

 

; Nomura et
al., 1997, 1999) and tomato (

 

cu-3

 

 [

 

curl-3

 

]; Koka et al., 2000)
(see Figure 3). Recent cloning experiments indicate that these
mutants are defective in 

 

BRI1

 

 homologs (Yamamuro et al.,
2000; T. Nomura and T. Yokota, personal communication;
G.J. Bishop, unpublished data), highlighting the conserva-
tion of 

 

BRI1

 

 function in BR perception of higher plants. It is
also interesting to note that the tomato 

 

cu-3

 

 mutant displays
hypersensitivity to the auxin 2,4 dichlorophenoxyacetic acid
(2,4D) but a normal response to indole acetic acid (Koka et
al., 2000). Thus, this mutant may be helpful in the study of
potential cross talk between auxin and BR signaling.

 

BRI1 Is a Member of the LRR-RLK Family

 

Receptor-like kinases (RLKs) show considerable structural
diversity. Classification of RLKs based on the comparison of
their domain structures (Torii, 2000; Torii and Clark, 2000)
shows that LRR-RLKs represent one of the largest groups,
with over 170 genes in the Arabidopsis genome (Arabidop-
sis Genome Initiative, 2000). LRR domains are involved in
protein–protein interactions and consist of repeating units of

 

�

 

24 amino acids rich in leucine (Kobe and Deisenhofer,
1994, 1995). Each repeat is composed of an 

 

�

 

-helix and

 

�

 

-sheet hairpin with the 

 

�

 

-sheet forming the surface for pro-
tein–protein interaction. LRR-RLKs are involved in a variety
of plant processes, including pathogen resistance (Xa21;
Song et al., 1995), flagellin sensing (FLS2; Gomez-Gomez
and Boller, 2000), meristem proliferation (CLAVATA1; Clark
et al., 1997), abscission (HAESA-RLK5; Jinn et al., 2000),
and regulation of organ size (ERECTA; Torii et al., 1996).

BRI1 is a typical plasma membrane–associated LRR-RLK,
which carries an N-terminal signal peptide and an extracel-
lular domain of 25 imperfect leucine-rich repeats (LRRs; Li
and Chory, 1997). The presence of a 70-amino-acid loop-
out “island” found between repeats 21 and 22 of BRI1 is
characteristic of a specific family of RLKs. Such “islands”
are observed in the Cf-9 (Jones et al., 1994), CLAVATA2
(Jeong et al., 1999), and TOLL LRR receptors (Hashimoto et
al., 1988), which lack a cytosolic kinase domain (Figure 4A).

At either end of the LRR region in BRI1, pairs of cysteine resi-
dues are found that, together with a putative leucine-zipper
motif at the N terminus, may facilitate the dimerization of
BRI1.

The relative functional importance of different LRR-RLK

Figure 3. Dwarf Phenotype of bri1 Mutants in Different Plant Spe-
cies.

(A) Six-week-old wild-type and bri1-1 mutant Arabidopsis plants.
(B) Twelve-day-old wild-type and lka mutant pea plants.
(C) Seven-week-old wild-type and cu-3 mutant tomato plants.
WT, wild type. Bars in (A), (B), and enlarged inset photograph of
cu-3 in (C), 5 cm; bar in (C), 15 cm.
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domains can be inferred from the location of mutations
identified in the different sequenced alleles. Analysis of the

 

erecta

 

 alleles indicates that mutations are located in both ki-
nase and LRR regions (Lease et al., 2001; Figure 4B). Simi-
larly, mutations in the 

 

CLV-1

 

 (

 

CLAVATA1

 

) gene have been
found in all regions (Clark et al., 1997; Figure 4B). By con-
trast, mutations in the 

 

bri1

 

 alleles are prevalent in the kinase
and 70-amino-acid island regions (Li and Chory, 1997;
Noguchi et al., 1999; Friedrichsen et al., 2000; Bouquin et
al., 2001; Figure 4B). The lack of missense mutations in the
LRR region of BRI1 suggests that conservation of LRR se-
quences is not as necessary as in the ERECTA and CLV1
LRRs, indicating the importance of the island region in BRI1.
Nonetheless, sequence comparison of the Arabidopsis and
rice BRI1 homologs reveals a much higher conservation of
kinase than LRR domains, including divergence in the 70-
amino-acid island (Yamamuro et al., 2000).

 

Evolutionary Links between RLKs

 

BRI1 has been shown to function as a serine/threonine ki-
nase lacking tyrosine kinase activity (Friedrichsen et al.,
2000; Oh et al., 2000), similar to other members of the plant
LRR-RLK family, including ERECTA (Lease et al., 2001) and
CLV1 (Williams et al., 1997). By contrast, with the exception
of the transforming growth factor 

 

�

 

 receptors, most animal
RLKs display tyrosine kinase activity, which suggests a po-
tential split in the evolution of RLKs prior to the separation of
animals and plants. The analysis of the Arabidopsis genome
sequence indicates that all plant RLKs share a common an-
cestry and form a monophyletic group with Pelle, a cyto-
plasmic serine/threonine kinase from Drosophila (Shiu and
Bleecker, 2001). Based on homology between the kinase
domains, the animal receptor tyrosine kinases and the Pelle
RLK clade share a common ancestry, suggesting that diver-
sification arose from an early duplication event. Overall,
these studies indicate that plant RLKs evolved by sequential
recruitment and fusion of various domains to an ancestral
kinase and further expansion of certain classes through du-
plication events.

 

Modular Activities of RLK Domains

 

One of the key characteristics of animal steroid nuclear re-
ceptors is the discrete modular nature of the functional do-
mains mediating steroid and DNA binding (Beato et al.,
1995). In comparison, a modular domain organization in the
BRI1 protein was revealed by an intriguing and informative
experiment aimed at determining whether the extracellular
LRR region is essential for BL sensing. The extracellular
BRI1 LRR domain plus the transmembrane domain and jux-
tamembrane region of 65 amino acids were fused to the ki-
nase domain of rice RLK Xa-21 and expressed in rice cells
(He et al., 2000; Figure 4B). Addition of BL to the rice cul-

tures expressing the chimeric BRI1-Xa21 receptor elicited
downstream activation of disease resistance responses, in-
cluding hydrogen peroxide production, defense gene ex-
pression, and cell death. The observed cellular responses
were thus similar to those obtained by stimulation of the rice
culture with Xa-21–specific elicitor. The specificity of BL in-
duction was demonstrated by the absence of activation of
pathogenic signaling when using mutant proteins that either
had a mutation in the 70-amino-acid island of the BRI1 LRR
domain or carried a mutant Xa21 kinase domain (He et al.,
2000). These results indicated that the 70-amino-acid island
in the extracellular domain of BRI1 is essential either for di-
rect binding of steroid hormone or for proper folding and in-
teraction of the LRR domains of dimerized BRI1 with some
accessory factor(s) that may be required for BL perception.
The latter possibility is more likely, considering a relatively
lower homology of LRR and 70-amino-acid-island sequences
between rice OsBRI1 and Arabidopsis BRI1 kinases. Hence,
utilization of chimeric RLKs may provide a general means of
identifying ligands of as-yet uncharacterized LRR-RLKs, as
well as enabling the dissection of downstream signaling re-
sponses. The identification of the ligands for BRI1 and other
LRRs is definitely a high priority for future research.

 

BRI1 Is Located in the Plasma Membrane

 

Using a C-terminal BRI1 translational fusion to the green flu-
orescent protein (GFP), BRI1 was found to be localized to
the plasma membrane, suggesting that it may in fact func-
tion as a receptor for an extracellular ligand (Friedrichsen et
al., 2000). Plants overexpressing BRI1-GFP display elon-
gated petioles similar to those of plants that overproduce
the 

 

DWARF4-

 

encoded CYP90B C-22 steroid hydroxylase
(see BR biosynthesis pathway in Figure 2), and show a re-
duced inhibition of growth in the presence of the BR biosyn-
thesis inhibitor brassinazole (Wang et al., 2001). These
phenotypes suggest that the BRI1 protein may be limiting,
although the BRI1 gene is abundantly expressed in all tis-
sues (Li and Chory, 1997; Friedrichsen et al., 2000).

In analogy to binding studies of radiolabeled steroids with
animal nuclear steroid receptors, tritiated BL with high spe-
cific activity was used as a ligand in plasma membrane
binding assays (Wang et al., 2001). The binding constant for
BL in membrane samples of wild-type plants was 10.8 

 

�

 

3.2 nM (Wang et al., 2001). Unlike the nonspecific competi-
tor ecdysone, castasterone, the immediate precursor of BL
(CS, Figure 1), reduced BL binding by a factor of 

 

�

 

5-fold,
which is consistent with the previous suggestion (Yokota,
1997; Bishop et al., 1999) that CS is a bioactive compound
that triggers steroid signaling through BRI1. Immunoblotting
of protein extracts prepared from BRI1-GFP–expressing
plants with antibodies recognizing either the N-terminal
region of BRI1 or GFP revealed a shift in size suggesting
autophosphorylation of BRI1 in the presence of BL. In fact,
no change in the electrophoretic mobility of BRI1 was
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observed when the extracts were incubated with protein
phosphatases or were isolated from BL-treated 

 

bri1

 

 mu-
tants containing mutations in the BRI1 kinase domain.
Most importantly, BL binding activity could be co-immuno-
precipitated with the BRI1 protein, indicating that BRI is a
criticial component of BR signaling. Overall, these experi-
ments confirmed that binding of BL, either directly or
through an accessory factor (e.g., a steroid binding protein),

to the LRR domain results in autophosphorylation of BRI1
(Wang et al., 2001).

 

BRS1, an Upstream Component in BL Signaling

 

To gain further insights into BL signaling, a gain-of-function
suppressor screen was performed with a weak 

 

bri1

 

 allele

Figure 4. Schematic Structure of BRI1 and Similar LRR-RLKs and LRR receptor–like Proteins.

(A) Similarities in LRR-domain topologies highlighting a similar location of loop-out island region (for details see main text). Source of primary se-
quence information: BRI1, BL signaling (Li and Chory, 1997); CLV2, LRR-R involved in control of plant meristem size and differentiation (Jeong et
al., 1999); Cf-9, involved in plant pathogen signaling (Jones et al., 1994); and Toll, involved in Drosophila embryo development and immunity
pathways (Hashimoto et al., 1988). Note: domains are not to scale and the N-terminal signal peptides are not shown.
(B) Domain topology of selected LRR-RLKs highlighting the location of sequenced mutations. BRI1, location of brassinolide insensitive 1 (Li and
Chory, 1997) and additional alleles (Noguchi et al., 1999; Friedrichsen et al., 2000; Bouquin et al., 2001); Xa21, (Song et al., 1995); ER, erecta-1
(Torii et al., 1996) and additional alleles (Lease et al., 2001); CLV1, clavata-1 alleles (Clark et al., 1997). Missense mutations indicated by arrows
are shown on the left, whereas nonsense, deletion (�) and insertion (�) mutations are indicated on the right. (†), independent mutations at the
same position. All alleles are strong (null alleles) unless indicated. (*), weak alleles; (**), intermediate alleles. � and � indicate the approximate re-
gions used in domain swaps between BRI1 and Xa21 (He et al., 2000). Note: domains are not to scale, and the N-terminal signal peptide is not
shown. Also note: allele bri-201 is a deletion mutant in the N-terminal region that is not shown.
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(

 

bri1-5

 

; Li et al., 2001a). Plants carrying the 

 

bri1-5

 

 allele with
a missense mutation affecting the first cysteine pair of BRI1
are fertile (Noguchi et al., 1999), which enabled their trans-
formation with an activation-tagging T-DNA vector. Screen-
ing of 2500 tagged lines led to the identification of a single
dominant 

 

bri1 suppressor dominant

 

 (

 

brs1-1D

 

) mutation that
resulted in overexpression of a serine carboxypeptidase–
like protein (Li et al., 2001a). The 

 

bri1

 

 suppression pheno-
type was reproduced by overexpression of the 

 

BRS

 

 cDNA
using the promoter of cauliflower mosaic virus 35S RNA.
However, the 

 

brs1-1D

 

 mutations suppressed only those 

 

bri1

 

alleles that carried a mutation in the extracellular LRR do-
main and not in the intracellular kinase domain (Li et al.,
2001a). Furthermore, 

 

brs1-1D

 

 did not suppress the dwarf
phenotype of BR biosynthesis mutants, indicating that ste-
roid hormone synthesis is required for alleviation of the 

 

bri1

 

phenotype by overexpression of BRS1. Specificity to the BL
signaling pathway was observed through the inability of
BRS to suppress the 

 

clavata1

 

 and 

 

erecta

 

 mutant pheno-
types.

To explain these observations, Li et al. (2001a) suggested
that BRS1 might act on a protein that is required for BL per-
ception. For example, BRS1 might convert from inactive to
active form one or more putative sterol binding proteins
(SBPs) that are represented by several genes in the Arabi-
dopsis genome (Arabidopsis Genome Initiative, 2000). Alter-
natively, BRS1 may use BRI1 as potential substrate to
generate an activated BL receptor. This latter possibility is
suggested by the observation of a potentially processed
BRI1 product (Wang et al., 2001). This scenario implies that
other proteases in Arabidopsis might perform a similar func-
tion, because the knockout mutation of the 

 

BRS1

 

 locus
does not lead to a dwarf BL-insensitive phenotype (Li et al.,
2001a). Nonetheless, BRS1 does not appear to process the
chimeric BRI1-Xa21 receptor (He et al., 2000), and further
investigation is therefore necessary to define its role in BR
perception (Li et al., 2001a).

 

BRI1 and Regulation of BR Biosynthesis

 

In recent years many mutants have been recovered that are
defective in BR biosynthesis, and the corresponding genes
were cloned (Bishop and Yokota, 2001). BL, the end product
of BR biosynthesis pathways, is synthesized by sequential
hydroxylation reactions (Figure 2) catalyzed by cytochrome
P450 enzymes (P450s). In analogy to animal steroid hydrox-
ylases, the transcription of the 

 

CPD

 

 gene, encoding the
C-23 steroid hydroxylase CYP90A1 (Szekeres et al., 1996),
was found to be inhibited by BL and numerous bioactive BR
biosynthesis intermediates (Mathur et al., 1998). Steroid
hormone–mediated downregulation of 

 

CPD

 

 is inhibited by
the protein biosynthesis inhibitor cycloheximide, indicating a
need for de novo protein synthesis in genomic effects of BR
signaling (Mathur et al., 1998). This model is also supported
by the observations that both 

 

CPD

 

 and 

 

DWF4

 

 show dere-

pressed expression in the 

 

bri1-5

 

 mutant that is impaired in
BR perception (Choe et al., 2001), and that BR intermedi-
ates accumulate in 

 

bri1

 

 mutants of Arabidopsis and other
plant species (Noguchi et al., 1999; Nomura et al., 1999;
Yamamuro et al., 2000; T. Nomura, T. Yokota, and G.J.
Bishop, unpublished data). BRI1 thus appears to play a key
role in activation of a signaling pathway controlling the re-
pression of P450 genes involved in BR biosynthesis.

A surprising finding indicated that BL biosynthesis is
probably also controlled by direct interaction of P450s
with signaling proteins. Kang et al. (2001) found that the
CYP92A6, a C-2 BR hydroxylase encoded by the 

 

DDWF

 

(DARK-INDUCED 

 

dwf

 

-LIKE-1) (Figure 2) gene, interacts in
the yeast two-hybrid system with the PRA2 light-repress-
ible/dark-inducible small G protein. PRA2 is proposed to act
as a connection between the light-signaling and BR-biosyn-
thesis pathways by stimulating DDWF activity in the endo-
plasmic reticulum, leading to greater BL production and
etiolation in the dark. As the level of (6-deoxo)castasterone,
the product of the DDWF enzyme, is increased in light-
grown 

 

bri1

 

 mutants, it will be intriguing to see how BL sig-
naling through BRI1 controls C-2 hydroxylation, in addition
to potentially downregulating the 

 

DDWF

 

 gene. Nevertheless,
lack of observable mutant phenotype in 

 

pra2

 

 antisense lines
(Kang et al., 2001) suggests that post-translational regula-
tion of DDWF may be confined to early development.

 

BR Signaling and Regulation of Gene Expression

 

In addition to genes in BR biosynthesis, BL appears to neg-
atively regulate the transcription of a large battery of genes
that consequently show derepressed expression in the BR-
biosynthesis mutants, such as 

 

cpd

 

 (Szekeres et al., 1996).
However, only a few BR-induced genes have been identified
so far, despite considerable efforts. Initially, one BR-induced
gene, 

 

BRU1

 

, was isolated from soybean and found to en-
code a xyloglucan endotransferase (XET) (Zurek and Clouse,
1994). Subsequently, similar BL-induced XETs have been
characterized in Arabidopsis (Xu et al., 1996; Klahre et al.,
1998), rice (Uozu et al., 2000), and tomato (Koka et al.,
2000), demonstrating that the induction of XETs correlates
with cell wall loosening during BL-induced growth re-
sponses. Among other potentially BR-induced genes, the
expression of 

 

CDC2b

 

 cyclin-dependent kinase is upregu-
lated by BRs in the absence of light, but unaffected in the
light (Yoshizumi et al., 1999). The fact that the cyclin gene

 

CycD3

 

 is also inducible by BRs (Hu et al., 2000) suggests
that BR signaling may also play a role in the regulation of the
cell cycle, although further research is required to support
this intriguing possibility. In addition, the BR induction of an
extracellular invertase (Goetz et al., 2000) provides a poten-
tial link to previous findings that suggests alteration of
source-sink relationships in response to BRs.

More recently, another BL-induced gene was found to en-
code an Arabidopsis homolog of TRIP, an interacting partner



 

S104 The Plant Cell

 

of transforming growth factor 

 

�

 

 type II receptor kinase, that
also represents a subunit of the eukaryotic translation in-
itiation factor eIF3 in animals (Jiang and Clouse, 2001).
Transgenic plants expressing antisense TRIP-1 RNA display
developmental defects that resemble the phenotype of BR-
deficient and -insensitive mutants. This suggests that the
TRIP-1 WD-domain protein might establish a link between
BL signaling and developmental pathways controlled by ho-
mologs of the eukaryotic translation initiation factor eIF3 in
plants. On the basis of recent advances in transcription
profiling, it is expected that many more BL-induced genes
soon will be identified, facilitating a comparative analysis of
promoter sequences and subsequent identification of puta-
tive BR response elements, for example, by linker scanning
mutagenesis and promoter deletions.

 

bin2

 

, a New Component of BR Signaling

 

As mentioned above, a second 

 

brassinosteroid insensitive 2

 

(

 

bin2

 

) mutant has been identified recently in Arabidopsis (Li
et al., 2001b). Screening 150,000 ethyl methane sulphonate-
mutagenized seeds led to the isolation of only two 

 

bin2

 

 mu-
tant alleles, 

 

bin2-1

 

 and 

 

bin2-2

 

. The 

 

bin2

 

 mutants are semi-
dominant dwarfs that exhibit insensitivity to BL, but
hypersensitivity to ABA. Homozygous 

 

bin2

 

 plants show a

 

bri1

 

-like extreme dwarf phenotype and lack transcriptional
downregulation of the CPD gene in the presence of BL,
whereas the heterozygous bin2 plants are semidwarfs and
display �50% reduction in CPD transcript levels in compar-
ison to the wild type (Li et al., 2001b). It will be interesting to
determine whether the bin2 mutation also leads to accumu-
lation of BR intermediates, as seen in the bri1 mutants.

BIN2 has been cloned by a map-based approach and
found to encode an Arabidopsis ortholog of human gly-
cogen synthase kinase � and Drosophila SHAGGY protein
kinase (Li and Nam, 2002). Concurrent with this, the
ultracurvata1 (ucu1) Arabidopsis mutant displaying aberrant
leaf morphology was also found to carry a mutation in the
same kinase gene (Perez-Perez et al., 2002). In both bin2
and ucu1, missense mutations resulted in a semidominant
phenotype. Therefore, Li et al. (2001b) proposed that bin2
represents either a gain-of-function neomorphic mutation or
a hypermorphic mutation defining a negative regulator func-
tion in BR signaling. The hypermorphic nature of the bin2
mutation is indicated by the activity of the mutant bin2 ki-
nase, which is increased by �33% of that of its wild-type
form (Li and Nam, 2002). An allelic series of BIN2 overex-
pression lines showed that plants with higher expression of
BIN2 had more-pronounced dwarfism. Overexpression of
BIN2 in a weak bri1 mutant background also generated a
more-pronounced dwarf phenotype (Li and Nam, 2002). In
contrast, co-suppression of BIN2 transcription resulted in
partial suppression of the weak bri1 phenotype (Li and Nam,
2002). Taken together, these data indicate that BIN2 is a
negative regulator of BL signaling. Li and Nam (2002) spec-

ulate that BRI1 may interact with and phosphorylate BIN2 to
inactivate it. Nonetheless, BIN2 appears to lack close ho-
mology to the consensus sequence surrounding the pre-
ferred serines that BRI1 is likely to phosphorylate (Oh et al.,
2000), and BRI1 is thus unlikely to directly interact with the
BIN2 kinase. Li and Nam (2002) suggest that BIN2 is consti-
tutively active in the absence of BRs and phosphorylates
positive BR signaling proteins to inactivate them.

BR Signaling and Mutant Phenotypes

Considering the high degree of genetic redundancy de-
tected in the Arabidopsis genome, it is remarkable that mu-
tations affecting BR signaling and biosynthesis were so
easily obtained and have such a dramatic phenotype. How-
ever, it is worth acknowledging that phenotypes of loss-of-
function mutations might represent only that proportion of
gene products that is not affected by functional redun-
dancy. If this assumption is correct, other functions that are
controlled by steroid hormone signaling might be revealed,
for example, by overexpression studies.

Overexpression of BL biosynthesis genes and BRI1-GFP
generate similar phenotypes, suggesting that the production
of steroid hormones and their BRI1 receptor may represent
limiting factors of BL signaling. This would indicate a dose-
dependent regulation, which contradicts the fact that all
known mutations affecting BR perception and biosynthesis
are recessive, except for bin2, which shows a dose-depen-
dent dominant phenotype. Thus, the phenotypes resulting
from overexpression of these functions could either reflect
an artificial excess (i.e., over the threshold of normal re-
sponses that are not physiologically relevant for normal
growth and development) or suggest the existence of yet-
uncharacterized regulatory functions. The phenotypes of
transgenic lines that overproduce BR intermediates may re-
flect, for example, a consequence of the induction of pro-
grammed cell death during xylem formation (xylogenesis),
which is characterized by a dramatic increase in BR con-
centration stimulating the production of tracheary elements
(Yamamoto et al., 1997). A great reduction of xylem differen-
tiation observed in the BR-deficient cpd mutant suggests a
potential inhibition of the cell death pathway required for
normal xylogenesis (Szekeres et al., 1996). Would deregula-
tion of induced cell death explain the phenotype of overex-
pressor lines that show etiolated petioles and leaves? The
fact that BR-deficient mutants exhibit reduced senescence
and xylogenesis supports this assumption, providing an in-
triguing model for further exploration of the developmental
role of BR signaling.

Drosophila Toll and BL Signaling

The Drosophila Toll gene and Toll signaling pathway repre-
sent one of the well-characterized regulatory pathways in-
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volving a LRR protein. The Toll gene encodes an LRR
receptor (Figure 4A) that controls both embryo development
(Morisato and Anderson, 1995) and innate immunity to bac-
teria and fungi (Imler and Hoffmann, 2001). Activation of Toll
leads to nuclear translocation of a Rel-related transcription
factor, Dorsal. The levels of Toll and Dorsal are uniform
throughout the syncytial embryo. However, the generation
of the Toll ligand is asymmetric, and thus Toll signaling pro-
vides a ventral-to-dorsal gradient of Dorsal nuclear localiza-
tion leading to differential regulation of downstream genes
defining embryonic polarity.

The Toll gene product shows structural similarity to BRI1,
including an interrupted feature of the LRR domain (see Fig-
ure 4A). In addition, the Pelle kinase, which is closely related
to BRI1 evolutionarily, interacts with Toll. In both embryo
development and immunity response, the presumed ligand
for the Toll LRR is Spätzle that is secreted and proteolyti-
cally processed by several proteases. This indicates that
Toll is not the bona fide receptor in either establishing the
dorsoventral axis or in the immune response, but acts as an
important downstream signaling component in both path-
ways.

The immunity response mediated by Toll is activated by
a circulating peptidoglycan-recognition protein (PGRP-SA)
that binds peptidoglycans of Gram-positive bacteria (Michel
et al., 2001). How this leads to Toll activation through the
proteolysis of Spätzle is still a mystery, but the available
data suggest that PGRP-SA is the receptor for this signaling
pathway. In the ventralization pathway, Toll activation leads
to phosphorylation and localized recruitment of the adaptor
protein Tube and activation of the Pelle kinase that controls
the degradation of the I�B-like inhibitor Cactus and nuclear
translocation of the Rel transcription factor Dorsal. In immu-
nity responses, Dorsal-related immune factor is analogously
activated and translocated to the nucleus to promote the ex-
pression of antimicrobial peptides, such as Drosomycin.

It is tantalizing to speculate that BRI1 might perform a
signaling function similar to that of Toll, namely not as a BR
receptor but as a critical signaling component that is down-
stream of the primary BL perception event. It is conceivable
that BL is recognized by an SBP “receptor,” which is either
itself activated by proteolysis or acts as the recognition pro-
tein that activates proteolysis of a potential BRI1 ligand. The
carboxypeptidase BRS could therefore play a role in either
processing the SBP into a BL binding form (see Figure 5) or
act in a yet-uncharacterized proteolytic cascade. It is also
exciting to speculate that similarities to the Toll pathway in
the activation of a transcription factor may be found down-
stream of BRI1 in BR signaling.

CLAVATA and BR Signaling Pathways

As with the Drosophila Toll signaling pathway, there are
some similarities between elements of the BR and CLAV-
ATA signaling pathways in Arabidopsis. Mutations in three

CLAVATA loci, CLV1, CLV2, and CLV3, result in similar phe-
notypes of enlarged shoot meristems. CLV1 is a LRR-RLK
(Clark et al., 1997; Figure 4B), and CLV2 is a LRR receptor–
like protein (Jeong et al., 1999; Figure 4A), whereas CLV3 is
a small secreted peptide (Fletcher et al., 1999). Both genetic
(Fletcher et al., 1999) and biochemical (Trotochaud et al.,
1999) studies indicate that CLV1 forms a heterodimeric re-
ceptor complex with CLV2. Further biochemical (Trotochaud
et al., 2000) and controlled expression analysis of CLV3
(Brand et al., 2000) has shown that CLV3 interacts as a mul-
timeric ligand with a CLV1 complex, and that CLV1 kinase
activity is required for CLV3 binding (Trotochaud et al.,
2000). The CLV1 complex exists in two distinct states, a
smaller disulphide-linked presumed heterodimer of CLV1

Figure 5. Schematic Models Indicate a Central Role for BRI1 in BL
Signaling.

Three scenarios for formation of a possible BRI1 receptor complex
are shown:
(A) BRI1 interacts with another LRR-RLK.
(B) BRI1 forms a homodimer.
(C) BRI1 interacts with an LRR-receptor-like protein.
In each case, the amino-acid island of BRI1 is implicated in BL sens-
ing, either by directly binding BL or by binding an SBP. KAPP, a ki-
nase-associated protein phosphatase, is likely to be associated with
the receptor complex to inactivate it. BL activation of BRI1 leads to
autophosphorylation and subsequent phosphorylation of other sub-
strates, e.g., TRIP1 (transforming growth factor � receptor interact-
ing protein homolog). BL-mediated activation of BRI1 leads to
suppression of genes controlling BR biosynthesis, such as CPD and
DWF4 (BRD, BR-downregulated genes), but promotes the expres-
sion of BR-upregulated genes (BRU). A putative role for a sterol
binding protein and potential processing of this protein by BRS facil-
itating BL binding and BRI1 activation is indicated. Potentially, BRS
may also modify BRI. (See main text for further details).
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and CLV2, and a larger complex that includes the hetero-
dimer, a kinase-associated protein phosphatase (KAPP) and
a rho GTPase–related protein (Trotochaud et al., 1999). It is
postulated that the �-related protein may provide the sig-
naling mechanism to downstream targets, whereas KAPP
acts as a negative regulator (Williams et al., 1997; Stone et
al., 1998). The fact that the CLV1/CLV2 heterodimer is
linked via disulfide bonds suggests a role for cysteines at ei-
ther end of the LRRs (Figure 4). CLV signaling directly or in-
directly downregulates the expression of Wuschel (WUS),
which negatively regulates the differentiation of meristem-
atic stem cells. WUS is required for expression of CLV3.
Thus, downregulation of WUS leads to a decrease of CLV3
levels, which in turn reduces the CLV1/CLV2 activation that
leads to upregulation of WUS, ensuring a delicate balance in
the control of meristem differentiation (Clark, 2001).

Relevant to BR signaling, KAPP has been observed to inter-
act with a number of LRR-RLKs, including BRI1 (Schumacher
and Chory, 2000). It will be intriguing, therefore, to learn
whether overexpression of KAPP or a KAPP homolog leads
to a bri1-like phenotype and upregulation of genes in BR
biosynthesis. Initial results from such a study indicated that
only a clavata phenotype was observed when overexpress-
ing KAPP (Williams et al., 1997). Furthermore, it remains to
be determined whether BRI1 is capable of forming het-
erodimeric complexes with other LRR receptor–like proteins
or LRR-RLKs in analogy with CLV1/CLV2. In respect to glo-
bal control of steroid metabolism, it will be also interesting to
learn whether BRI1 can interact with SBPs or some steroid-
conjugated signaling factors showing analogy to the SONIC/
HEDGEHOG proteins that play crucial roles in the regulation
of cell differentiation pathways in mammals (Porter et al.,
1996; Lewis et al., 2001).

BL SIGNALING MECHANISM, CONCLUSIONS
AND PROSPECTS

According to the speculative models discussed above, BR
perception may imply the formation of BRI1-associated re-
ceptor complexes (Figure 5). The BRI1 complex might inter-
act either directly with BL or with a secreted and processed
sterol binding/carrier protein that could undergo BRS-medi-
ated proteolytic processing. Nonetheless, it is currently un-
known whether BRI1 is capable of forming a heterodimeric
receptor complex with other LRR-RLKs or LRR receptor–
like proteins. A recent meeting report on the existence of a
BRI1-interacting kinase, which is a LRR-RLK and forms a
RLK heterodimer with BRI1, supports model A in Figure 5
(Eckartdt et al., 2001). BL is known to promote autophos-
phorylation and activation of BRI1, triggering downstream
responses, which may be modulated by BRI1 binding an
inhibitory KAPP-like protein phosphatase. A phosphoryla-
tion cascade, including, for example, MAPK(K/K) kinases,
may ensure signal amplification leading to the activation of

transcription factors that control activation (e.g., XET) or re-
pression (e.g., BR biosynthesis) of BR-responsive genes. Al-
ternatively, BRI1 may directly phosphorylate transcription
factors and other signaling components (e.g., TRIP) modu-
lating diverse cellular responses. BIN2 appears to play a role
as negative regulator acting downstream of BRI1 in this sig-
naling pathway.

Further genetic screens for mutations that suppress or
enhance the above-described mutations and/or confer re-
sistance to the BR biosynthesis inhibitor brassinozole are
expected to unravel new elements of BR signaling. In addi-
tion, biochemical and protein interaction studies will help in
the identification of signaling partners of BRI1 and BIN2 ki-
nases. Also expected to be derived from further studies of
BL signaling is a major input toward gaining detailed insight
into the regulation of nongenomic steroid signaling, which
may facilitate the understanding of similar pathways in other
organisms. In particular, it is hoped that the study of plant
steroid hormone signaling pathways, based on the use of
comparative genome analysis, will uncover the conservation
of some signaling functions that also play a pivotal role in
nongenomic control of sterol homeostasis and steroid hor-
mone metabolism in mammals. As a practical goal, further
exploration of BR signaling and its interaction with other
hormonal and developmental pathways is predicted to pro-
vide new strategies for the regulation of growth and im-
provement in yield of important crops.
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