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Abstract

Brassinosteroids (BRs), the polyhydroxylated steroid hormones of
plants, regulate the growth and differentiation of plants throughout
their life cycle. Over the past several years, genetic and biochem-
ical approaches have yielded great progress in understanding BR
signaling. Unlike their animal counterparts, BRs are perceived at
the plasma membrane by direct binding to the extracellular domain
of the BRI receptor S/T kinase. BR perception initiates a signal-
ing cascade, acting through a GSK3 kinase, BIN2, and the BSU1
phosphatase, which in turn modulates the phosphorylation state and
stability of the nuclear transcription factors BES1 and BZR1. Mi-
croarray technology has been used extensively to provide a global
view of BR genomic effects, as well as a specific set of target genes
for BES1 and BZR1. These gene products thus provide a framework
for how BRs regulate the growth of plants.
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INTRODUCTION
Polyhydroxylated steroid hormones are

widely distributed in nature. They have been
identified in fungi, plants, and animals. The
likelihood of an ancient origin for these
molecules is underscored by the remarkable
conservation in activity between plant and
human forms of at least one key biosynthetic
enzyme (Li etal. 1997). In recent years, many
of the proteins required for steroid response
in plants have been identified. Strikingly, al-
most every protein in the pathway appears to
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belong to plant-specific families, suggesting
that the role of steroids as signaling molecules
may have arisen multiple times on the road
to multicellularity.

The BRs are important regulators of
growth and differentiation in plants. BR
biosynthesis is fairly well understood as a re-
sult of the identification of many BR-deficient
dwarf mutants and numerous feeding exper-
iments in cultured cells (Fujioka & Yokota
2003). In the past few years, tremendous
progress has been made in Arabidopsis in un-
derstanding how BRs are perceived and how
the information is transduced to promote ge-
nomic responses (Clouse 2002, Peng & Li
2003). In this review, we present a critical
analysis of currently available data on BR sig-
naling pathway components, highlighting the
latest findings on the cell surface-localized BR
receptor and on the specific control of gene
expression by a novel family of transcription
factors.

LIGAND PERCEPTION AND
RECEPTOR ACTIVATION

Brassinosteroids are Perceived by a
Receptor Serine/Threonine Kinase

In contrast to animal steroid signals, BRs are
perceived by a plasma membrane-localized re-
ceptor kinase. This kinase is encoded by the
BRII gene, which was initially identified as
a BL-insensitive mutant (Clouse et al. 1996)
and is defined by a large number of recessive
mutations (Figure 1). /771 mutants display a
light-grown morphology in the dark, show ex-
tremely dwarfed growth in the light, and have
numerous other phenotypes, all of which are
also seen in strong BR biosynthetic mutants.

BRI is part of a large, plant-specific fam-
ily of S/T LRR-RLKs, consisting of more
than 200 members in Arabidopsis (Shiu &
Bleecker 2001). The BRIl extracellular re-
gion consists of more than 20 LRRs, inter-
rupted by a stretch of amino acids termed the
island domain. Initial annotations predicted a
putative N-terminal leucine-zipper followed
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(Continued on next page )

by 25 LRRs, with the island domain resid-
ing between repeats 21 and 22 (Li & Chory
1997). For this review, we have reannotated
BRI1; the new annotation no longer predicts
a leucine zipper. Furthermore, it now appears
that BRII has 24 rather than 25 LRRs, with
LRR21 (formerly LRR22) being an unusual
methionine-rich repeat (Figure 1). The in-
tracellular region can be subdivided into a
JM, followed by a canonical S/T kinase and a
short C-terminal extension (Figure 1). Thus

by its overall structure, BRII is an archety-
pal receptor kinase (Li & Chory 1997), and
several lines of evidence established BRI
as a critical and limiting component for BR
binding and perception. BRII overexpres-
sion increases the number of BL binding
sites, and this binding activity can be precip-
itated using specific antibodies (Wang et al.
2001). In competition experiments, binding
affinities of these sites correlate with the
bioactivity of the respective compounds. The

www.annualreviews.org © Brassinosteroid Signal Transduction

strong

strong

strong

weak

weak

weak

weak

strong

strong

strong

strong

inter-

mediate

strong

strong

strong

strong

JM: juxtamembrane

region

179

Col-0

Ws-2

Ws-2

Ws-2

Col-0

Cal-0

Col-0

Ws-2

Col-0

Col-0

Col-0



Peptideaa Number Possible

positions  of sites positions Number Position  Length (aa) Description Reference
1 ==  825-841 1 S-838
1 1-879 879 extracellular/ He et al., 2000
2 - 842-854 2 T-842, T-846 transmembrane/
juxtamembrane
3 = 855869 1 S-858 region (NGT-1)
4 =  B870-874 1 T-872
5 =  886-895 1 5-887, 5-891 2 580-673 94 BL-binding Kinoshita et al,
6 =  978-983 1 S-981, T-982 region 2005
(Island+LRR22)
7 ==  1038-1062 3 T-1039, S-1042, S-1044,
T-1045, T-1049, S-1060
8 = 1165-1171 1 5-1166, S-1168, T-1169 3 815-1196 382 region described  Oh et al,, 2000
as BRI1-KD Wang et al.
9 == 1172-1189 1 S-1172, 5-1179, T-1180 or JKC 2005
o 10 o na. 1 S-1162
o
I 1 e na. 1 T-1180 4 814-1196 383 region used for  Liet al., 2002
% kinase and
3 interaction
<4 Kinase sub-domains assays
g = and functional regions aa position Length
cc
o 0115 883-903 21
ﬁ R 5 815-882 68 juxtamembrane Wang et al.
= 5 904-918 15 region 2005
S g a» 919-934 16
o
5 g 12 6 883-1155 273 Kinase domain  Wang et al.
2 ap 950-980 30 2005
(o]
=L 981-1003 23
Lo
% g 1004-1020 17 7 1156-1196 4 c-terminal region  Wang et al.
_Og 1021-1037 17 2005
[
2 b Vil ] 1038-1058 21
o >°_ 1059-1085 27 8 847-1196 350 region used for ~ Nam and Li,
§ o X ) 1086-1106 29 yeast-two-hybrid 2002
~ é 1107-1149 43
~m
— =
T ATP-binding signature 889-912 2
§ 5 catalytic loop 1007-1014 8
e activation loop 1027-1056 30
=47
oz
Fx
(o) - - .
- KENEnacodgan mutaln  iveanosnie bri1-105/107
T > bri1-301  bri1-103/104  bri1-115 bri1-101 bri1-117-118
O3 \ / /
o)
g G y
2
C
< =D

12 3 4 9 6 r 108 9n

Figure 1

Compilation of BRI1 data. Features were predicted using the following web resources. Signal peptide
and transmembrane domain: www.cbs.dtu.dk/services/; LRR repeats and kinase regions:
www.ebi.ac.uk/InterProScan/. LRR repeats were refined manually. Kinase subdomains are based on
Hanks & Hunter (1995). Alignments with cAPK (NP_00,2721), resources at http://pkr.sdsc.edu/ and
MSAs at www.botany.wisc.edu/prkr/ were used to define kinase subdomain borders. Phosphorylation
data are from Oh et al. (2000) and Wang et al. 2005. BRI1 mutation data are from Friedrichsen et al.
(2000), Noguchi et al. (1999) and Nam & Li (2002). (Tables can be downloaded from Table S1. Follow
the Supplemental Material link from the Annual Reviews home page at http://www.annualreviews.org).
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BRI1 N-terminal region, consisting of the ex-
tracellular domain, the transmembrane pass,
and the JM (Figure 1), was shown to func-
tion as a BR signal-transducing module (He
et al. 2000). By fusing this region to the ki-
nase domain of a rice LRR-RLK involved in
pathogen defense, BL-inducible defense re-
sponses could be transferred to transformed
cells. However, because these experiments
were done in rice, the presence of additional
plant-specific factors involved in BR binding
could not be excluded.

Recently, direct binding of BL to BRI1
was demonstrated with native and recombi-
nant BRII proteins (Kinoshita et al. 2005). It
was shown that a BR analog could be cross-
linked to BRII, both in microsomal prepa-
rations and in pull-down fractions highly en-
riched for BRI1-GFP, indicating that BRs and
BRI1 directly interact. Moreover, recombi-
nant proteins consisting of the island domain
and the neighboring C-terminal LRR repeat
(Figure 1) were sufficient to bind radioactive
BL with an affinity comparable to that ob-
served for full-length BRI1 from plants. In ad-
dition to BRI, three highly similar homologs
have been characterized (Cano-Delgado et al.
2004, Clay & Nelson 2002, Zhou et al. 2004).
Two display high BL-binding affinity. Ge-
netic analysis suggests that these receptors
play a restricted and partially redundant role
in BR signaling. Thus BRI1 apparently rep-
resents the single most important BR bind-
ing activity in Arabidopsis. Recently, the BRI1
ortholog in tomato was shown to act as the
receptor for systemin as well as for BRs (re-
viewed in Wang & He 2004). However, sys-
temin, a small peptide signal involved in plant
defense, is present only in a subgroup of
higher plants, not including Arabidopsis. Why
BRI1 was co-opted for this dual role is not
known.

Possible Mechanisms of BRI1
Activation

How is ligand binding transduced across
the membrane? Since the cloning of BRII,

numerous analogies to animal receptor path-
ways have been drawn (Peng & Li2003, Wang
& He 2004, Yin et al. 2002¢). Such com-
parisons are inevitable and potentially useful.
However, many receptor pathways have de-
veloped during the independent acquisition
of multi-cellularity in plants and animals, and
it is possible that mechanistic similarities be-
tween the BR and animal receptor pathways
might merely represent random evolutionary
convergences.

In animals, ligand-induced activation of
single-pass transmembrane receptors is of-
ten associated with dimerization or multi-
merization of the receptor with itself and/or
coreceptors. In mammalian cells, ligand-
induced oligomerization was proposed to
initiate downstream signaling by bringing in-
tracellular kinase domains together and allow-
ing their trans-phosphorylation (Schlessinger
2000). In many cases, however, this sim-
ple “induction by dimerization” model does
not appear to apply. The insulin receptor,
for example, exists as a constitutive, ligand-
independent dimer (Jiang & Hunter 1999).
Pre-formed dimers of epidermal growth fac-
tor (EGF) receptors were shown to exist in
vivo (Gadella & Jovin 1995) and structures of
the receptor’s extracellular domain suggest a
model whereby EGF binds with high affin-
ity to dimeric receptor forms, leading to their
stabilization rather than inducing their for-
mation (Ferguson et al. 2003, Garrett et al.
2002, Ogiso et al. 2002). Current models sug-
gest that ligand binding induces a reorienta-
tion of subunits with respect to each other. For
the EGF receptor, some evidence supports a
rotational rearrangement of subunits (Moriki
et al. 2001). For Epo, another receptor ty-
rosine kinase, a scissor-like activation mech-
anism has been put forward (Jiang & Hunter
1999). In summary, it appears that dimeriza-
tion is required but not sufficient for activa-
tion of single-pass transmembrane receptor
kinases.

BAKI, an LRR-RLK with five extracel-
Iular LRRs, is a candidate for BRIl’s co-
receptor. BAK1 was independently found as a
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gain-of-function suppressor of a weak allele
of bril, as well as a BRII yeast-two-hybrid
interactor (Li et al. 2002, Nam & Li 2002).
BRI1 and BAKI expressed in yeast inter-
act with each other and are able to mutu-
ally trans-phosphorylate. The phenotypes of
BAKI1 knockouts and kinase-dead, dominant-
negative variants are consistent with its role as
a positive component of BR-signaling. How-
ever, knockout phenotypes of BAKT are rather
subtle compared with BRII knockouts, indi-
cating that BAK1 is either notstrictly required
or functions redundantly with the four other
members of its subfamily (Hecht et al. 2001).
It will be important to determine if multiple
knockouts will eventually give rise to a bril-
like phenotype. Neither knockout nor over-
expression of BAKI influences ligand binding
to BRI (Kinoshita et al. 2005, Wang et al.
2005). Thus current data suggests that BAK1
is a coreceptor and/or downstream target of
BRII.

Recently, self-interaction of BRI1 was
demonstrated by FRET using cell-culture
transfection assays and by pull-down exper-
iments in transgenic plants (Russinova et al.
2004, Wang et al. 2005). BR effects on in-
teraction were not tested in the FRET ex-
periments, but the pull-down experiments
showed that BRI1 interaction increases upon
BL treatment. In the future, it will be critical
to address the oligomerization status of BRI1
and BAKI together, in a functional but non-
stimulated plant cell system. This can be done
in the background of strong biosynthetic mu-
tants or in the presence of high concentrations
of BR biosynthetic inhibitors.

Thus initial BL binding to the island-
LRR domain of BRIl may occur on BRII
monomers or with a preformed homo-
oligomer. Current data cannot exclude the
possibility that BL binds to a BRI1, which is
part of a BRI1-BAK1 hetero-dimer or hetero-
tetramer. The fact that BRI1 and BAK1 inter-
act in yeast in the absence of ligand suggests
that there may be pre-existing hetero-dimers
or tetramers. For the animal BMP-receptors,
all possible modes of receptor/coreceptor in-
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teraction states have been demonstrated in
the absence of ligand (Gilboa et al. 2000).
BL is a relatively small molecule compared
with the ligands of most animal receptor ki-
nases, and it is hard to imagine how BL could
bridge two receptor molecules via bivalent
interaction, as has been shown for ligands
in animals (Schlessinger 2000, Wiesmann &
de Vos 1999). To our knowledge, the fam-
ily of TOLL-like receptors (TLRs) (but not
TOLL itself) is the only example where
smaller molecules (bacterial components) ac-
tivate a single-pass transmembrane receptor
in animals (Akira & Takeda 2004). Unfor-
tunately, not much is known about the ac-
tivation mechanism of TLRs. Rather than
bridging subunits, BL could induce a confor-
mational change that stabilizes a pre-existing
dimer, as discussed for the EGF receptor.
A consequent conformational change would
then reorient the kinase subunits and allow
for initial #rans-phosphorylation, either be-
tween BRI1 subunits or between BRI1 and
BAK1. Trans-phosphorylation is considered
to be the critical initial event in receptor ki-
nase activation, releasing the kinases from an
auto-inhibited state of low activity (Hubbard
2004).

What is known about the regulation of
BRI kinase activity? It has been demon-
strated that BL treatment leads to BRI1 phos-
phorylation in planta (Wang et al. 2001,
Wang etal. 2005). In yeast, BAK1/BRI1 trans-
phosphorylation activity is apparently inter-
dependent since neither of the two proteins
can be phosphorylated if one is in its kinase-
dead form (Nam & Li 2002). Slightly dif-
ferent results were obtained using recombi-
nant BRI1 and BAKI1 kinases (Li et al. 2002).
The cytosolic parts were shown to interact
and trans-phosphorylate each other, even if
one partner was inactive, although not as ef-
ficiently. Thus isolated intracellular domains
seem to be less dependent on each other than
are full-length proteins. This might be ex-
plained by some topological restraints im-
posed on the full-length proteins. Therefore,
back-and-forth signaling between BRI1 and
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BAKI is possibly needed for full activation of
both.

In order to be activated, many kinases re-
quire phosphorylation in their activation loop,
which increases kinase activity by a number
of mechanisms (Johnson et al. 1996). The
BRI kinase contains all the signatures of an
activation-loop-dependent kinase, and it was
shown that S/T residues in the activation loop
are subject to auto-phosphorylation (Oh et al.
2000; Figure 1), suggesting that this might
be an initial activation event for BRI1. Addi-
tional mechanisms of receptor auto-inhibition
have been described, namely inhibition by
C-terminal extensions or JM regions of the
cytosolic domain (Hubbard 2004). Small in-
sertion/deletions in the JM region of the RTK
KIT, for example, lead to ligand-independent
receptor activity (Hirota et al. 1998). Dele-
tion of the BRI1-JM results in an inactive re-
ceptor, precluding conclusions about a possi-
ble role in auto-inhibition (Wang et al. 2005).
Nonetheless, the JM domain is subject to
BRI1 auto-phosphorylation in vitro (Figure
1), and it will be interesting to see if an in vivo
function can be assigned to these phosphory-
lation sites.

The C-terminal extension of BRI1 appears
to have an auto-inhibitory function (Wang
etal. 2005). A BRI1 C-terminal deletion con-
struct is functional and slightly hyperactive in
vivo. Moreover, the deletion variant is less
dependent on ligand, and a kinase domain
lacking the C terminus displays increased
kinase activity in vitro. The C terminus is
phosphorylated at multiple sites (Figure 1),
and “phosphorylation-mimic” mutations have
similar effects as deleting the domain. Taken
together, these results provide a first clue of
how BRII kinase is auto-inhibited and acti-
vated by phosphorylation. However, because
there is still a clear ligand dependency of C-
terminally deleted BRII, other mechanisms
must provide additional layers of regulation.
A fully phosphorylated receptor kinase will ei-
ther directly phosphorylate downstream tar-
gets or simply interact with them, thereby re-
cruiting them to their site of action.

Downstream Targets of BRI1

The direct targets of BRI in vivo are not
known, but several candidates exist. As dis-
cussed, BAK1 and its homologs may be the
main direct targets that initiate signaling
events that ultimately inactivate the down-
stream kinase BIN2 (see below). There-
fore, identifying BAK1 interaction partners
promises to further our understanding of BR
signaling. The second candidate for a di-
rect BRI1 target, transthyretin-like protein
(T'TL), was identified in a yeast-two-hybrid
with BRI1 (Nam & Li 2004). The interaction
depends on BRI kinase activity, and TTL
is phosphorylated by BRI1 in vitro. Genetic
analysis, however, suggests that TTL is a neg-
ative modulator of BRI signaling. TTL is
largely or completely associated with mem-
branes. Therefore, TTL could be involved in
recruitment of deactivating phosphatases or
be necessary for receptor down-regulation.

BRI1 Deactivation

Understanding receptor deactivation is as
important as understanding its activation be-
cause speed and mode of inactivation will de-
termine the amplitude and duration of ligand-
induced signaling. Virtually nothing is known
about how the activated BRI1 receptor is
turned off. Co-overexpression of BRII, to-
gether with BAKI, in cowpea protoplasts
leads to dramatic shifts of BRIl localiza-
tion toward endosomal compartments, and
FRET between BRI1/BAKI preferentially
occurs in endosomes and at restricted plasma
membrane sites. This suggests that BAK1
might somehow regulate BRI1 endocytosis
(Russinova et al. 2004). It remains to be seen
how this finding relates to the mechanism of
BR signaling in planta and to BRI1 deactiva-
tion. Enzymes catalyzing inactivating hydrox-
ylation reactions on BRs have been identified
and shown to be important in BR homeostasis
in vivo (Neff et al. 1999). If and how these
enzymes act in deactivating receptor-bound
BL is unknown. In animals, receptors can be
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inactivated by pH-dependent ligand separa-
tion in the acidic endosomal compartments
(Rudenko et al. 2002). This is unlikely to oc-
cur in plants, however, as the extracellular
space already has a low pH. Therefore, a pos-
sible ligand/receptor separation in endosomes
would have to occur by a different mech-
anism. Studies of BRI endocytosis and its
turn-over rates upon ligand binding will help
us to understand how BRI1 deactivation is
achieved.

SIGNAL TRANSDUCTION

BIN2, a GSK3 Kinase Critical
for BR Signaling

Downstream from BRI1/BAK1, a major sig-
naling component in the BR pathway is de-
fined by semidominant #/n2 gain-of-function
mutations. These mutants are allelic to
dwarf12 (Choe et al. 2002) and ucul (Perez-
Perez et al. 2002), uncovered in genetic
screens for BR-related dwarfism and altered
leaf morphology, respectively. bin2 mutants
resemble /771 mutants, but are distinguished
from bril mutants by an extreme downward
curling of the leaves. As in 771 mutants,
the feedback down-regulation of the BR-
biosynthetic gene CPD is lost in bin2 (Choe
etal. 2002, Li et al. 2001), accounting for the
higher accumulation of BL and its precursors
(Choe et al. 2002).

BIN2 encodes a protein kinase, 70% sim-
ilar in its catalytic domain to the mammalian
GSK3 (Choe et al. 2002, Li & Nam 2002,
Perez-Perezetal. 2002). GSK3s are a group of
highly conserved constitutively active S/T ki-
nases implicated in numerous signaling path-
ways and controlling metabolism, cell fate de-
termination, and tissue patterning in various
organisms.

BIN2 is a negative regulator of the BR
pathway. With a dominant mutant, unam-
biguous assignment of the affected gene to a
given pathway is more difficult than with loss-
of-function alleles. Indeed, as animal GSK3s
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are known to be fairly promiscuous in their
substrates, a gain-of-function mutation in one
family member could interfere with substrates
of other GSK3s or unrelated kinases. Gene
dosage analyses revealed that the sin2-1 muta-
tion was either hypermorphic or neomorphic
(Lietal. 2001), whereas the zcul mutation was
likely to be antimorphic (Perez-Perez et al.
2002), although several studies argue in favor
of the first hypothesis.

Three lines of evidence suggest that in-
creased activity of BIN2 negatively regulates
BR signal transduction. First, treatment of
plants with Li*, a known inhibitor of GSK3
(Klein & Melton 1996), provokes cell elonga-
tion and shows the typical BR-feedback down-
regulation of CPD expression (J. Li, unpub-
lished results), as well as dephosphorylation
of a BIN2 substrate, BESI (S. Mora-Garcia,
unpublished results). This clearly indicates
that one physiological function of GSK3s is
to negatively regulate BR signaling. Second,
BIN2 protein carrying the original bin2-1 mu-
tation displays a higher kinase activity in vitro
toward both a GSK3-peptide substrate (Li &
Nam 2002) and its substrate BES1 (Zhao etal.
2002), compared with activity of the wild-type
BIN2 protein. Finally, overexpression of BIN2
in the sensitized genetic background of a weak
bril mutant leads to either (2) severe dwarf-
ing in plants with increased levels of BIN2
or (b) wild-type-like plants resulting from co-
suppression of endogenous BIN2 (Li & Nam
2002). Though these observations point to
a negative role of GSK3s in the BR signal-
ing pathway, the function of BIN2 itself re-
mains somewhat unresolved and will await the
identification of a loss-of-function mutant for
BIN2.

Are other GSK3s involved? Although
well-characterized in animals, very little is
known about plant GSK3s. In Arabidopsis,
BIN2 belongs to a 10-member family orga-
nized in four phylogenetic subclasses (Jonak
& Hirt 2002). Plant GSK3s show a highly
conserved S/T kinase domain, but divergent
N- and C termini. The function of most
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GSK3s remains largely unknown and may not
be restricted to specific pathways. In mam-
mals, GSK38 is indeed involved in diverse
cellular processes such as phosphorylation of
glycogen synthase and -catenin in the insulin
and Wht signaling pathways, respectively, yet
no cross-talk is observed between the two
pathways.

Several lines of evidence suggest that plant
GSK3s are involved in stress responses and
developmental processes (Jonak & Hirt2002).
Interestingly, BIN2 has been shown to be ex-
pressed and restricted to the suspensor cells
and excluded from the hypophysis (Dornelas
et al. 1999). Whether this specific expression
pattern carries a BR-related function is un-
known. Genetic evidence suggests a stress in-
volvement for ASKt (a close BIN2 relative)
thatis ABA- and salt-induced and whose over-
expression in plants enhances salt tolerance
(Piao et al. 1999). It is not yet known if ASKt
acts in BR signaling, but it could represent
a molecular link between BRs and their re-
ported role in salt-stress tolerance (Anuradha
& Rao 2001). Uncovering the degree of re-
dundancy and specialization within the plant
GSK3s awaits in-depth genetic and biochem-
ical investigation.

Atypical regulation of BIN2 activity. In
animals, GSK3s are usually constitutively ac-
tive enzymes, tightly regulated by two major
mechanisms: phosphorylation and protein-
protein interactions.

Phosphorylation. Many GSK3 substrates
need to be prime-phosphorylated by a dif-
ferent kinase at position # + 4 before being
phosphorylated at position # by GSK3s. Also,
GSK3s themselves are regulated by phospho-
rylation. For example, upon insulin binding
to its receptor, protein kinase B (PKB)/AKT
phosphorylates GSK3s at a highly conserved
N-terminal serine residue (Cross et al. 1995).
This mimicks a prime phosphorylation and
therefore turns the GSK3 N terminus into
a pseudosubstrate, blocking access to its cat-
alytic site.

Multiprotein complex. The best character-
ized example is the canonical Wnt path-
way, where GSK3 -binding proteins control
access to its substrate B-catenin, generat-
ing a high degree of specificity in regulat-
ing GSK38. In the absence of stimulus, the
scaffold protein axin binds GSK38 and B-
catenin, triggering the phosphorylation of
B-catenin and thereby promoting its ubiquin-
ination and subsequent degradation by the
proteasome (Aberle et al. 1997). Upon Wnt
binding by the Frizzled family receptor, the
GSK3-binding protein FRAT facilitates the
disruption of the GSK3p-containing com-
plex. This decreases the phosphorylation of
B-catenin, which results in f-catenin accumu-
lation and activation.

At present, the biochemical characteriza-
tion of plant GSK3s is scarce. The absence of
both plant PKB and of the highly conserved
N-terminal serine residue in BIN2 suggests
that BIN2 is regulated by a different mech-
anism than the one seen for insulin. More-
over, BIN2 activity has been shown to act
following a new docking mechanism inde-
pendently of prime phosphorylation and of a
multiprotein complex formation (Zhao et al.
2002).

Neither BRI1 nor BAKI physically in-
teracts with or phosphorylates BIN2 (Li
& Nam 2002, Peng & Li 2003), suggest-
ing additional steps in the pathway. Out of
seven alleles of bin2/ucul/dwfl2 identified,
six are gain-of-function mutations that clus-
ter in the four-residue threonine-arginine-
glutamic acid-glutamic acid (TREE) domain,
highlighting its importance in BIN2 func-
tion (Choe et al. 2002, Li & Nam 2002,
Perez-Perez et al. 2002). The TREE do-
main is part of a short a-helix at the surface
of the protein (Peng & Li 2003) and could
be part of a phosphorylation site for CK2.
CK2 indeed phosphorylates a S/T residue in
an environment of acidic residues (Meggio
& Pinna 2003). In this sense, the different
bin2/ucul/dwfl12 mutations would affect ei-
ther the target residue or its environment
by substituting basic residues for acidic ones.
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Investigating a possible role for CK2 in the
BR-signaling pathway may shed some light
on how this key kinase is regulated by
BRs.

BES1/BZR1, Two Nuclear
Downstream Components
of BR Signaling

Two independent genetic screens identified
homologous proteins acting as positive reg-
ulators of the BR signaling pathway. The bzr1
mutant was identified as resistant to the BR-
biosynthesis inhibitor BRZ in the dark (Wang
etal. 2002). A suppressor screen of a weak br71
allele identified the bes] mutant, which not
only suppresses the dwarf phenotype of bril
but also leads to constitutive BR responses
(Yin et al. 2002b). BES1 and BZRI encode
plant-specific proteins that are 88% identi-
cal at the amino acid level. BES1 and BZR1
belong to a family of six closely related mem-
bers with unknown function in Arabidopsis. All
contain a bipartite nuclear localization signal,
a central region rich in S/T; including many
consensus phosphorylation sites for GSK3s,
and a proteolysis-related PEST domain that
encompasses the same P to L substitution in
both mutants.

BES1 and BZRI1 are positive regula-
BES1 and BZR1 proteins exist as two
different forms, visualized as a slow- and a
fast-migrating band on a Western blot, cor-
responding to a difference in the phospho-

tors.

rylation status of the two proteins (He et al.
2002, Yin et al. 2002b). Following BL treat-
ment, only the hypophosphorylated form of
both proteins is detected, accumulating to
higher level compared with that in non-
treated plants. This post-transcriptional reg-
ulation by BR was recently shown for four
other members of the BESI family (Yin et al.
2005). Fusion of BES1 and BZR1 to fluo-
rescent proteins indicates that the accumula-
tion of the hypophosphorylated form of both
proteins following BL treatment correlates
with their accumulation in the nucleus (Wang

Vert et al.

etal. 2002, Yin et al. 2002b). The hyperphos-
phorylated form of BZR1 is stabilized in the
presence of the proteasome inhibitor MG132,
suggesting that the phosphorylation of BZR1
increases its degradation by the proteasome
(He et al. 2002). In this sense, the respec-
tive mutations would uncouple the phospho-
rylation of both BES1 and BZR1 from their
degradation. Phosphorylation appears neces-
sary, but not sufficient, for the degradation
of both proteins as both forms are detected
in the cell under normal conditions. An addi-
tional modification of BES1 and BZR1, which
could be from additional phosphorylations,
may be required to efficiently target them for
degradation. Consistent with this, the hyper-
phosphorylated form of the mutated BZR1
protein migrates as a faster band compared
with that of the wild-type hyperphosphory-
lated BZR1 (He et al. 2002). These findings
support a model where the BL-dependent
accumulation of BESI and BZRI in their
hypophosphorylated forms is regulated by
a negatively acting kinase via proteasome
degradation.

Although bes] and bzrl are gain-of-
function mutations, several results argue for
their specific involvement as positive regula-
tors in the BR-pathway (He etal. 2002, Wang
etal. 2002, Yin et al. 2002b, Zhao et al. 2002).
Recently a loss-of-function dwarf phenotype
was reported from RNAi knock-down plants
for BESI and its relatives, further supporting
the redundant role of these proteins in BR
signaling (Yin et al. 2005).

One key question is why bes! and bzrI mu-
tants, which share the same lesion in virtu-
ally identical proteins and result in similar
BRZ-resistant phenotypes in the dark, exhibit
opposite phenotypes in the light. For exam-
ple, in the light, besI displays constitutive BR
responses, including long, bending petioles
and pale green leaves reminiscent of DIWF4 or
BRII overexpressing plants (Choe et al. 2001,
Wang et al. 2001). In contrast, bzrI displays a
semidwarf phenotype and increased sensitiv-
ity to BRZ. bzr1 shows reduced expression of
the biosynthetic gene CPD (Wang etal. 2002),
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a difference that may account for such pheno-
typic observations.

BES1 and BZRI: actual substrates of
BIN2? BESI and BZR1 proteins were
shown to exist as two different forms and to
specifically accumulate the hypophosphory-
lated form as early as 10 min after BL treat-
ment (He et al. 2002). bes! and bzrl gain-
of-function mutations, as well as BESI and
BZR1 overexpression, suppress the bin2 dwarf
phenotype, suggesting that BES1 and BZR1
act downstream from BIN2 (He et al. 2002,
Yin et al. 2002b, Zhao et al. 2002). BIN2 was
shown in vitro to interact with and to phos-
phorylate BES1 and BZR1 (He et al. 2002,
Yin et al. 2002b, Zhao et al. 2002). More-
over, BES1 and BZR1 protein levels are low in
the bin2 gain-of-function background (Wang
etal. 2002, Yin et al. 2002b). Finally, the dras-
tic deletion of the central region of BESI,
which contains the putative GSK3 phospho-
rylation sites, gives rise to constitutive BR
responses (Yin et al. 2005). The next chal-
lenge will be the identification of the pre-
cise sites in BES1 and BZR1 that are phos-
phorylated by BIN2 in vivo and determin-
ing how this correlates with their biological
activity.

BSU1, A Nuclear Phosphatase
Promoting BES1 Dephosphorylation

A bril suppressor screen by activation tagging
led to the identification of the bsul-1D mu-
tant (Mora-Garcia et al. 2004). BSUI encodes
a plant-specific protein with a long, Kelch-
repeat-containing N-terminal region hooked
up to a C-terminal S/T phosphatase domain.
bsul partially suppresses the dwarf phenotype
of the bin2 mutant. In addition, BES1 accumu-
lates in its hypophosphorylated form in bsul
mutants, and in vitro BIN2-phosphorylated
BESI is dephosphorylated in the presence
of BSUI protein. Finally, RNAi knock-down
plants show a compact phenotype resembling
weak bril alleles, providing additional support
for a model where BSU1 directly counters the

effects of BIN2 on BESI, and likely BZR1
(Figure 2).

Cracking the Code of the
BES1/BZR1 Signaling Mechanism

Three distinct BR effects have been described
for BES1/BZR1.

Dephosphorylation. The rapid conversion
of the pool of BESI to its hypophosphory-
lated form correlates with the first measurable
changes in transcription of BR-responsive
genes. The robustness of this response makes
the disappearance of the hyperphosphory-
lated form of BESI the best marker for BR
signaling.
Accumulation. In some cases, a clear over-
all increase in BESI protein levels can be
observed, whereas in other experiments the
total amount of protein appears unchanged,
although shifted to the hypophosphorylated
form. BES1 accumulation may reflect conver-
sion of the BES1 pool to the more stable hy-
pophosphorylated BESI rather than to active
stabilization, suggesting a minor role for pro-
tein accumulation in BR signaling.

Nuclear translocation. Nuclear accumula-
tion of a BES1-GFP fusion protein was re-
ported following BR treatment (Yin et al.
2002b). These data were interpreted as evi-
dence of a nuclear translocation correlating
with a shift from hypo- to hyperphosphory-
lated form, by analogy with what is known
for B-catenin in the canonical Wnt signal-
ing pathway (Figure 34). However, the data
would also be consistent with stabilization of
a constitutively nuclear protein. In agreement
with this idea, mBES1 and mBZR1 mutant
proteins, known to accumulate high levels of
both hypo- and hyperphosphorylated forms,
are detected exclusively in the nucleus (Wang
et al. 2002, Yin et al. 2002b). One report
described BES1 and BZR1 as constitutively
nuclear proteins (Zhao et al. 2002), which
also correlates with the nuclear localization
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Figure 2

A model for downstream events in the BR signal transduction pathway. In resting cells, the BIN2 GSK3
kinase is active and phosphorylates the transcription factors BES1 and BZR1, targeting them for
ubiquitination and subsequent proteasome-dependent degradation. In BR-stimulated cells, BRI1/BAK1
inhibits BIN2 and/or activates BSU1 activities by a yet unknown mechanism, leading to the conversion
of the BES1/BZR1 pool to the hypophosphorylated form. BES1, in association with the bHLH
transcription factor BIM1, promotes transcription of a subset of BR-regulated genes by binding to
E-box motifs, CANNTG. BZR1 directly represses the transcription of BR feedback-regulated genes
such as CPD to adjust BR homeostasis by binding to CGTG(T/C)G elements.
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Figure 3

Models for downstream signaling. (#) Original nuclear translocation model. BIN2 phosphorylates BES1
and BZR1 in the cytosol. Upon BR stimulation, hypophosphorylated BES1 and BZR1 shuttle to the
nucleus to promote BR responses (b)) Nuclear model. BIN2, BES1, and BZR1 are constitutively in the
nucleus; the activity of BES1 and BZR1 is primarily regulated by their phosphorylation status

(¢) Alternative nucleocytoplasmic model. Hyperphosphorylated BES1 and BZR1 are constantly cycling
between the cytosol and the nucleus. Stimulation by BR triggers conversion of BES1 and BZR1 to their
hypophosphorylated forms. This may lead to a greater affinity to DNA and/or prevent the two
transcription factors from exiting the nucleus, thereby accounting for their accumulation in the

nucleus.

of BSU1 (Mora-Garcia et al. 2004). Impor-
tantly, the subcellular localization of BIN?2 is
unknown to date and could help to solve this
issue. Its placement in the cytosol was based
on analogy with the Wnt pathway without
supporting evidence, although there is evi-
dence that plant GSK3s can be localized in
the nucleus (Tavares et al. 2002).

These observations raise important ques-
tions about the overall design of the path-
way and suggest that phosphorylation is the
primary mode of regulation of BES1 protein
activity. We therefore present a second model
where BESI phosphorylation and dephos-
phorylation events would occur exclusively in
the nucleus, assuming that BIN2 could be

www.annualreviews.org © Brassinosteroid Signal Transduction

] BiN2

@ BES1/BZR1
pPP

@) Fr-BES1/P-BZR1
] Bsut

6 proteasome

189



Annu. Rev. Cell. Dev. Biol. 2005.21:177-201. Downloaded from arjournals.annualreviews.org
by SALK INSTITUTE LIBRARY on 12/09/05. For personal use only.

190

localized in this compartment (Figure 3b).
Whether the degradation of BES1 happens in
the nucleus or in the cytosol is unknown, but
nucleocytoplasmic transport and subsequent
degradation in the cytosol could be involved,
as described for p53, for instance (Liang &
Clarke 2001). Alternatively, BES1 and BZR1
could undergo a rapid nucleocytoplasmic cy-
cling between the two compartments even
though the steady state of both proteins is in
the nucleus (Figure 3¢). This phenomenon
has been described for many transcription
regulators such as ERF, SMADs, and STATs
in the Ras/Erk, TGF-8, and JAK/STAT sig-
naling pathways, respectively (Le Gallic et al.
2004, Marg et al. 2004, Nicolas et al. 2004,
Pranada et al. 2004). Unraveling the relation-
ship between BR-induced dephosphorylation
of BES1 and BZR1 and their localization, un-
covering the subcellular localization of the
BIN2 protein, identifying the compartment
where BIN2 interacts with BES1 and BZR1,
as well as monitoring the possible dynamic
distribution of all the players will be essential

Mussig Yin

26 13

37

Goda

Figure 4

Early studies of BR-regulated gene expression
have little overlap. Genes shown to be induced by
BR treatment of seedlings are shown from three
studies: Mussig et al. (2002), cyan; Yin et al.
(2002b), magenta; Goda et al. (2002), yellow.
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for determining the true architecture of the
BR signaling pathway.

GENOMIC EFFECTS OF BRS

Studies have linked BRs to several nonge-
nomic effects, including changes in wall
extensibility (Zurek et al. 1994), osmotic per-
meability (Morillon et al. 2001), vacuolar
function (Schumacher et al. 1999), and intra-
cellular calcium fluxes (Allen et al. 2000). The
best characterized direct effects, however,
are the early transcriptional responses to BR
treatment.

A High Confidence List of
BR-Regulated Genes

Several recent reviews have described histor-
ical approaches to measuring BR responses
(i.e., Mussig & Altmann 2003). The focus of
this section is on the application of genome-
scale tools to the question of the BR genomic
response. In 2002, three groups published
reports on short-term effects of BR treat-
ment on gene expression, using Affymetrix
chips representing approximately one third
of the genome (Goda et al. 2002, Mussig
et al. 2002, Yin et al. 2002b). Surprisingly,
the findings from these groups showed lit-
tle overlap in the genes identified (Figure 4),
although similarities in the broad functional
categories represented by each group’s gene
list could be observed. One important re-
sult common to all three reports was the
modest nature of the BR response. Whereas
studies on other plant hormones, such as
auxin, have reported transcript-induction in
excess of 10-fold (Zhao et al. 2003), few BR-
regulated genes were shown to be induced
by more than 2-fold. This is an interesting
result from a biological perspective but also
presents a challenge for currentanalysis meth-
ods. In an attempt to resolve the question
of whether the results reported from each
study reflected differences in experimental de-
sign or were largely attributable to varying
analytical methods, we initiated a combined
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analysis with new data from two of the original
groups.

Both the Chory and Shimada groups had
applied their original experimental condi-
tions to the Affymetrix ATHI microarray,
representing approximately 22,000 genes.
Importantly, to perform a joint analysis of the
data from both laboratories, all differences,
including experimenter, treatment, growth
conditions, and age, were combined into a fac-
tor called lab effect (for details of analysis see
Appendix A. Follow the Supplemental Mate-
rial link from the Annual Reviews home page
at http://www.annualreviews.org). Three
replicates were available from the Chory lab-
oratory, where 10-day-old seedlings grown
on plates were submersed in 1 uM BL or
mock treatments for 2.5 h (Nemhauser et al.
2004). Two replicates were available from
the Shimada laboratory, where 7-day-old
liquid-culture-grown seedlings were exposed
to 10 nM BL or mock treatments for 3 h
(http://web.unifrankfurt.de/fb15/botanik/
mcb/AFGN/atgenex.html). To establish a
high confidence list of BR-regulated genes,
two diverse approaches were taken. In the
first, linear models were used (Gentleman
et al. 2004; limma library). Very few genes
were found to be differentially expressed by
linear models unless a term for lab effect was
included. This lab effect was found to be
significant for over half of the genes. Linear
models identified 480 genes whose transcript
levels increased following BR treatment
and 386 genes whose transcript levels de-
creased at a false discovery rate (FDR) =
0.05.

A description of an alternative, nonpara-
metric approach, called Rank Product, was
recently published (Breitling et al. 2004;
Gentleman et al. 2004; RankProd library of
bioconductor). This approach was proposed
to offer several advantages over linear mod-
eling, including fewer assumptions under
the model, no requirement to normalize all
data together, and increased performance
with noisy data and/or low numbers of
replicates. At an FDR = 0.05, 681 transcripts

increased following BR treatment, and 558
transcripts decreased. The overlap between
the gene lists identified in these approaches
(424 up-regulated genes
and 332 down-regulated genes; Table S2,
S3. Follow the Supplemental Material link
from the Annual Reviews home page at
http://www.annualreviews.org).

With this high confidence list in hand, we

returned to the original microarray data per-

is substantial

formed with the first-generation Affymetrix
microarrays. All seedling data from these
studies were used, including data from biosyn-
thetic and signaling mutants. From the Alt-
mann experiments, 20-day-old wild-type and
weak BR-deficient dwfl seedlings were ex-
posed to 300 nM epi-BL or mock treatments
(Mussig et al. 2002). In the Shimada exper-
iments, in addition to wild-type seedlings,
weak mutants from either BR signaling (b1
5) or biosynthesis (det2) pathways were ex-
posed to 10 nM BL or mock treatments (Goda
et al. 2002). Also, seedlings were exposed to
BRZ. The Chory group published two pa-
pers on using BL treatment. One included
arrays representing BL and mock treatments
of BL-insensitive mutants bin3 and bin5, sub-
units of topoisomerase VI (Yin et al. 2002a).
In a second paper, strong BR-insensitive
bril-116 mutants and besI-hypersensitive mu-
tants were exposed to 1 uM BL or mock
treatments (Yin et al. 2002b). Both pa-
pers also had wild-type seedlings exposed
to both treatments. All data were quantile-
normalized within experiment (Gentleman
et al. 2004; rma library of bioconductor),
and then ratios were taken between impor-
tant contrasts (i.e., WT + BL/WT + mock;
mutant + BL/mutant + mock; mutant +
BL/WT + BL; mutant + mock/WT +
mock). The resulting 30 ratios were then
clustered on the basis of the correlated ex-
pression of the 282 genes from the high
confidence list, represented on the earlier
version of the microarray (Table S4, S5.
Follow the Supplemental Material link from
the Annual Reviews home page at http://
www.annualreviews.org). Very clear clusters
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emerged, distinguishing up- and down-
regulated genes, and clustering together ex-
periments from different laboratories ex-
pected to have similar results (Figure 5). This
analysis provides strong evidence that while
BR genomic effects are undoubtedly affected
by the various factors confounded in the lab
effect, there are many genes with robustly
detectable BR effects regardless of these
factors.

One important result from this analysis is
that more than 80% of consistently detected
BR-regulated genes show estimated expres-
sion changes of less than twofold. All three
original analyses used an arbitrary twofold
cut-off in identifying differentially expressed
genes. Determining whether such modest ef-
fects are biologically relevant will be a criti-
cal question for future studies of the BR re-
sponse. Several alternative explanations have
been proposed, including larger changes in a
small subset of cells, highly responsive path-
ways, and the coupling of modest expression
changes with large changes in protein stability
or activity.

Biological Implications of
BR-Regulated Gene Expression

Which pathways are clearly affected by BRs,
as assayed by the genomic response? First, it
should be stated that a large proportion of
the genes identified by the analysis described
above have no known function or only a vague
hint without specific assignment to a bio-
logical process (e.g., DNA-binding domains).
However, a few conclusions can be drawn with
confidence. In support of decades of physio-
logical data, BRs clearly initiate loosening of
the cell wall and biogenesis of new cell wall
material (Table S6. Follow the Supplemen-
tal Material link from the Annual Reviews
home page at http://www.annualreviews.
org). The strength of primary cell walls
depends upon steel-like cables of cellu-
lose microfibrils reinforced with cross-linking
glycans (Reiter 2002). A gel-like pectin ma-
trix surrounding this framework regulates

Vert et al.

porosity and other physiological properties.
Structural proteins, such as the hydroxypro-
line-rich glycoprotein, extensin, and arabino-
galactan proteins, contribute in largely un-
defined ways to cell wall architecture. One
of the first genes identified as BR induced
was BRUI in soybean, encoding a xyloglu-
can endotransglusylases/hydrolases (XTHs-
formerly known as XETs) (Zurek & Clouse
1994). Consistent with their role in cell
growth, many cell wall components and the
enzymes that produce them are BR regulated,
including extensins, arabinogalactans, and
cellulose synthase subunits. Endo-glucanases
and expansins are also up-regulated. De-
creases in expression of several genes involved
in cell division, including two cyclins, are also
observed.

Interestingly, a number of genes involved
in the production and secretion of very-long-
chain fatty acids are also up-regulated follow-
ing BR treatment (Table S6). This may re-
flect an increased requirement for waxy cu-
ticle to cover rapidly elongating epidermal
cells and could contribute to the biotic and
abiotic stress protective effects of BR treat-
ment (Krishna 2003). The cytoskeleton is also
a target of BR regulation. In particular, two
tubulin-encoding genes, TUBI and TUBS,
are up-regulated by BRs (Table S6). Stud-
ies in the bull/dwf7-3 mutant suggest that
one aspect of the dwarfing phenotype ob-
served in BR mutants results from a defect
in microtubule organization and concomitant
loss of cellulose microfibrils (Catterou et al.
2001). BR treatment of the BR-deficient mu-
tant induces correct orientation of cortical
microtubules.

Connections with other hormones are
plentiful, including components of both bio-
synthesis and signaling pathways (Table S7.
Follow the Supplemental Material link
from the Annual Reviews home page
at http://www.annualreviews.org). A large
number of genes previously identified as
auxin-responsive has been noted by many
groups, which reflects the close association
of the BR and auxin genomic responses
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Figure 5

Re-analysis of microarray results. There are now many genes that behave consistently across BR
microarray experiments. Log ratios were taken for relevant contrasts in four separate microarray
experiments (e.g., WT treated with BL divided by WT mock-treated). These 30 ratios were clustered
on the basis of correlated distance among the 282 genes identified as BR-responsive in our previous
analysis (for details of analysis see Appendix A). A heat map is shown with each ratio represented as a
row (described on the left) and each gene as a column. Columns represent up-regulated genes on the
left and down-regulated genes on the right. The exact identity and order of these genes can be found in
Tables S4 and S5. Experiments from Yin et al. (2002a) are shown in orange, from Mussig et al. (2002) in
purple, from Goda et al. (2002) in blue, and from Yin et al. (2002b) in green. The results

of the clustering analysis are shown at the right. Note that experiments from different groups are
clustered together, suggesting that many genes behave reproducibly across laboratories.
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(Goda et al. 2004; Nakamura et al. 2003a,b;
Nembhauser et al. 2004). Several Aux/TAA
transcriptional repressors are up-regulated
by BRs and three ARF transcription factors
are down-regulated. Multiple studies have
demonstrated that both gene expression and
growth effects of these two hormone pathways
are interdependent (Bao et al. 2004; Naka-
mura et al. 2003a,b; Nemhauser et al. 2004).
Genes involved in IAA homeostasis have also
been found, and a number of genes involved in
auxin transportare down-regulated, including
members of the AUXI1, PIN, and MDR
families. Together, these effects might serve
to reinforce local peaks in auxin concentra-
tion, perhaps as part of a canalization pro-
cess. Effects of BRs on the ethylene biosyn-
thesis enzymes ACC synthase (ACS) were
observed many years ago in mung bean
(Vigna radiata) (Yi et al. 1999). At least
three ACS genes are up-regulated by BRs
in our survey. Interestingly, one gene en-
coding an ACS was down-regulated by BRs.
The HOOKLESS1 (HLSI) gene, which en-
codes an N-acetyltransferase, is also down-
regulated by BR treatment. HLS1 was re-
cently shown to promote turnover of ARF2
protein in response to ethylene or light stim-
uli, perhaps providing another mechanism
for regulation of the shared auxin:BR path-
way (Li et al. 2004). Three type A re-
sponse regulators, ARR3, ARRS, and ARRG,
are down-regulated by BR treatment. These
genes encode transcriptional repressors in-
duced by cytokinin treatment and are thought
to function as part of a negative feed-
back loop in that pathway (Suzuki et al.
2004).

A clear antagonistic relationship with the
light response is also apparent in BR genomic
responses (Table S8. Follow the Supplemental
Material link from the Annual Reviews home
page at http://www.annualreviews.org).
Three photoreceptors, phototropinl and
phytochromes B and E, are down-regulated
by BRs. Three other proteins connected with
the light response, CIP7, DRT100, and an
NPH3-like gene, are up-regulated by BRs,

Vert et al.

although their precise biological roles are not
well established. Several papers have sug-
gested that BR levels might be regulated by
light, either through direct regulation of the
DDWE1 BR biosynthetic enzyme or through
BASI-mediated hydroxylation/deactivation
(Kang etal. 2001, Neff et al. 1999). Together,
these findings suggest a complex web of
interactions among both phytohormones and
the light response modulating development
and physiology.

Alarge number of transcription factors are
regulated by BRs, including more than 10%
of the BR down-regulated genes (Table S9.
Follow the Supplemental Material link
from the Annual Reviews home page
at http://www.annualreviews.org). Among
the 41 down-regulated genes predicted to en-
code transcription factors, 5 contain AP2 do-
mains, 7 contain homeobox domains, and an-
other 7 are predicted to contain Zn finger do-
mains. Interestingly, several of the homeobox
genes are expressed in vascular tissue, a de-
velopmental fate closely associated with BR
response (Cano-Delgado et al. 2004). A ma-
jor shiftin transcriptional programs is likely to
precede and support the significant changes in
seedling morphology observed with changes
in BR response.

From the Signal to Specific Target
Gene Expression

Because BES1 and BZR1 share no significant
homology to any known protein, the mecha-
nism by which they control transcription was
obscure until recently. DNA-binding activity
and regulation of transcription were uncov-
ered for both BZR1 and BESI.

A yeast two-hybrid approach using BES1
as a bait identified the bHLH transcription
factor BIM1 (Yin et al. 2005). Gel shift ex-
periments showed that both BIM1 and BES1
are able to bind CANNTG E-box motifs in
the promoter of a SAUR-ACI BR-responsive
gene and likely to form a heterodimer in
a cooperative manner. Those E-box motifs
are known binding sites for many bHLH
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transcription factors (Toledo-Ortiz et al.
2003) and are also overepresented in the pro-
moter of BR-induced genes (Nemhauser etal.
2004). BES1 binds DNA through its N termi-
nus, which contains a highly basic domain as
well as certain key residues of bHLHs pre-
dicted to form a helix-loop-helix type struc-
ture. BES1 appears to activate SAUR-ACI ex-
pression, although this remains to be directly
shown using a heterologous system.

The actual involvement of BIM1 and its
paralogs in the BR-signaling pathway comes
from both gain- and loss-of-function mutants,
although the mutant phenotypes obtained are
weak. This suggests that other transcription
factors likely act redundantly in the pathway
or that the response mediated by BIMs af-
fects only a subset of BR-responsive genes.
The first candidates potentially acting in con-
cert with BIMs are BEE1, BEE2, and BEE3,
distantly related bHLHs previously shown
to be positive regulators of the BR response
(Friedrichsen et al. 2002). Importantly, di-
rect binding of BES1 was shown only for
the promoters of two SAUR-like genes and
could not be detected on the promoter of
a XET and BEEI1, which are known to be
BR responsive (Yin et al. 2005). This sug-
gests that BESI binding is not required on
all BR-responsive promoters or that levels of
BES1 protein on such promoters are quite
low.

BZR1 was shown to act as a transcrip-
tional repressor through direct binding to
CGTG(T/C)G elements in the promoter
of the BR biosynthetic gene CPD, a mo-
tif also conserved in the promoter of other
biosynthetic genes such as DWF4, ROT3, and
BR60X (He et al. 2005). These observations
strengthen the role of BZR1 in the control
of BR homeostasis through the direct repres-
sion of BR feedback-regulated BR biosyn-
thetic genes. In addition to its repressor role,
a positive role of BZR1 on gene expression
has been observed and is therefore likely de-
pendent on its interaction with different part-
ners that could switch BZR1 from a repressor

to an activator depending on the context or,
conversely, could simply be mediated by the
repression of a BR-regulated transcriptional
repressor.

These studies clearly argue for a direct
role of BZR1 and BESI in the repression of
biosynthetic genes and promotion of BR re-
sponses, respectively, but do not completely
explain the differences seen between bes! and
bzrl gain-of-function phenotypes. Surpris-
ingly, DWF4 promoter activity, another tar-
get of the feedback regulation of BR biosyn-
thesis by signaling, is down-regulated in both
besI and bzrl mutants (M. Lee, unpublished
results). Consistent with this observation, the
in-depth analysis done in the present study of
previously published besI microarray experi-
ments (Yin et al. 2002b) indicates that several
biosynthetic genes are down-regulated in bes].
This brings up the question about the oppo-
site phenotype of bes] and bzrl in the light
and gives rise to new questions at the molec-
ular level. Does BES1 binding to the same
promoter element that BZR1 is binding to di-
rectly repress CPD expression? Is BZR1 act-
ing like BES1 to positively regulate BR re-
sponse genes through E-box motifs? How do
almost identical proteins act differently in the
pathway? A comparative analysis of BES1 and
BZR1 transcriptional activity should there-
fore be carried out using the same target
promoters from both biosynthetic and other
BR-regulated genes to determine their target
specificity. Also, microarray analysis reveals
that BZR1 transcripts are moderately induced
by BR treatment and that two other family
members, BEH1 and BEH2, show reduced
transcript levels following BR treatment (Ta-
ble S2, S3. Follow the Supplemental Material
link from the Annual Reviews home page at
http://www.annualreviews.org). This may
reflect a more complex relationship among
family members in promoting BR responses.
A detailed analysis of spatial and temporal ex-
pression pattern of the entire family will also
help clarify the apparent paradox of besI and
bzrl phenotypes.
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CONCLUDING REMARKS understand the role of BRs as developmen-
tal signals, we need to unravel the determi-
nants of BR homeostasis: where and when BRs
are synthesized and degraded, how they are
transported out of the cell, and to what extent

Despite significant progress in understand-
ing the mechanisms of BR signaling, several
fundamental questions remain unsolved. A
major question is how the activity of BIN2

is regulated and whether this regulation in- they are distributed in the plant. Finally, inte-

volves BRI1/BAK1 directly. How BES] and  8ration of BRs with other key signals, such as
BZR1 and perhaps other family members co- 292 and light, must be understood to gain

ordinately regulate the large number of tar- further insight into the complexity of plant

get genes is also unknown. In order to truly development.

SUMMARY POINTS

1. Brassinosteroids are perceived at the plasma membrane by direct binding to the extra-
cellular domain of the BRI receptor. How ligand binding transduces the information
across the membrane and activates BRI1, as well as the mechanism of receptor deac-
tivation, is unknown.

2. BR-induced changes in gene expression are mainly achieved through the control of
the phosphorylation state of the transcription factors, BES1 and BZR1.

3. The specific contribution of transcription factors in BR responses is emerging.
Whereas the transcription factor BESI is involved in the promotion of BR responses,
BZR1 represses BR-biosynthetic genes.

4. The genomic response to BRs gives a good picture of their direct effects on growth
and differentiation, which is correlated with physiological observations.
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