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Brassinosteroids (BRs) comprise a class of over 40 poly-
hydroxylated sterol derivatives that appear to be ubiqui-
tously distributed throughout the plant kingdom. Among
plant hormones, BRs are structurally the most similar to
animal steroid hormones, which have well-known func-
tions in regulating embryonic and post-embryonic devel-
opment and adult homeostasis.  Like their animal counter-
parts, BRs regulate the expression of numerous genes,
impact the activity of complex metabolic pathways, con-
tribute to the regulation of cell division and differentiation,
and help control overall developmental programs leading
to morphogenesis. They are also involved in regulating
processes more specific to plant growth including photo-
morphogenesis and skotomorphogenesis, and cell expan-
sion in the presence of a potentially growth-limiting cell
wall.

Numerous books (Cutler et al., 1991; Khripach et al.,
1999; Sakurai et al., 1999) and recent reviews covering all
currently known aspects of BR biology and chemistry are
available, including biosynthesis (Fujioka and Sakurai,
1997; Sakurai, 1999; Yokota, 1997), physiological effects
(Altmann, 1999; Clouse, 1997; Clouse and Sasse, 1998;
Sasse, 1999; Sasse, 1997), molecular genetics (Clouse
and Feldmann, 1999), signal transduction (Schumacher
and Chory, 2000), natural occurrence (Fujioka, 1999) and
research history (Steffens, 1991; Yokota, 1999). 

Short History of BR Research

The discovery of plant growth-promoting compounds that
were subsequently shown to be steroids, was accom-
plished independently by research at the United States
Department of Agriculture (USDA) and at Nagoya

University in Japan (Yokota, 1999). In an effort to isolate
new plant hormones, Mitchell and his USDA colleagues
examined organic extracts of pollen from numerous
species over a thirty-year period. The most active growth-
promoting extracts were isolated from Brassica napus
pollen, and were hence named “brassins”. Brassins had a
pronounced effect on cell elongation and division in the
bean second-internode bioassay, and were found to
increase yields when sprayed on young seedlings of
radishes, leafy vegetables and potatoes. Based on this
preliminary data, Mitchell et al. (Mitchell et al., 1970) some-
what prematurely, but perhaps prophetically, attributed
hormonal status to the brassins “because they are specif-
ic translocatable organic compounds isolated from a plant
and have induced measurable growth control when
applied in minute amounts to another plant.” However,
they incorrectly predicted that the active component of
brassins was a fatty acid ester.

The true chemical nature of the brassin active compo-
nent was discovered after a major coordinated effort
involving several USDA laboratories, a truckload of 227 kg
of bee-collected B. napus pollen, pilot-plant solvent
extractions, and extensive column chromatography
(Steffens, 1991). The net result was 4 mg of a pure sub-
stance that was identified by single crystal X-ray analysis
to be a steroidal lactone, which was named brassinolide
(Grove et al., 1979). Within two years brasssinolide (BL)
and its stereo isomer, 24-epiBL, had been chemically syn-
thesized, eliminating the need for such massive plant
extraction procedures. With ample synthetic compound in
hand, research in the 1980’s focused on determination of
BR physiological effects in a wide variety of biological sys-
tems and on testing greenhouse and field applications for
enhanced crop yield (Cutler et al., 1991).

The first report of the effects of BR on Arabidopsis
growth appeared in 1991 (Clouse and Zurek, 1991) fol-
lowed shortly thereafter by a description of a screen for
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BR-insensitive mutants in Arabidopsis and demonstration
that BRs regulated gene expression in that species
(Clouse et al., 1993). The early 1990’s also saw significant
progress by several Japanese groups in unraveling the
biosynthetic pathway to BRs from common membrane
sterols (Fujioka and Sakurai, 1997). While most chemists
and biologists involved in BR research believed these
compounds were indeed a new class of plant hormone
(Sasse, 1991), unequivocal proof of their indispensable
role in plant growth and development was not available
until 1996, when a series of four independent reports
described the identification and properties of one BR-
insensitive (Clouse et al., 1996; Kauschmann et al., 1996)
and three BR-deficient mutants in Arabidopsis
(Kauschmann et al., 1996; Li et al., 1996; Szekeres et al.,
1996). The mutants exhibited an extreme dwarf pheno-
type, which could be rescued to wildtype by BR treatment
of the deficient mutants. Moreover, it was demonstrated
that two of the deficient mutants resulted from lesions in
genes encoding steroid biosynthetic enzymes. Thus, con-
vincing genetic and biochemical evidence was provided
that BRs were essential for normal plant growth and devel-
opment. BRs were then accepted by most scientists as a
new class of plant hormone and the number of researchers
studying their activity began to increase.

Chemical Structure

BL is a polyhydroxylated derivative of 5α-cholestan,
namely (22R,23R,24S)-2α,3α,22,23-tetrahydroxy-24-
methyl-B-homo-7-oxa-5α-cholestan-6-one (Figure 1).
Thus, plants possess a growth-promoting steroid with
structural similarity to cholesterol-derived animal steroid
hormones such as androgens, estrogens and corticos-
teroids from vertebrates, and ecdysteroids from insects
and crustacea. The BR family consists of BL and about 40
other free BRs plus 4 conjugates (Fujioka, 1999). These
differ from BL by variations at C-2 and C-3 in the A ring;
the presence of a lactone, ketone, or de-oxo function at C-
6 in the B ring; the stereochemistry of the hydroxyl groups
in the side chain, and the presence or absence of a methyl
(methylene) or ethyl (ethylene) group at C-24. The conju-
gates are glycosylated, meristylated and laurylated deriva-
tives of the hydroxyls in ring A or in the side chain. Many
of the known BRs are biosynthetic precursors or metabol-
ic products of BL, although castasterone, the immediate
precursor of BL, is believed to have independent biological
activity in some plants. The optimal structure for highest
BR activity normally is that found in BL, consisting of a lac-
tone function at C-6/C-7, cis-vicinal hydroxyls at C-2 and

C-3, R configuration of the hydroxyls at C-22/C-23 and a
methyl substitution at C-24 (Mandava, 1988).

Natural Occurrence and Distribution in the Plant
Kingdom

BRs have been found in all cases in which a rigorous
examination of a plant species by GC-MS or LC has been
undertaken; including at least 37 angiosperms (28 dicots
and 9 monocots), 5 gymnosperms, 1 alga and 1 pterido-
phyte (Fujioka, 1999). Endogenous levels of BRs vary
across plant organ type, tissue age and species, with
pollen and immature seeds containing the highest levels.
Young, growing shoots contain higher BR levels than
mature tissue, which is not surprising in view of the greater
physiological response of immature tissue to BRs. Table 1
summarizes endogenous BR levels detected in a range of
species and tissue types.

Overview of Physiological Effects

Early studies of BR activity in plants depended on exoge-
nous BR application followed by recording the observable
response. From these experiments it became clear that
BRs had a dramatic positive effect on stem elongation,
including promotion of epicotyl, hypocotyl and peduncle
elongation in dicots, and enhanced growth of coleoptiles
and mesocotyls of dicots (Mandava, 1988). Exogenous
BRs also stimulated tracheary element differentiation in
Helianthus tuberosus and Zinnia elegans, the two primary
model systems for xylogenesis (Clouse and Zurek, 1991;
Fukuda, 1997). In many test systems BRs increased rates
of cell division, particularly under conditions of limiting
auxin and cytokinin. BRs were also shown to accelerate
senescence, cause hyperpolarization of membranes, stim-
ulate ATPase activity, and alter the orientation of cortical
microtubules. Besides direct effects on growth regulation,
BRs also were shown to mediate abiotic and biotic stress-
es, including salt and drought stress, temperature
extremes and pathogen attack (Clouse and Sasse, 1998). 

Many of the observed physiological responses elicited
by exogenous application of BRs were later shown to
occur in planta by examination of the phenotypes of BR-
deficient and -insensitive mutants in Arabdiopsis, tomato,
and pea. Arabidopsis BR mutants show a characteristic
phenotype in the light (Fig. 2), including dwarf stature, dark
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Figure 1. Structure of naturally occurring brassinosteroids. The structure of brassinolide is presented with possible variations in the A and B rings
and the side chain shown in boxes. Compounds to the right have been identified in plants and numbers represent sturcture of A-Ring: B-Ring: Side
Chain. The C and D rings remain the same for all compounds.
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green, rounded leaves, prolonged life-span, reduced fertil-
ity, and altered vascular development. In the dark, they
exhibit some of the features of light-grown plants including
shortened hypocotyl and open cotyledons. In BR-deficient
mutants, all of these phenotypic alterations are rescued to
wildtype by exogenous application of BL (Altmann, 1999;
Clouse and Feldmann, 1999). 

Biosynthesis

A clear understanding of how endogenous BR levels are
regulated via synthesis and metabolism is a required com-
ponent of any molecular model of BR action. The basic
features of BL biosynthesis were uncovered utilizing cell
suspension cultures of Catharanthus roseus, which were
fed deuterated and tritiated putative intermediates in BL

Figure 2. Phenotype of BR dwarf mutants. Comparison of several 5-week-old BR-deficient or –insensitive (bri1) mutants of
Arabidopsis with a wild-type Arabidopsis plant of the same age. See the text for a description of each mutant.  Adapted from a
photo courtesy of S. Choe and K. Feldmann.
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biosynthesis followed by analysis with sensitive tech-
niques of gas chromatography-mass spectrometry to
monitor conversion of the labeled compounds (Fujioka and
Sakurai, 1997; Sakurai, 1999). Based on side chain struc-
ture and stereochemistry, wide distribution in the plant
kingdom, and the relative biological activities in bioassays,
it was predicted that the plant sterol campesterol would be
converted to BL via teasterone, typhasterol and castas-
terone (Yokota et al., 1991). This skeletal pathway, in addi-
tion to several intermediate steps, was confirmed in C.
roseus cells and seedlings. Moreover, it was found that C-
6 oxidation could occur before (Early C-6 oxidation path-
way) or after (Late C-6 oxidation pathway) hydroxylation of
the side chain.

While campesterol has been shown to be the BL pro-
genitor, other BRs are likely to also be derived from com-
mon plant sterols with appropriate side chain structure
such as sitosterol, isofucosterol, 24-methylenecholesterol,
and 24-epicampesterol (Yokota, 1997). Plant sterols are
synthesized by the isoprenoid biosynthetic pathway via
acetyl-CoA, mevalonate, isopentenyl pyrophosphate, ger-
anyl pyrophosphate and farnesyl pyrophosphate (Fig. 3).
Squalene is produced by condensation of two farnesyl
pyrophosphate molecules, which is then converted via
squalene-2,3-epoxide to cycloartenol, the parent com-
pound of all plant sterols (Anderson and Beardall, 1991).
The conversion of squalene-2,3-epoxide to cycloartenol is
unique to plants. In animals and fungi squalene-2,3-epox-
ide is converted to lanosterol, the precursor of cholesterol
and the animal steroid hormones (Benveniste, 1986). As
described in detail below, several mutants have been iso-
lated and characterized in detail that are blocked at vari-
ous steps in the biosynthesis of plant sterols, and in their
conversion to BRs. Interestingly, most of the sterol and
BR-deficient mutants were isolated in screens for other
physiological processes, such as dwarfism, constitutive
photomorphogenesis in darkness, or defects in embryoge-
nesis, and were only later shown to be involved in sterol or
steroid biosynthesis when the sequence of the cloned
genes suggested such a role. 

MODULATION OF ENDOGENOUS BR LEVELS IN
ARABIDOPSIS

Biosynthesis of Sterol Precursors

The biosynthetic pathway to BL can be divided into gener-
al sterol synthesis (cycloartenol to campesterol), and the
BR-specific pathway from campesterol to BL. Besides

their role as BR precursors, plant sterols such as campes-
terol are integral membrane components which serve to
regulate the fluidity and permeability of membranes and
directly affect the activity of membrane associated pro-
teins, including enzymes and signal transduction compo-
nents (Hartmann, 1998).  Moreover, recent evidence from
animal studies suggests that in addition to their role as
steroid hormone precursors, sterols can themselves serve
as ligands for nuclear receptors and interact with other
transcription complexes to directly modulate signal trans-
duction pathways (Edwards and Ericsson, 1999). In view of
the multiple and critical roles sterols play, it is not surpris-
ing that mutations in genes encoding sterol biosynthetic
enzymes can have a dramatic affect on eukaryotic devel-
opment. Mutations in genes encoding five biosynthetic
enzymes in the pathway leading to plant sterols have now
been identified, in addition to five mutants affecting the
specific pathway to BRs. Comparison of the phenotype of
these mutants and their response to BR application, is
increasing our understanding of the role plant sterols and
their hormone derivatives play in controlling both embry-
onic and post-embryonic plant development.

Arabidopsis mutants with blocks very early in the sterol
biosynthetic pathway have some of the characteristics of
BR-deficient mutants in adult plants, but show unique
defects in embryogenesis not previously reported in BR
mutants or in sterol biosynthetic mutants later in the path-
way (Fig. 4). The fackel mutant was identified in a system-
atic screen for mutations affecting body organization in
Arabidopsis seedlings (Mayer et al., 1991), while the extra-
long-lifespan mutant was uncovered in a genetic screen
for constitutive cytokinin response mutants. Subsequent
analysis revealed that extra-long-lifespan and fackel are
allelic (Jang et al., 2000). Molecular characterization of the
fackel mutants has provided convincing evidence that the
FACKEL gene encodes a sterol C-14 reductase required
for the conversion of 4α-methyl-5α-ergosta-8,14,24(28)-
trien-3β-ol to 4α-methylfecosterol (Jang et al., 2000;
Schrick et al., 2000). The FACKEL gene shares significant
sequence similarity to human, rat, chicken and fungal C-14
sterol reductases, and a FACKEL cDNA rescues the defec-
tive sterol C-14 reductase in the yeast mutant erg24.
Furthermore, the endogenous levels of various BRs,
campesterol and sitosterol were severely reduced in the
mutant, while the substrate sterol C-14 reductase accu-
mulated ten-fold. Interestingly, fackel accumulates three
unusual 8,14-diene sterols, similar to plant cell suspension
cultures treated with the C-14 reductase inhibitor, 15-aza-
sterol. The smt1 mutant of Arabidopsis shares many of the
phenotypic properties of fackel and has been shown to
disrupt the step leading from cycloartenol to 24-methylene
cycloartenol (Diener et al., 2000). The SMT1 gene encodes
an enzyme capable of C-24 alkylation of the sterol side
chain in the presence of S-adenosylmethionine and
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Figure 3. Biosynthetic pathway of the plant sterol precursor, cycloartenol, from mevalonate.
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recombinant SMT1 catalyzes the conversion of
cycloartenol to 24-methylene cycloartenol in vitro.
Cholesterol accumulates in the smt1 mutant at the
expense of sitosterol, although other sterol levels are rela-
tively normal.

Embryogenesis is severely disrupted in fackel and smt1
mutants. Initially, a lack of asymmetrical cell division in the
globular stage embryo is observed, and while wild-type
embryos progress to the heart stage, fackel embryos
remain globular and disorganized (Fig. 4). Multiple shoot
apical meristems are initiated in the mutant and develop-
ing seedlings often have more than two cotyledons.
Furthermore, the cotyledons appear to be directly
attached to the root, with little development of the
hypocotyl (Fig. 4). Determination of mRNA levels by in situ
hybridization showed prominent expression of the FACK-
EL and SMT1 genes during wild-type embryo develop-
ment (Diener et al., 2000; Schrick et al., 2000).  Finally, it
should be noted that while adult fackel plants exhibit many
of the features of BR-deficient mutants (and are them-
selves BR-deficient), they are not rescued by BR treat-
ment, even though they retain some sensitivity to BRs
(Jang et al., 2000). An intriguing explanation for the lack of
BR rescue of these early sterol mutants suggests that
sterols themselves may serve as signaling molecules reg-
ulating embryogenesis and these sterol signals are dis-
rupted in the fackel and smt1 mutants. Arguments in sup-
port of this hypothesis have been summarized in a recent
review (Clouse, 2000). 

The next step in the sterol biosynthetic pathway for
which mutants are available involves the introduction of a
C-5 double bond in the B ring of episterol (Fig. 4). A screen
of ethane-methylsulfonate (EMS) mutagenized Arabidopsis
seedlings by gas chromatography uncovered a mutant,
ste1 (Gachotte et al., 1995), that accumulated ∆7 sterols
with a decrease in the corresponding ∆5 sterols.
Transgenic plants expressing the yeast ERG3 gene, a ∆7-
C-5-desaturase, regained the normal sterol profile. The
ste1 mutant was apparently a weak or leaky allele, since it
showed no visible phenotype. Subsequent cloning and
sequencing of the STE1 cDNA and ste1 allele showed that
the mutation resulted from a Thr to Ile substitution at
amino acid 114 (Husselstein et al., 1999). Null alleles of
ste1, dwarf7-1 (dwf7-1) and dwf7-2, were discovered in
screens for dwarfs in a population of T-DNA mutagenized
and EMS mutagenized Arabidopsis plants respectively.
These mutants had many of the phenotypic features of
BR-deficient mutants (although not as severe), which were
rescued by BR treatment (Choe et al., 1999b). The
STE1/DWF7 gene is 38% identical (50% similar) to the
yeast ERG3 gene and 35% identical (47% similar) to a
human ortholog. All of these  ∆7-C-5-desaturases have
conserved transmembrane domains and histidine clusters
required for activity and both dwf7-1 and dwf7-2 are non-

sense mutations resulting in premature stop codons that
eliminate some of these essential domains. An apparent
DWF7/STE1 homolog with 80% amino acid identity has
been cloned in Arabidopsis, suggesting that duplicate
genes regulate this step. Such redundancy could account
for the less severe phenotype of the dwf7 mutants when
compared to mutants in the BR-specific pathway.
Measurement of endogenous sterol and BR levels in dwf7-
1 by GC-SIM showed severe reduction in 24-methylenec-
holesterol, campesterol, campestanol and all downstream
BRs. These results were confirmed by feeding experiments
with 13C-mevalonic acid, which showed that dwf7 accu-
mulated 13C-episterol while 13C-5-dehydroepisterol was
not detected. Thus, a very through genetic and biochemi-
cal analysis of these mutants has rigorously identified
dwf7/ste1 alleles as lesions in the gene encoding the ∆7-C-
5-desaturase of Arabidopsis sterol biosynthesis (Choe et
al., 1999b). 

The next step in the pathway, conversion of 5-dehy-
droepisterol to 24-methylenecholesterol by a ∆7-sterol
reductase (Fig. 4), has also been thoroughly characterized.
The dwf5 mutant of Arabidopsis was assigned to this step
by similar methods to those described above for dwf7,
including sequence analysis of the Arabidopsis homolog of
∆7-sterol reductase in six loss-of-function dwf5 alleles to
pinpoint the mutations, measurement of endogenous BR
and sterol levels, feeding experiments with labeled inter-
mediates, and rescue of the mutant to wildtype by apply-
ing exogenous BRs. Moreover, the dwf5 mutant was also
complemented by transformation with the Arabidopsis ∆7-
sterol reductase gene. The phenotype of dwf5 is similar to
dwf7 and other BR-deficient mutants, but has some
unique characteristics. The dwf5-1 allele has increased
fertility compared to other BR and sterol-deficient mutants,
but had abnormal seeds with reduced germination rates.
Furthermore, dwf5-1 did not show the prolonged life cycle
typical of BR mutants (Choe et al., 2000).

The completion of the sterol biosynthetic pathway
involves the isomerization and reduction of 24-methylene-
cholesterol to campesterol (and isofucosterol to sitosterol
by a parallel reaction). Numerous allelic dwarf mutants
have been associated with this conversion. The first
mutant, dwarf1 (dwf1) was originally isolated from the first
population of T-DNA lines generated by seed infection
(Feldmann et al., 1989). An allele of dwf1, dimunito (dim),
was independently isolated from another T-DNA screen
(Takahashi et al., 1995). However, it was not known that
dwf1/dim were BR-deficient mutants until a third allele,
cabbage1 (cbb1), was shown to be rescued by BR treat-
ment (Kauschmann et al., 1996). Another eight alleles of
dwf1 were identified in various screens and sequence
analysis showed that DWF1 encoded an oxidoreductase
with a flavin adenine dinucleotide-binding domain, and a
putative membrane anchoring region (Choe et al., 1999a).
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Figure 4. Biosynthetic pathways of sterols from cycloartenol. Steps in which mutants in Arabidopsis are available are indicated.
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A majority of the alleles contained lesions in this domain,
suggesting a critical role for FAD-binding in DWF1 func-
tion. Subsequent work with a green fluorescent protein-
DWF1 fusion confirmed that DWF1 is an integral mem-
brane protein, as expected for most sterol and steroid
biosynthetic enzymes (Klahre et al., 1998). Two independ-
ent groups confirmed that the DWF1 protein is responsible
for both steps in the conversion of 24-methylenecholes-
terol to campesterol, and isofucosterol to sitosterol (Choe
et al., 1999a; Klahre et al., 1998).

Biosynthesis of BL from Campesterol

The conversion of the membrane sterol campesterol to BL
occurs via a series of reductions, hydroxylations, epimer-
izations and oxidations that have been extensively studied
in several species. The first four reactions lead to campes-
tanol via reduction of the C-5 double bound in campesterol
(Fig. 5). One of these steps has been characterized in
detail. The dwarf mutant de-etiolated2 (det2) was identified
in a screen for plants that grew in the dark as if they were
in the light (Chory et al., 1991). Map-based cloning of DET2
revealed significant sequence identity in the predicted pro-
tein (38-42%) to mammalian 5α-steroid reductases that
catalyze the NADPH-dependent reduction of testosterone
to dihydrotestosterone (Li et al., 1996). The mammalian
reductase and the DET2 protein share 80% of conserved
residues including a glutamate that is required for mam-
malian enzyme activity and which is mutated to a lysine in
the det2-1 and det2-6 alleles. Moreover, recombinant
DET2 protein expressed in human embryonic kidney cells
reduced several 3-oxo, ∆4,5 mammalian steroids, such as
testosterone and progesterone, while the mutant det2 pro-
tein failed to do so (Li et al., 1997). The DET2 enzyme
activity was inhibited by 4-MA, a competitive inhibitor of
mammalian 5α-reductases. Overexpression of human 5α-
reductases in transgenic det2 plants resulted in  wild-type
phenotype without BR application, and the rescue was
inhibited by 4-MA. 

BRs rescue det2 to wildtype in the light and the dark (Li
et al., 1996) and endogenous levels of campestanol are
reduced about 90% in det2 compared to wildtype (Fujioka
et al., 1997). While det2 has the typical BR-mutant pheno-
type, it is not as severe as cpd and bri1 (see below), and
this may be due to the residual campestanol present in
det2. This, in turn, could result from a second reductase
catalyzing the same reaction, similar to the case of dwf7.
A putative DET2 homolog is predicted from Southern blot
analysis. Measurements of endogenous BRs and feeding
wildtype and det2 seedlings with deuterated substrates
showed that DET2 catalyzes the step involving conversion

of (24R)-24-methylcholest-4-en-3-one to (24R)-24-methyl-
5α-choestan-3-one (Noguchi et al., 1999b).

Another mutant, sax1, may also affect steps in the con-
version of campesterol to campestanol. sax1 was identi-
fied in a screen for mutants that were hypersensitive to
auxin and abscisic acid (Ephritikhine et al., 1999a). While
sax1 shares the dwarf phenotype of BR-deficient mutants
and is partially rescued by BR treatment, it does not exhib-
it the typical de-etiolated phenotype in the dark. sax1
appears to block BL synthesis in a step preceeding det2,
and feeding experiments with synthetic intermediates
(Ephritikhine et al., 1999b) suggest that SAX1 acts in a
putative side pathway involving conversion of campers-
terol to 6-deoxocathasterone via 22-hydroxylated interme-
diates (Fig. 5). However, this pathway has not been
demonstrated to occur in planta and the SAX1 gene has
not been cloned. Thus the role of SAX1 in BR biosynthesis
is not as clear as in the BR-deficient mutants that have
been more fully characterized.

From campestanol, the BL biosynthetic pathway
diverges into the Early and Late C-6 oxidation branches.
BRs lacking a ketone or lactone in the B ring occur widely,
although they have low biological activity in bioassays
(Yokota, 1997). The endogenous occurrence of 6-deoxo-
castasterone, 6-deoxotyphasterol, 3-dehyrdo-6-deox-
oteasterone and 6-deoxoteasterone has been demonstrat-
ed in numerous plants where castasterone and BL are also
present including bean, wheat, rice, rye, Arizona cypress,
C. roseus and Arabidopsis (Choi et al., 1997; Fujioka et al.,
1996; Fujioka and Sakurai, 1997; Griffiths et al., 1995). The
co-occurrence of 6-deoxo and 6-oxo forms of BL precur-
sors suggests that a late C-6 oxidation pathway, in which
ketone formation at C-6 follows A ring hydroxyl and side
chain modification, operates simultaneously with early C-6
oxidation in a wide array of plants. Feeding a range of deu-
terium-labeled substrates to seedlings followed by GC-MS
has clearly demonstrated that both of these pathways are
fully functional in Arabidopsis (Noguchi et al., 2000). 

The conversion of campestanol to 6-deoxocathasterone
(Late C-6 oxidation) and of 6-oxocampestanol to cathas-
terone (Early C-6 oxidation) are both accomplished by the
product of the DWF4 gene, which encodes a cytochrome
P450 with sequence similarity to mammalian steroid
hydroxylases (Choe et al., 1998). The phenotype of dwf4
resembles that of other BR-deficient mutants and feeding
experiments showed that only 22α-hydroxylated interme-
diates in BL biosynthesis, and synthetic compounds such
as 22-hydroxycampesterol, could rescue dwf4 to wildtype
suggesting that DWF4 functions as a C-22 steroid hydrox-
ylase.  The next step in both branches of the pathway also
involves side chain hydroxylation and is catalyzed by the
product of the CPD gene, which encodes a cytochrome
P450 with 43% identity (66% similarity) to DWF4. The cpd
mutant is an extreme dwarf which is rescued only by 23α-
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Figure 5. The biosynthetic pathway from campesterol to brassinolide showing known mutants in Arabidopsis that block the con-
version of intermediates at the steps indicated, or prevent BR perception and/or signal transduction. The pathway on the left is
termed Early C-6 Oxidation and that on the right, Late C-6 Oxidation. BR-6-Oxidase has been shown to convert 6-
Deoxocastasterone and 6-Deoxotyphasterol to the corresponding 6-oxo compounds in Arabidopsis, while the conversion of 3-
Dehydro-6-deoxoteasterone and 6-Deoxoteasterone has been demonstrated so far in recombinant yeast cells only.
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hydroxylated BRs, indicating that CPD acts as a C-23
steroid hydroxylase (Szekeres et al., 1996).

Mutants blocking steps after CPD in the Arabidopsis BL
biosynthetic pathway have not been clearly identified,
although it is possible that dwf8 affects the hydroxylation
of typhasterol to castasterone (Clouse and Feldmann,
1999). However, in tomato, the DWARF gene encodes a
cytochrome P450 monooxygenase that has been shown
to catalyze the oxidation of 6-deoxocastasterone to cas-
tasterone via 6α-hydroxycastasterone (Bishop et al.,
1999). Using the tomato DWARF sequence for database
searches, several ESTs corresponding to putative
homologs of the tomato gene were identified and RT-PCR
was employed to obtain a full-length cDNA, which was
named AtBR6ox. The 466 amino acid protein shared 68%
identity (81% similarity) to the tomato DWARF cytochrome
P450, and was indeed more closely related to the tomato
gene than other Arabidopsis P450s in the pathway such as
DWF4 and CPD. AtBR6ox was expressed in yeast, and by
feeding deuterated substrates followed by GC-MS, it was
shown that recombinant AtBR6ox is a steroid-6-oxidase
that can convert not only 6-deoxocastasterone to castas-
terone, but also 6-deoxotyphasterol to typhasterol; 3-
dehydro-6-deoxoteasterone to 3-dehydroteasterone; and
6-deoxoteasterone to teasterone (Shimada et al., 2001).
The conversion of 6-deoxocastesterone to castasterone
and 6-deoxotyphasterol to typasterol has been confirmed
in Arabidopsis seedlings (Noguchi et al., 2000). Thus, BL
biosynthesis in Arabidopsis appears to be more of a meta-
bolic grid than two independent linear pathways of Early
and Late C-6 oxidation. Double mutant studies showing
additive phenotypes between mutants at different steps of
the pathway supports the grid hypothesis vs. the inde-
pendent linear pathways (Clouse and Feldmann, 1999).

Regulation of BL Biosynthesis

Modulation of the activity and/or levels of biosynthetic
enzymes in the BL pathway is an obvious way in which BR
concentrations could be increased or decreased in the
plant cell. Such regulation could occur at the level of tran-
scription, mRNA stability, translation, enzyme catalytic
activity and accessibility to substrates. Possible regulatory
factors affecting these steps might include environmental
signals and developmental cues such as light and other
hormones. Homeostasis of BL could be achieved by feed-
back inhibition by the pathway end product. Such feed-
back inhibition in fact has been demonstrated in several
instances. Transcription of the CPD gene is specifically
down-regulated by BL in both dark and light, and sensitiv-

ity of the response to cycloheximide suggests a require-
ment for de novo synthesis of a regulatory factor (Mathur
et al., 1998). DWF4 transcript levels are also regulated by
endogenous BRs. DWF4 expression is very low in wildtype
but increases dramatically in the dwf1 and cpd mutants.
An equivalent increase is also seen in the BR-insensitive
mutant, bri1, indicating that active BR signaling is required
for repression of DWF4 expression in wildtype. The gener-
al importance of BR signaling in BL homeostasis is con-
firmed by the observation that bri1 mutants accumulate
much higher levels of BRs than wildtype (Noguchi et al.,
1999a) and also show increased metabolic flow through
the pathway (Noguchi et al., 2000). 

Regulation of transcript and protein levels of enzymes
involved in rate-limiting steps of BL biosynthesis would
yield the greatest impact on overall BL levels. If one
assumes that levels of intermediates should be elevated
immediately prior to a control point, then both the reac-
tions catalyzed by DWF4 and CPD are candidates for rate-
limiting steps in BL biosynthesis. In Arabidopsis, the sub-
strate of DWF4, campestanol, is present in 500-fold
excess over the product, 6-deoxocathasterone, which in
turn serves as the CPD substrate and occurs at 20-fold
higher levels than the product, 6-deoxoteasterone.
Another potential rate-limiting step is the conversion of 6-
deoxocastasterone to castasterone, since the substrate is
in ten-fold excess over the product (Nomura et al., 2001).
In 26-day-old light-grown Arabidopsis plants, 6-deoxocas-
tasterone occurs at the highest level of any BR measured
(Nomura et al., 2001). Indeed, all of the 6-deoxo interme-
diates occur at much higher levels than the corresponding
6-oxo intermediates, suggesting that at least in the light,
Late C-6 oxidation is the prominent pathway. Based on
feeding experiments with det2 and dwf4, it has been pro-
posed that 6-deoxo intermediates of the late C-6 oxidation
pathway are more active in the light, while 6-oxo interme-
diates of the early C-6 oxidation pathway are more active
in the dark (Choe et al., 1998; Fujioka et al., 1997). What
biological significance this has is uncertain, particularly
since endogenous BR levels in dark-grown seedlings has
not yet been reported. Moreover, this is not a general phe-
nomenon, since 6-deoxo BRs were equally effective in the
light and the dark in rescuing the BR-deficient dumpy
mutant of tomato (Koka et al., 2000).

The recent discovery of a specific BR-biosynthesis
inhibitor provides a new tool for dissecting BR physiology
and regulating endogenous BR levels at different stages in
the plant growth cycle (Asami and Yoshida, 1999). Like the
gibberellin biosynthesis inhibitors uniconazole and
paclobutrazol, the BR biosynthesis inhibitor brassinazole
is a triazole derivative which inhibits cytochrome P450
enzymes. Treatment of Arabidopsis plants with brassina-
zole results in a similar morphology to BR-deficient
mutants, and these developmental defects are rescued by
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BR but not GA treatment (Asami et al., 2000; Nagata et al.,
2000). A modified form of brassinazole, termed brassina-
zole2001, exhibits even higher specificity in bioassays
than the parent compound (Sekimata et al., 2001). These
new reagents augment studies using BR-deficient mutants
and provide a valuable tool for clarifying BR molecular
mechanisms.

Metabolism

Most of the studies on BR metabolism have been in
species other than Arabidopsis (Adam and Schneider,
1999). In cell suspension cultures of Lycopersicon escu-
lentum, 25-hydroxy-24-epibrassinolide and 25-β-D-gluco-
syloxy-24-epibrassinolide constituted the major radioac-
tive BRs seven days after feeding with [3H]-24-epibrassi-
nolide (Schneider et al., 1994). Further studies with [3H]-
24-epicastasterone showed that tomato cells metabolized
this BR not only to the 25-hydroxy form but also to 26-
hydroxy-24-epicastasterone and 26-β-D-glucopyranosy-
loxy-24-epicastasterone, and the same system was used
to show that direct glucosylation could occur at either of
the hydroxyls in the A ring after epimerization (Hai et al.,
1996). The use of specific inhibitors suggested that one
cytochrome P-450 and another hydroxylase were involved
in C25 and C26 hydroxylation (Winter et al., 1997). Besides
glucosylated forms, BR conjugation with a variety of fatty
acid esters has been reported. Teasterone 3-laurate and
teasterone 3-myristate were identified in lily pollen and
studies of endogenous BR levels during pollen develop-
ment suggested that conjugated teasterone may be a stor-
age form which releases teasterone during pollen matura-
tion to allow the biosynthesis of BL (Asakawa et al., 1996).

An important role for BR metabolism in regulating
Arabidopsis growth and development has been suggested
by the work of Neff et al. (Neff et al., 1999). The bas1
mutant was identified in an activation-tagging screen for
the ability to suppress the long hypocotyl phenotype
caused by mutations in the phytochrome B photoreceptor.
The bas1 mutant is BR-deficient and accumulates 26-OH-
BL, a proposed inactive metabolite of BL. The molecular
basis of this event is the overexpression of the BAS1 gene,
which encodes a cytochrome P450 enzyme capable of
hydroxylating BR to 26-OH-BL. Thus, BAS1 may be an
important regulatory protein in controlling endogenous lev-
els of active BL in Arabidopsis.

MODES OF BR ACTION IN ARABIDOPSIS

Cell Elongation

Cell expansion, critical for growth and differentiation in all
plant organs, is controlled by coordinated alterations in
wall mechanical properties, cell hydraulics, biochemical
processes and gene expression (Cosgrove, 1997). The pri-
mary cell walls in dicotyledenous and non-Poaceae
monoctoyledenous plants are thought to consist of cellu-
lose microfibrils tethered into a network by non-covalent
attachment to hemicelluloses (primarily xyloglucans)
which, in turn, are embedded in a pectic gel matrix (Carpita
and Gibeaut, 1993). In order for turgor-driven cell expan-
sion to proceed, the cell wall must transiently yield by slip-
page or breakage of the hemicellulose tethers, accompa-
nied by incorporation of new wall polymers to prevent thin-
ning and weakening of the walls. Regulation of the synthe-
sis and activity of wall-modifying enzymes such as
xyloglucan endotransglycosylases (XETs), glucanases,
expansins, sucrose synthase and cellulose synthase,
becomes an obvious target for hormones involved in cell
elongation. In support of this model, BR regulation of
genes encoding XETs and expansins has been demon-
strated in soybean, tomato and Arabidopsis (Clouse, 1997)
and BRs have been shown by biophysical measurements
to promote wall loosening in soybean epicotyls (Zurek et
al., 1994) and hypocotyls of Brassica chinensis and
Cucurbita maxima (Tominaga et al., 1994; Wang et al.,
1993). 

In elongating soybean epicotyls, BR application resulted
in increased plastic extensibility of the walls within two
hours with a concomitant increase in the mRNA level of a
gene named BRU1 (Zurek et al., 1994). The regulation of
BRU1 expression under these conditions is specific to BR
and occurs at the post-transcriptional level (Zurek and
Clouse, 1994). Recombinant BRU1 protein exhibits
xyloglucan-specific transglycosylation in vitro, and shares
significant sequence identity with numerous XETs from
several plant species.  In situ hybridization in apical epi-
cotyl cross-sections reveals that BRU1 is more highly
expressed in inner vs. outer stem tissue, particularly in
phloem cells, in parenchyma cells surrounding the xylem
elements and in the starch sheath layer (Oh et al., 1998).
Besides soybean, BR-regulated XETs have also been iden-
tified in tomato (Catala et al., 1997; Koka et al., 2000) and
Arabidopsis. 

The Arabidopsis TCH4 gene was shown to encode an
XET with sequence similarity to BRU1, and TCH4 expres-
sion was increased within 30 minutes of BR treatment,
with a maximum at two hours (Xu et al., 1995).
Environmental stimuli such as touch, darkness and tem-
perature also affect TCH4 expression.  TCH4 is strongly
expressed in expanding tissues, particularly in dark-grown
hypocotyls, and in organs that undergo cell wall modifica-
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tion such as vascular elements. A promoter:GUS (β-glu-
curonidase ) fusion of the Arabidopsis TCH4 gene lacking
any 5’ untranslated sequence, results in a similar pattern of
BR-regulated GUS expression as that observed for TCH4
expression in BR-treated non-transgenic plants, suggest-
ing that TCH4 is transcriptionally regulated by BR (Xu et
al., 1995). XETs are encoded by a large multi-gene family
in Arabidopsis, only a subset of which are BR regulated (Xu
et al., 1996).

As discussed above, the dwarf stature of BR-deficient
mutants and the specific ability of BRs to rescue the dwarf
phenotype, provides convincing genetic evidence that BRs
are essential for normal plant growth. Examination of cell
files in wild-type Arabidopsis and cbb, dwf4, cpd and dim
mutant plants by light and electron microscopy has pro-
vided direct physical evidence that longitudinal cell expan-
sion is greatly reduced in BR mutants (Azpiroz et al., 1998;
Kauschmann et al., 1996; Szekeres et al., 1996; Takahashi
et al., 1995). As expected, the expression of genes associ-
ated with cell elongation, such as TCH4, is also reduced in
BR mutants (Kauschmann et al., 1996). The arrangement
of cortical microtubules is known to be important in deter-
mining the orientation of cell expansion and BRs have
been shown to affect re-configuration of microtubules to
transverse orientation to allow longitudinal growth
(Mayumi and Shibaoka, 1995). Interestingly, in the dim
mutant there is reduced expression of a specific tubulin
gene thought to be involved in cell elongation (Takahashi et
al., 1995). However, it has also been shown using immuno-
fluorescence of α-tubulin in a BR-deficient mutant that
BRs can promote microtubule organization and cell elon-
gation directly without increases in tubulin gene expres-
sion (Catterou et al., 2001). Besides alterations in cell wall
properties, BRs may also affect transport of water via
aquaporins and the activity of a vacuolar H+-ATPase, both
of which are associated with cell elongation (Morillon et al.,
2001; Schumacher et al., 1999). 

Cell Division

Early work using the bean second internode bioassay sug-
gested that BRs affected cell division as well as elongation
(Steffens, 1991). BRs have been shown to stimulate cell
division (in the presence of auxin and cytokinin) in cultured
parenchyma cells of Helianthus tuberosus (Clouse and
Zurek, 1991), and in protoplasts of Chinese cabbage and
petunia (Nakajima et al., 1996; Oh and Clouse, 1998).
Preliminary results from our laboratory have shown that BL
affects the kinetics of the cell cycle in synchronized cell
cultures of tobacco and also regulates the expression of

genes associated with the S phase, including histone H2B
and High Mobility Group-1 protein  (Jiang, J and Clouse, S
D, unpublished).  A promotive role for BRs in Arabidopsis
cell division has been implicated by the recent finding that
24-epiBL treatment of det2 cell suspension cultures
increases transcript levels of the gene encoding cyclinD3
(CycD3), a protein involved in the regulation of G1/S tran-
sition in the cell cycle. CycD3 is also regulated by
cytokinins and it is interesting to note that 24-epiBL could
effectively substitute for zeatin in the growth of Arabidosis
callus and cell suspension cultures (Hu et al., 2000).

Cell Differentiation

Besides the well-known role of auxins and cytokinins in
vascular differentiation, a good deal of accumulated evi-
dence supports the role of BRs in this process.
Nanomolar levels of BL stimulate tracheid formation in H.
tuberosus explants and isolated mesophyll cells of Zinnia
elegans, the two primary model systems for study of xylo-
genesis (Clouse and Zurek, 1991; Iwasaki and Shibaoka,
1991). In the Zinnia system, BRs also regulate the expres-
sion of several genes associated with xylem formation
(Fukuda, 1997). High levels of BRU1 expression in para-
tracheary parenchyma cells surrounding vessel elements
in soybean epicotyls also suggests a role for BRs, and
XETs, in xylem formation (Oh et al., 1998), and it is rele-
vant that BRs have been identified in cambial scrapings of
Pinus silvestris (Kim et al., 1990). In Arabidopsis, it is
again the microscopic analysis of BR mutants that has
shown a role for BRs in vascular differentiation in this
species. The BR-deficient mutant cpd exhibits unequal
division of the cambium, producing extranumerary
phloem cell files at the expense of xylem cells (Szekeres
et al., 1996). The sterol and BR-deficient mutant dwf7
shows the same increase in phloem vs. xylem cells and
the number of vascular bundles is reduced from eight in
the wildtype to six in the mutant. Furthermore, the spac-
ing between vascular bundles is irregular and two vascu-
lar bundles can be joined without a separating layer of
parenchyma cells (Choe et al., 1999b).

Reproductive Biology and Senescence

Reduced fertility or male sterility is a common characteris-
tic of most BR-deficient and insensitive mutants. Pollen is
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a rich source of endogenous BRs and in vitro studies in
Prunus avium have suggested that pollen tube elongation
could depend in part on BRs (Hewitt et al., 1985). Also,
pollination is often the initial step for the genesis of haploid
plants, and in both Arabidopsis and Brassica juncea, treat-
ment with BL induced the formation of haploid seeds
which developed into stable plants (Kitani, 1994). In sup-
port of the view that BRs are important elements in male
fertility, it was suggested that the male sterility observed in
the cpd mutant was due to the inability of pollen to elon-
gate during germination (Szekeres et al., 1996). However,
in dwf4 the pollen appears to be viable and sterility is due
to the reduced length of stamen filaments which results in
the deposition of pollen on the ovary wall rather than the
stigmatic surface (Choe et al., 1998). Interestingly, dwf5-1,
the only BR mutant with wild-type fertility, is also the only
mutant with stamens longer than the gynoecium (Choe et
al., 2000). Despite its increased fertility, dwf5-1 has seeds
that do not develop normally and that require exogenous
BR application for full germination. While no other BR
mutant requires BR in the germination medium, a possible
endogenous role for BRs in Arabidopsis seed germination
has been recently proposed. ABA and GA play antagonis-
tic roles in establishing and breaking dormancy during
seed development and germination. It was found that BRs
can rescue the germination defect in GA biosynthetic and
insensitive mutants, and that the BR mutants det2 and bri1
are more susceptible to inhibition of germination by ABA
than wildtype. Thus it was concluded that BR signaling
may be required to reverse ABA-induced dormancy and to
sitmulate germination (Steber and McCourt, 2001).

Besides reduced fertility, most of the BR mutants also
exhibit an extended life span and delayed senescence.
While a typical wild-type Arabidopsis plant senesces after
appoximately 60 days, BR mutants can remain green and
initiating new flowers well after 100 days. The extent of the
delayed senescence is correlated with reduced fertility,
with the sterile mutants such as bri1 having the most
delayed development. It has been proposed that the
inability to produce signals for the onset of senescence in
the infertile mutants leads to the observed extended life
span (Choe et al., 1999a), and indeed the fertile dwf5-1
mutant does not show delayed senescence (Choe et al.,
2000). Senescence of leaf and cotyledon tissue has often
been shown to be retarded in vitro by administration of
cytokinins, while 24-epiBL accelerated senescence in
such systems (Ding and Zhao, 1995; He et al., 1996; Zhao
et al., 1990).  Delayed senescence in Arabidopsis BR
mutants would tend to support the role of BRs in acceler-
ating senescence in normal plants, however it is not clear
whether BRs play a critical function in the intrinsic program
of senescence in vegetative tissue. Examination of the
effect of BR application on senescence-associated
mutants of Arabidopsis and study of the expression of

senescence-associated genes in BR mutants should help
clarify this question.

Light, BR and Arabidopsis Development

Light quality, duration and intensity profoundly influence
plant development throughout the life cycle and the etio-
lated dicot seedling is a particularly striking example that
demonstrates how absence of light affects morphogene-
sis. Dark-grown seedlings exhibit greatly expanded
hypocotyls or epicotyls, have a pronounced apical hook
and contain undifferentiated chloroplast precursors. Upon
exposure to light, stem elongation slows dramatically, the
apical hook opens and true leaves with mature chloroplas-
ts develop (Chory et al., 1996). While light is an essential
signal influencing transition from the etiolated to de-etio-
lated state, plant hormones also play a critical role in reg-
ulating cell expansion, but the molecular mechanisms
integrating these signals is not clear. Several de-etiolated
mutants isolated in screens for plants that grow in dark-
ness as if they were in the light, were subsequently
revealed to be mutations in genes encoding BR biosyn-
thetic enzymes (Li et al., 1996; Szekeres et al., 1996). 

Numerous BR-deficient mutants in Arabidopsis, pea and
tomato show defects in cell expansion in the dark.
Depending on the severity of the mutant allele and the
species, some of these mutants also show other charac-
teristics of light-grown plants in the dark, such as expand-
ed cotyledons, lack of an apical hook and aberrant expres-
sion of light-regulated genes (Clouse and Feldmann,
1999). While some of these de-etiolated characteristics
have been attributed simply to the short stature of
Arabidopsis BR mutants and their growth on agar plates
(Azpiroz et al., 1998), it is also possible that light signal
transduction pathways might impact the de novo synthe-
sis or activity of BR biosynthetic enzymes, the metabolism
of BRs, or BR signal transduction. As mentioned above,
Neff et al.  showed that the Arabidopsis bas1 mutant,
which inactivates BL by overexpresses a C-26 BL hydrox-
ylase, is capable of suppressing the long hypocotyl phe-
notype of phytochrome B mutants, suggesting a possible
link between BR metabolism and phytochrome signaling
(Neff et al., 1999). In a recent development in pea , Kang et
al. have shown that the dark-inducible, light-repressible
small G protein, Pra2, interacts with and activates a
cytochrome P450 C-2 hydroxylase involved in brassinolide
biosynthesis (Kang et al., 2001). Thus, a novel link between
light signal transduction and the endogenous levels of BR
has been established. Arabidopsis contains a large multi-
gene family of small G proteins, and it would be interesting
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to study possible interactions of these proteins with other
cytochrome P450s involved in BL biosynthesis such as
CPD and DWF.

BR SIGNAL TRANSDUCTION

Screening for BR-Insensitive Mutants 

The majority of work on BR signal transduction over the
past five years has focused on a single mutant, brassinos-
teroid insensitive 1 (bri1) which affects a gene encoding a
plasma membrane-bound leucine-rich repeat receptor
kinase (Clouse et al., 1996; Kauschmann et al., 1996; Li
and Chory, 1997). Based on the observation that most
plant hormones at the appropriate concentration can
inhibit primary root elongation in Arabidopsis, bri1 was first
identified in a screen of 70,000 EMS-mutagenized
seedlings by its ability to elongate roots in the presence of
0.1 µM 24-epiBL (Clouse et al., 1993; Clouse et al., 1996).
The bri1 phenotype is among the most severe of BR
mutants and exhibits extreme dwarfism, dark green down-
ward curling leaves, male sterility, delayed development,
and reduced apical dominance, particularly in older plants

(Fig. 6). The insensitivity of bri1 to inhibition of root elon-
gation extends over a wide range of BR concentrations
and is highly specific. The bri1 mutant retains sensitivity to
auxins, cytokinins, GA, and ethylene, and shows hyper-
sensitivity to ABA (Clouse et al., 1996). Numerous other
BR-insensitive mutants have been identified in a variety of
independent screens, but so far genetic analysis has
shown all of them to be allelic to bri1 (Kauschmann et al.,
199a; Li and Chory, 1997; Noguchi et al., 1999a), which
maps to the bottom of chromosome 4, near the CAPS
marker DHS and SSLP marker nga1107. Table 2 shows the
known alleles of bri1 and the location of the mutation with-
in the BRI1 gene.

BRI1 is a LRR-Receptor Kinase Involved in BR
Perception

BRI1 was identified by positional cloning and verified by
sequencing numerous mutant alleles (Li and Chory, 1997).
The predicted protein is an 1196 amino acid leucine-rich
repeat (LRR) receptor kinase that contains the three major
domains common to all animal and plant receptor kinases;
the extracellular ligand-binding domain, the transmem-
brane domain and the cytoplasmic kinase domain. The
extracellular domain begins with an N-terminal signal pep-
tide, followed by a leucine zipper motif and 25 tandem
copies of a 24-amino acid LRR with 13 potential N-glyco-
sylation sites flanked by conservatively spaced cysteines.
Both leucine zippers and LRRs are involved in protein-pro-
tein interactions and many receptor kinases dimerize in
response to ligand binding (Heldin, 1995; Kobe and
Deisenhofer, 1994). The molecular structure of the BRI1
extracellular domain suggests that it is involved in the for-
mation of homo or heterodimers, but this has not been ver-
ified experimentally. A unique segment of the BRI1 extra-
cellular domain that has been shown by mutant analysis to
be critical for proper protein function, is a 70 amino acid
island between LRR 21 and 22 (Li and Chory, 1997).
Following the LRR region there is a predicted transmem-
brane domain spanning amino acids 793-814 followed by
a cytoplasmic juxtamembrane region from amino acids
815-882. Based on sequence alignments with many
known kinases (Hanks et al., 1988), the region from Phe-
883 to Phe-1155 is predicted to comprise the active BRI1
kinase domain, and all invariant amino acid residues and
the twelve conserved kinase sub-domains are clearly pres-
ent. Lastly, amino acids 1156-1196 represent the carboxy-
terminal segment of the cytoplasmic domain.

Hundreds of putative receptor kinases exist in
Arabidopsis and several have been shown to function in

Figure 6. Phenotype of the bri1 mutant. Panel A shows 2-
month-old mutant (left) and wild type (right) plants grown in
50 ml centrifuge tubes in a 23 C growth chamber (16 hr light
/ 8 hr dark). Panels B and shows close-up view of a 2-
month-old bri1 mutant plant. Panel C shows the same plant
after 4 months. All bars represent 1 cm. Adapted from
Clouse et al. (1996).
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diverse physiological processes including growth and
development, embryogenesis, fertilization, abscission, dis-
ease resistance and light-mediated responses (Lease et
al., 1998). Such functional diversity is expected to be gen-
erated by a wide range of ligands that bind to cognate
extracellular domains of the receptor kinases.
Mechanisms for signal transduction pathway-specific
cytoplasmic components to bind to intracellular domains
of receptor kinases are also required. A paradigm of animal
receptor kinase action has been established by extensive
study of several model systems. For example, binding of
vertebrate epidermal growth factor to its cognate receptor
kinase results in receptor dimerization and autophospho-
rylation on tyrosine residues in the kinase domain (Heldin,
1995). The activated kinase phosphorylates an intracellular
transcription factor, Stat3, which is then translocated to
the nucleus where it transcriptionally activates specific
epidermal growth factor responsive genes (Park et al.,
1996). Ligand-dependent dimerization followed by
autophosphorylation is likely to be a conserved mecha-
nism in plants, although conclusive confirmation of all
steps in this pathway, including identification of all dimer-
ization-dependent autophosphorylation sites and kinase
substrates, has not yet been accomplished in plants. BRI1
shares significant sequence identity with many plant
receptor kinases, particularly those in the LRR family of
extracellular domains including CLAVATA1 and ERECTA,
both involved in regulating different aspects of Arabidopsis
development (Clark et al., 1997; Torii et al., 1996).

Recently, Joanne Chory’s group has found that BRI1 is
localized in the plasma membrane and is ubiquitously
expressed in all organs of young, growing Arabidopsis
plants (Friedrichsen et al., 2000). Furthermore, using a

chimeric construct of the extracellular domain of BRI1 and
the kinase domain of the rice receptor kinase XA21, they
showed that the extracellular domain of BRI1 perceived
BRs (He et al., 2000). In a direct confirmation that BRI1 is
either the BR receptor or part of a BR receptor complex,
the same group reported evidence that transgenic plants
overexpressing a BRI1/green fluorescent protein had
increased binding of tritiated BR in their plasma mem-
branes compared to wild-type plants (Wang et al., 2001).
The BR-binding activity could be precipitated by antibod-
ies to green fluorescent protein, could be competitively
inhibited by active BRs, and was abolished by mutations in
the extracellular domain but not the kinase domain of
BRI1. Since LRRs are generally not known for binding
small molecules such as steroids, it is possible that BL first
binds to a steroid-binding protein, and this complex then
associates with the extracellular domain of BRI1. In ani-
mals, high affinity binding proteins for sex steroids have
been identified that are not in the classical superfamily of
steroid receptors. These include the membrane proges-
terone receptors (Falkenstein et al., 1996; Gerdes et al.,
1998) and the soluble sex hormone binding globulins
(Forest and Pugeat, 1986). A search of the Arabidopsis
EST database reveals several clones that have significant
homology to these mammalian sequences (213E3T7,
K3H2TP, 240O1T7,E2A2T7, 110K7T7). It would be of great
interest to determine if recombinant proteins derived from
these sequences could bind labeled BR directly. Activation
tagging has identified a putative secreted serine car-
boxypeptidase, BRS1, that may act to process a protein
involved in early events of BR signaling. The authors pro-
pose the putative steroid-binding proteins other than BRI1
may be the targets of this peptidase (Li et al., 2001).
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Biochemical Studies on the BRI1 Kinase Domain

Recent studies on the kinase domain of BRI1 (BRI1-KD)
have confirmed that it functions as an active kinase in vitro
and specific Ser and Thr residues within the KD have been
shown to be autophosphorylated (Friedrichsen et al., 2000;
Oh et al., 2000). Phosphoamino acid analyses reveal that
plant receptor-like kinases autophosphorylate on Ser/Thr
residues (as opposed to Tyr in most animal receptor kinas-
es) and BRI1 is no exception (Fig. 7). The traditional
method of determining protein phosphorylation sites is by
tryptic digest of proteins, separation of the resulting pep-
tides by HPLC and finally, modified Edman degragdation
to determine specific Ser, Thr or Tyr residues that are
phosphorylated (Hunter and Sefton, 1991). This method is
useful, but suffers from several limitations including includ-
ing expense, time required and the necessity for relatively
large amounts (typically greater than picomole quantities)
of protein. The application of Matrix-Assisted Laser
Desorption/Ionization Mass Spectrometry (MALDI/MS) to
phosphopeptide analysis, increases sensitivity and effi-

ciency with which multiple phosphorylation sites can be
analyzed (Liao et al., 1994). A MALDI/MS analysis of BRI1-
KD identified at least twelve sites of in vitro autophospho-
rylation in the BRI-KD, five uniquely and seven with some
remaining ambiguity because of multiple Thr or Ser
residues within the peptide (Oh et al., 2000).

Some of the Ser and Thr residues of BRI1-KD autophos-
phorylated in vitro are conserved at a corresponding posi-
tions in related plant Ser/Thr kinases. The region of great-
est Ser/Thr conservation occurs in the peptide 1038-
DTHLSVSTLAGTPGYVPPEYYQSFR-1062, which lies in
the highly conserved activation loop of kinase subdomain
VIII (Lease et al., 1998). It is interesting to note that sever-
al bri1 mutant alleles are affected in this region (Table 2).
Outside of subdomain VIII, the only other strongly con-
served sites for Ser or Thr in related kinases were in the
positions equivalent to T-872 in the juxtamembrane region
and T-982 in kinase subdomain VIa of the BRI1-KD (Oh et
al., 2000). Autophosphorylation in subdomain VIII likely
leads to kinase activation, while multiple autophosphoryla-
tion sites in the juxtamembrane and carboxy terminal
regions, if reflected in vivo, might indicate multiple inter-
acting cytoplasmic partners for BRI1, each with a specific

Figure 7. Autophosphorylation and phosphoamino acid analysis of recombinant BRI1-KD. A) Affinity purified calmodulin-binding
peptide-BRI1 kinase domain recombinant protein  (CBP-BRI1-KD, Lane 1) or the mutant CBP-BRI1-K911E (Lane 2) was incubat-
ed with 20 µCi [γ-32P]-ATP in kinase buffer for 1 h at ambient temperature, followed by PAGE. Lanes 3 and 4 represent the
Coomassie Blue stained gel corresponding to the autoradiograph in Lanes 1 and 2. Molecular mass of CBP-BRI1-KD was deter-
mined by MALDI/MS. B) CBP-BRI1-KD was autophosphorylated and transferred to PVDF membrane as described above. The
membrane was digested with HCl and subjected to phosphoamino acid analysis by TLE with pSer, pThr and pTyr standards.
CBP-BRI1-KD autophosphorylated primarily on Ser residues with a minor Thr component and no detectable phospho-Tyr
residues. Adapted from Oh et al., (2000).
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phosphorylated target sequence within these regions of
BRI1. 

Downstream Components of BR Signal Transduction

Identification of cytoplasmic binding partners and kinase
domain substrates for BRI is critical for understanding
downstream signaling events. A variety of molecular
genetic and biochemical approaches can be employed to
identify putative in vivo binding partners including yeast
two-hybrid analysis (Bower et al., 1996; Gu et al., 1998),
interaction cloning (Stone et al., 1994), immunoprecipita-
tion and purification of receptor-protein complexes
(Trotochaud et al., 1999), and use of synthetic peptides to
understand binding motifs and substrate recognition con-
sensus sequences (Kuriyan and Cowburn, 1997). Reports
of yeast two-hybrid screens with the BRI1-KD have
appeared in meeting abstracts and hopefully research
reports detailing these studies will be published soon. A
study of BRI1-KD phosphorylation recognition sequences
in synthetic peptides has been reported (Oh et al., 2000).
A similar  configuration of basic and hydrophobic amino
acids at P-3 through P-6 (relative to the phosphorylated
Ser) as that found for target sequences of SNF1-related
kinases (McMichael et al., 1993; Toroser and Huber, 1998)
seems to be optimum for BRI-KD phosphorylation. The
optimum sequence tested was GRMKKIASVEMMKK, and
using analogs of this peptide it was  found that the posi-
tioning of residues both N- and C-terminal of the phos-
phorylated Ser was critical for optimal activity of BRI1-KD.
Positive residues at P-3, P-4, P+5, and P+6 were essential
with a preference for Lys over Arg. A moderate reduction
of activity was observed after substitution of the
hydrophobic group at P-5 and P+4, with a more dramatic
effect at P+3. 

Using the preliminary consensus sequence [RK]-[RK]-
X(2)-S-X(2)-[LMVIFY]-X-[RK]-[RK] (corresponding to the
most important residues identified to date) to search the
Arabidopsis non-redundant protein database resulted in
109 hits. A variety of interesting proteins were found, some
of which had obvious connections to signal transduction
pathways, and others, such as phytochrome D, are intrigu-
ing given the connection of BRs and photomorphogenesis.
Presently, there is no direct evidence that these are true
substrates in vivo, but the BRI1-KD substrate recognition
sequence may provide a valuable molecular tool for further
analysis. Interestingly, one protein containing elements of
the BRI1-KD recognition sequence was originally identified
by subtractive hybridization in a screen for BR-regulated
genes (Jiang and Clouse, 2001). This WD-domain protein
has extensive sequence similarity to mammalian TRIP-1
(TGF-β Receptor Interacting Protein), which is a kinase

domain substrate  of the TGF-β Type II receptor (Chen et
al., 1995). Unlike most animal receptor kinases that
autophosphorylate on Tyr, the TGF-β family of receptors
are Ser/Thr receptor kinases. Subsequent experiments
showed that TRIP-1 functioned as a modulator of TGF-β
receptor signaling in vivo  (Choy and Derynck, 1998).
Suprisingly, TRIP-1 also has a dual function as a subunit of
the eukaryotic translation initiation factor, eIF3. At 600 kDa,
eIF3 is the largest of the eukaryotic translation initiation
factors and is composed of 10 or more subunits, with
TRIP-1 comprising the p36 subunit. eIF3 promotes disso-
ciation of 80S ribosomes and is required for ribosomal
binding of mRNA to the 40S subunit, thus playing an
essential role in the initiation of eukaryotic protein synthe-
sis. The Arabidopsis TRIP-1 homolog has been shown to
be a functional component of the plant eIF3 complex
(Burks et al., 2000). 

Enhanced expression of TRIP-1 by BR, as has been
observed in bean, tobacco and Arabidopsis (Jiang and
Clouse, 2001), might lead to increased protein translation
and serve as a general mechanism of BR-promoted
growth. Besides alteration in transcript levels, phosphory-
lation of eIF3 subunits might be another way in which sig-
nal transduction pathways controlling development could
impinge directly on translation initiation. TRIP-1 in verte-
brates is known to be a substrate of the TGF-β ser/thr
receptor kinase and it is conceivable that BRI1, or one of
the many other plant receptor kinases involved in develop-
mental control might phosphorylate TRIP-1, enhancing its
competence to initiate assembly of the eIF3 complex. We
have recently found that recombinant Arabidopsis TRIP-1
is strongly phosphorylated by BRI-KD in vitro, predomi-
nately on Thr residues (W. K. Ray and S.D. Clouse, unpub-
lished). A synthetic peptide representing the TRIP-1
sequence most resembling the BRI-KD consensus
described above, is also phosphorylated by BRI-KD in
vitro. We are currently employing immunoprecipitation fol-
lowed by liquid chromatography/tandem mass spectrom-
etry (LC/MS/MS) to determine if TRIP-1 is phosphorylated
by BRI1 in vivo.

To assess the effects of loss of function of TRIP-1 on
Arabidopsis development, we constructed numerous inde-
pendent transgenic lines expressing antisense AtTRIP-1
RNA (α-TRIP-1). The majority of the independent antisense
lines examined (11 out of 16) germinated three to four days
later than the wild-type control and then produced tiny
seedlings with bright red cotyledons. All of these seedlings
died before appearance of the first true leaves. Five out of
the 16 lines survived beyond the seedling stage and all five
lines showed dramatic alterations in several developmen-
tal pathways that shared some of the characteristics of
BR-deficient and –insensitive mutants, including dwarfism,
altered leaf morphology, delayed development, reduced
apical dominance and reduced fertility (Fig. 8a-c). Several
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of the lines also exhibited unique developmental defects
not seen in BR mutants, including inappropriate initiation
of multiple rosettes, multiple floral meristems before bolt-
ing, and higher numbers of floral buds differentiating from
floral meristems than wildtype.  Like BR mutants, α-TRIP-
D also showed an abnormally long life span with a very
bushy habit in older plants. Expression of antisense TRIP-
1 was correlated with the severity of the dwarf phenotype
and each line had dramatically reduced levels of sense
TRIP-1 mRNA, when compared to untransformed wildtype
plants (Jiang and Clouse, 2001).

Conclusion and Future Prospects

The use of mutant analysis in Arabidopsis coupled with
GC/MS measurements of endogenous BR levels has
greatly advanced our understanding of BR physiology and
biosynthesis. The biosynthetic pathway to BL is nearing
saturation with mutants, particularly if a knockout for the
AtBR6ox gene can be recovered and a homolog of the pea
C-2 hydroxylase can be identified. Measurement of
endogenous BR levels under different light regimes and in
specific organs may help elucidate integration of BR and
light signals as would examination of BR levels in light sig-
naling mutants. Preliminary results on the promotive effect
of BRs on cell division is likely to lead to new areas of
molecular research and the use of microarrays to study
global aspects of BR-regulated gene expression can be
expected to increase. BRI1 analysis has comprised almost
the entire body of BR signal transduction knowledge, but
isolation of new BR-insensitive mutants has been reported
at meetings and publications should follow shortly. Further
analysis of BRI1 will also be required for a complete under-
standing of BR signal transduction. Does BRI1 form homo-
or heterodimers? Are accessory steroid-binding proteins
required for BR binding? What are the in vivo autophos-
phorylation sites and specific phosphorylation recognition
sequences in kinase domain substrates? Application of
advanced techniques in mass spectrometry such as
MALDI/MS and LC/MS/MS are beginning to answer some
of these questions. To understand downstream events, the
number and nature of cytoplasmic binding partners for the
BRI-KD needs to established. Forthcoming results of yeast
two-hybrid experiments should be illuminating as will fur-
ther study of the TRIP-1 protein as a possible BRI1 inter-
acting protein.

Figure 8. Phenotype of Arabidopsis antiTRIP-1 transgenic
lines. a) Two-month-old α-TRIP-A (left) vs. wildtype (right),
showing the extreme dwarfism and altered leaf morphology of
the antisense line, similar to BR-deficient and –insensitive
mutants. b) Six-month-old α-TRIP-D showing delayed senes-
cence  and bushy growth habit similar to the bri1 mutant. c)
Two-month-old α-TRIP-C1 showing the abnormally high num-
ber of rosette leaves and the initiation of multiple floral meris-
tems before the elongation of the inflorescence. d) The arrow
shows the initiation of a new rosette of leaves and multiple
inflorescences at the terminal point of a primary inflorescence
in α-TRIP-C1.  e) Line α-TRIP-C1 initiated an abnormally high
number of floral buds from a single floral meristem. f) Siliques
from antisense lines were much shorter than wildtype. Left to
right, mature siliques from plants of the same age obtained
from wildtype, α-TRIP-D, α-TRIP-A, α-TRIP-A, and α-TRIP-D.
Adapted from Jiang and Clouse (2001).
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