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ABSTRACT

Brassinosteroids, a group of plant steroid hormones, reg-
ulate many aspects of plant growth and development. We 
and other have previously solved the crystal structures of 
BRI1(LRR) in complex with brassinolide, the most active 
brassinosteroid identifi ed thus far. Although these studies 
provide a structural basis for the recognition of brassi-
nolide by its receptor BRI1, it still remains poorly under-
stood how the hormone differentiates among its con-
served receptors. Here we present the crystal structure 
of the BRI1 homolog BRL1 in complex with brassinolide. 
The structure shows that subtle differences around the 
brassinolide binding site can generate a striking effect on 
its recognition by the BRI1 family of receptors. Structural 
comparison of BRL1 and BRI1 in their brassinolide-bound 
forms reveals the molecular basis for differential binding 
of brassinolide to its different receptors, which can be 
used for more effi cient design of plant growth regulators 
for agricultural practice. On the basis of our structural 
studies and others’ data, we also suggest possible mech-
anisms for the activation of BRI1 family receptors.

KEYWORDS    X-ray crystallography, leucine-rich repeat 
domain, brassinosteroid, BRL1

INTRODUCTION
Steroid hormones are employed both by animals and plants. 
Brassinosteroids, a group of plant steroid hormones, are es-
sential for growth and development of plants (Clouse and 
Sasse, 1998). While steroid hormones are perceived by in-

tracellular receptors in animals, brassinosteroid-insensitive 1 
(BRI1), a membrane protein, has been established as the ma-
jor receptor for brassinosteroids in plants (Li and Chory, 1997; 
He et al., 2000; Wang et al., 2001; Kinoshita et al., 2005). BRI1 
belongs to a family of leucine-rich repeat receptor like kinases 
(LRR-RLKs) with more than 200 members in Arabidopsis (Shiu 
and Bleecker, 2001). A typical structure of proteins in this fam-
ily contains an extracelluar LRR domain, a single-pass trans-
membrane region and an intracelluar kinase domain. While 
many LRR-RLKs have unknown functions, BRI1 and its signal-
ing pathway are well characterized (Vert et al., 2005; Kim and 
Wang, 2010; Wang et al., 2012). Upon brassinosteroid binding, 
BRI1 kinase is activated to a basal level, which results in phos-
phorylation and release of BRI1 kinase inhibitor 1 (BKI1) from 
the membrane (Wang and Chory, 2006; Jaillais et al., 2011b). 
BRI1-associated kinase 1 (BAK1), another LRR-RLK with only 
fi ve LRRs, thus interacts with and fully activates BRI1 (Li et 
al., 2002; Nam and Li, 2002; Wang et al., 2008). Then BRI1 
triggers a signaling pathway and regulates the expression of 
downstream genes. Nevertheless, it is still not fully clear how 
BRI1 is activated upon ligand binding.

Brassinosteroids are critical for vascular development 
(Fukuda, 2004). Consistently, the bri1 mutants in Arabidop-
sis and rice both have abnormal vascular phenotype (Cano-
Delgado et al., 2004; Nakamura et al., 2006). All the three 
homologs of BRI1 in Arabidopsis (BRL1, BRL2 and BRL3) 
are specifi cally expressed in vascular cells (Clay and Nelson, 
2002; Cano-Delgado et al., 2004), albeit with some different 
patterns. BRL1 and BRL3 have been suggested to promote 
xylem differentiation and repress phloem formation (Cano-
Delgado et al., 2004), while   loss of VH1/BRL2 causes defec-
tive vein pattern formation and abnormal vascular transport in 
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leaves (Clay and Nelson, 2002; Ceserani et al., 2009). BRL1 
and BRL3, but not BRL2, rescue the phenotype of bri1 mutants 
when overexpressed (Cano-Delgado et al., 2004; Zhou et al., 
2004). Supporting the functional studies, biochemical assays 
showed that BRL1, BRL3 and BRI1 strongly bind to brass  i-
nolide with dissociation constants of 3.6 ± 0.07 nmol/L, 53.4 ± 
0.04 nmol/L and 55 ± 0.08 nmol/L (Cano-Delgado et al., 2004), 
respectively. In contrast, BRL2 showed no specifi c brassinolide 
binding activity (Cano-Delgado et al., 2004). 

Structural studies of free BRI1(LRR) and its complex with 
brassinolide provide important insight into steroid hormone 
recognition by plants (Hothorn et al., 2011; She et al., 2011). 
BRI1 harbors an LRR domain interrupted by an island domain. 
Brassinolide induces and binds to a hydrophobic pocket be-
tween the non-LRR island domain and the inner surface of 
several neighboring C-terminal LRRs of BRI1. However, the 
mechanism underlying the differential binding of brassinolide to 
its receptors remains less well understood. Here we report the 
crystal structure of BRL1(LRR) in complex with brassinolide 
and a modeled structure of the brassinolide binding domain of 
BRL2. The structure reveals the molecular basis for the differ-
ent binding affi nities of the BRI1 family of receptors with brassi-
nolide. Based on the structural studies and others’ data, we 
also suggest possible mechanisms for the activation of BRI1 
family receptors.

RESULTS 
Overall structure of BRL1(LRR)

The ectodmain of the BRL1(LRR) (residues 25–758) was 
expressed and purified as previously described (She et al., 
2011). The struc  ture of BRL1(LRR) (residues 31–60, 64–757) 
in complex with brassinolide was solved to 2.5 Ǻ using molecu-
lar replacement (Table 1). Structure superposition showed that 
the structure of BRL1(LRR) is similar to that of BRI1(LRR) (Ho-
thorn et al., 2011; She et al., 2011) (Fig. 1). Like BRI1(LRR), 
BRL1(LRR) was monomeric in solution (data not shown) and 
structure. BRL1(LRR) contains 24 LRRs and forms a right-
handed superhelix with a similar size to BRI1(LRR) (Fig. 1B). 
While the convex side of BRL1 consists of helices or loops, 
the concave side is composed of 24 parallel β strands of regu-
lar LRRs and one antiparallel β strand from N-terminal cap 
(Fig. 1A). As observed in the BRI1(LRR) structure (Hothorn 
et al., 2011; She et al., 2011) and another plant LRR protein 
PGIP2 (Di Matteo et al., 2003), the β strands on the convex 
side also exist in BRL1(LRR) (Fig. 1A). This is likely due to the 
plant-specifi c consensus sequence L/fXGxI/vP (X and x stand 
for polar and any amino acids respectively) (Fig. 2) found in 
many LRR-RLKs. The N- and C-terminal caps, like those of 
BRI1(LRR), shield the two hydrophobic ends of the LRR so-
lenoid from solvent (Fig. 1A). Seven potential glycosylation 
sites (Asn97, Asn157, Asn227, Asn257, Asn362, Asn532 and 
Asn558) are defined by sufficient electron density (Figs. 1B 
and 2). Four of them are conserved in BRl1(LRR) at the struc-
tural level (Fig. 1B). Interestingly, the carbohydrate moieties of 

both Asn532 and Asn558 in BRL1(LRR) but not Asn532 itself 
as observed in BRI1(LRR) pack against the island domain 
(Fig. 1B) and appear to have a role in stabilizing the conforma-
tion of the brassinolide binding site. Seven of the eight disulfi de 
bonds are conserved between BRL1(LRR) and BRI1(LRR), 
except Cys471–Cys498 present in BRL1(LRR) (She et al., 
2011) (Figs. 1A and 2). Like that of BRI1, the island domain of 
BRL1 locates in concave side and comprises three antiparallel 
β strands and a 310-helix (Fig. 3A). 

Brassinolide recognit  ion by BRL1

Brassinolide well defined by electron density (Fig. 3B and 
3D) binds to a hydrophobic pocket formed between the island 
domain and the inner surface of the solenoid of BRL1(LRR), 
which highly resembles that of BRI1(LRR) with an RMSD 
of 0.76 Ǻ over aligned 205 CA around the binding pocket 
(Fig. 3A). Brassinolide, in particular the distal side chain, 
adopts a similar extended conformation when binding to 
BRL1(LRR) and BRI1(LRR) (Fig. 3C). Most of the interactions, 
including hydrophobic interactions and hydrogen bonding, of 
brassinolide with BRI1(LRR) and BRL1(LRR) are highly con-
served (Hothorn et al., 2011; She et al., 2011) (Figs. 3C and 4). 

Table 1. Summary of diffraction data and structure refinement 
statistics

 Data collection statistics

Beam line Beam line BL17U1, SSRF 

Space group C 1 2 1

Wavelength (Å) 1.0

Number of refl ections 75248 (3753) a

Cell dimensions a = 105.86 Ǻ, b = 83.40 Ǻ, c = 264.06 Ǻ
α = 90.00°, β = 97.24°, γ = 90.00°

Resolution (Å) 2.50 (2.54–2.50)

Rsym (%) 9.2 (38.8)

I/σ (I) 11.75 (4.22)

Completeness (%) 94.8 (96.6)

Redundancy 2.8

Refi nement statistics

Resolution (Å) 29.8–2.50 (2.53–2.50)

No. refl ections 74841 (2602)

Rwork/Rfree % 17.8/23.4 (24.47/34.56)

All protein atoms 11850

R.m.s deviations 

Bond lengths (Å) 0.008

Bond angles (°) 1.503

Ramachandran (%) 

Preferred region 95.35

Allowed region 4.65
aHighest resolution shell is shown in parenthesis.
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Figure 1. Overall structure of BRL1(LRR). (A) LRRs of BRL1 are shown in green and cartoon. The island domain is colored in orange 
and the brassinolide molecule in yellow. The N-linked sugars and disulphide bonds are shown in magenta and orange sticks, respec-
tively. (B) Structural alignment of BRI1(LRR) (residues 538–770, marine blue ribbon) and BRL1(LRR) (residues 525–755, green ribbon). 
Spheres indicate the N-linked sugar groups in BRI1 (marine blue) and BRL1 (green). 
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Figure 2. Sequence alignment 
of LRRs in BRL1. The bound-
ary of each LRR is shown on the 
left. The conserved residues are 
shown with yellow background. 
Red and blue squares highlight 
cysteines forming disulfi de bonds 
and glycosylated asparagines 
respectively. Black solid squares 
indicate the amino acids specifi c 
to plant LRR proteins. 
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Figure 3. Differential brassinolide recognition by BRL1(LRR) and BRI1(LRR). (A) Structural alignment of brassinolide binding 
pockets of BRL1 and BRI1. The island domain of BRL1 is colored in orange and LRRs of BRL1 in green. BRI1 is shown as marine blue 
cartoon. Brassinolides bound to BRL1 and BRI1 are depicted as yellow and cyan sticks, respectively. Blue dashed square highlights 
the loops connecting island domain and LRRs. Residues of two BRI1 mutants are labeled in red. (B) Electron density map around 
brassinolide (BLD) binding site. (C) Shown are the structural differences between the brassinolide binding pockets of BRI1(LRR) and 
BRL1(LRR). Brassinolide and residues in BRI1 are depicted in cyan. The island domain of BRL1 is colored in light orange. Brassinolide 
and side chains of residues comprising the hormone binding pocket of BRL1 are shown in yellow sticks. Red dashed lines represent hy-
drogen bonds. (D) Chemical structure of brassinolide. The carbon atoms are labeled as indicated.

As in the BRI1(LRR), the fused ring moiety of brassinolide (ring 
A–D) occupies most of the binding surface in the structure 
of BRL1(LRR) (Fig. 3C). Phe586 and Tyr627 of BRL1(LRR) 
interact with the island domain side of the fused ring moiety 
(Fig. 3C), while Gln666 in BRL1(LRR), substituting Phe681 in 
BRI1, establishes Van Der Waals contacts with the LRRs side 
of brassinolide (Fig. 3C). Nearly perpendicular to the fused ring 
moiety, the distal side chain (C24–28) of brassinolide anchors 
to a hydrophobic cavity formed by Ile527 and Trp551 from 
LRRs side and Phe584, Leu601 and Thr631 from island do-
main side (Fig. 5A). As in BRI1(LRR), the C23 hydroxyl group 

forms hydrogen bonds, but with the backbone nitrogen and 
oxygen of Met632 in BRL1(LRR) (Fig. 3C).

Notable structural differences, however, occur to the 
end of the fused ring portion (Fig. 3C). Compared to that 
in BRI1(LRR), this region of brassinolide binds deeper into 
the conserved pocket of BRL1(LRR), leading brassinolide 
to bury a larger surface area in BRL1(LRR) (388 Ǻ2) than in 
BRI1(LRR) (360 Ǻ2). These observations suggest a higher 
binding affi nity of brassinolide with BRL1 than with BRI1, sup-
porting previous biochemical data (Cano-Delgado et al., 2004). 
While most of the brassinolide-interacting residues from the is-
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land domain are conserved between BRL1 and BRI1, the non-
conserved Arg588 of BRL1 makes tight packing against the 
carbonyl oxygen in ring B of brassinolide via cation-pi interac-
tion (Fig. 3B and 3C), further blocking brassinolide from solvent 
region. In contrast, Lys601 in BRI1, the equivalent of Arg588 in 
BRL1, is not directly involved in interaction with brassinolide. 
The varied residues of the brassinolide-binding pocket from 
the LRR domain appear to be critical for a deeper binding of 
brassinolide to BRL1(LRR). In the structure of brassinolide-
bound BRI1(LRR), Asn705 supports brassinolide via contact 
of its hydrophobic portion with ring A (Fig. 3C), thus blocking 
brassinolide from binding further to the bottom of the binding 
pocket. In BRL1, Gly690 with no side chain substitutes Asn705 
of BRI1, allowing ring A of brassinolide to fall down and form 
Van Der Waals interactions with Val667, Gly690 and Val691 
from underneath (Fig. 3C). Together, our structural analyses 
offer an explanation for the higher affi nity of brassinolide with 
BRL1 than with BRI1. 

Structural model of BRL2

BRL2, unlike BRL1 or BRL3, is unable to recover the wild 
type phenotype of a bri1 mutant and has no specifi c binding 
to brassinolide despite their high sequence homology (Cano-
Delgado et al., 2004). These results appear a little surprising, 

because the residues around the brassinolide binding site are 
largely conserved among the three proteins   (Fig. 4). In fact, 
BRL2 (residues 497–729) has a higher sequence homol-
ogy with BRL1 than with BRI1. Additionally, the two residues, 
Arg588 and Gly690 of BRL1 that contribute to a higher binding 
affinity to brassinolide are also conserved in BRL2 (Fig. 4). 
These data suggest that there exist other non-conserved resi-
dues in BRL2 responsible for its inability to recognize brassi-
nolide. The high sequence homology with BRL1 allowed us 
to build a structure model of BRL2 with high confi dence. We 
therefore modeled a structure for BRL2 (residues 497–729) 
using BRL1 as the template with the program MODELLER 
(Eswar et al., 2008). The modeled partial BRL2 structure 
shows that the bulky and negatively-charged residue Glu614 
substitutes Ile642 of BRL1, which is located at the inner end of 
brassinolide binding pocket (Fig. 5). We explored all possible 
rotamers of the side chain of Glu614 in COOT and found that 
one preferred rotamer without steric clashes with other parts of 
the binding pocket is close to the hydrophobic cavity anchoring 
the side chain of brassinolide (Fig. 5B). Thus, this mutation in 
BRL2 may act to disrupt the brassinolide binding by changing 
the hydrophobicity of this area. Supporting the signifi cance of 
this hydrophobic cavity in brassinolide recognition by BRI1, in-
troduction of polar groups at the end of side chain signifi cantly 
attenuates brassinolide bioactivity (Back and Pharis, 2003) 
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atBRL2
atBRL3
stBRI1
taBRI1
hvBRI1
psBRI1
slBRI1
osBRI1

atBRL1
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taBRI1
hvBRI1
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osBRI1

atBRL1
atBRL1
atBRL2
atBRL3
stBRI1
taBRI1
hvBRI1
psBRI1
slBRI1
osBRI1

atBRL1

atBRL1

atBRL1

LRR21 LRR22 LRR23

LRR20LRR19
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LRR24 LRRCT

720     • 730     • 740     • 750     •

β13 β14 β15 β16η7 η8 TT

530     • 540     • 550     • 560     • 570     •

β1 β2 β3 β4 β5 β6η1 η2 η3
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620     • 680     • 690     • 700     • 710     •650     • 660     • 670     •630     • 640     •

β7 β8 β9 β10 β11 β12η4 η5 η6
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Figure 4. Sequence alignment of brassinolide binding pockets of BRI1 and its homologs. Conserved and similar residues are high-
lighted with red and yellow grounds respectively. The island domain is highlighted within the blue square. Residues involved in brassinolide 
recognition of BRL1 are indicated with black solid squares at bottom. Red and gray solid squares indicate residues corresponding to Glu614 of 
BRL2, Gly644 and Thr750 of BRI1. “LRRCT” represents LRR C-terminal cap. “at”, “st”, “ta”, “hv”, “ps”, “sl” and “os” represent Arabidopsis thali-
ana, Solanum tuberosum, Triticum aestivum, Hordeum vulgare, Pisum sativumand, Solanum lycopersicum, Oryza sativa, respectively. 
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Figure 5. Comparation of the brassinolide binding pockets of BRL1 and BRL2. The brassinolide binding pockets of BRL1 and the 
modeled BRL2 structure are shown in green and cyan cartoons, respectively. Colored in salmon are the residues close to the side chain 
of brassinolide. Brassinolide is depicted as yellow stick.

and the hydroxylation of C26 by an enzyme BAS1 is shown to 
be one way to inactivate brassinosteroids in plants (Neff et al., 
1999). 

DISCUSSION
We have solved the crystal structure of the BRI1 homolog 
BRL1 in complex with brassinolide in the current study. While 
BRI1(LRR) and BRL1(LRR) share a highly conserved structure 
(Fig. 3A and 4), the subtle differences around their brassinolide 
binding sites generate striking effects on their ability to recog-
nize brassinolide (Cano-Delgado et al., 2004) (Fig. 3C). The 
interaction with Arg588 of BRL1 contributes to a higher binding 
affi nity of brassinolide with BRL1 than with BRI1 (Fig. 3C). The 
non-conserved Gly690 of BRL1 appears to further strengthen 
its recognition of brassinolide (Figs. 3C and 4). The fact that 
many BRI1 homologs harbor a small side chain residue (Ala or 
Gly) at the corresponding position of Gly690 of BRL1 suggests 
a conserved role played by this residue in recognizing brassi-
nolide (Fig. 4). Our modeling study suggests that a change in 
one residue around the side chain binding cavity can have a 
deleterious effect on the recognition of brassinolide by BRI1 
family of receptors (Fig. 5). Interestingly, this residue, Glu614 
of Arabidopsis BRL2, is conserved in rice BRL2 (OsBRL2) 
(Nakamura et al., 2006), but not in other BRI1 homologs (Fig. 4), 
suggesting that it may be specifi c for BRL2 function. However, 
it is unclear why BRL3 exhibited a low affi nity with brassinolide 
than BRL1, because all amino acids involved in brassinolide 
recognition are conserved between BRL1 and BRL3 (Fig. 4). 
The lack of commercially available radio-labeled brassinolide 
as well as the extremely low solubility of brassinolide rendered 
it diffi cult for us to test the non-conserved residues critical for 
selection of BRI1 family of receptors by brassinolide. Nonethe-

less, our data provide some structural insights for differential 
binding of brassinolide to the BRI1 family of receptors and 
allow a more effi cient design of plant growth regulators for agri-
cultural practice. 

The mechanism of receptor activation of BRI1 family recep-
tors is not fully clear. The crystal packing and the gel fi ltration 
(Hothorn et al., 2011; She et al., 2011) assay didn’t support 
the model in which ligand induces dimerization of the extra-
celluar domains of BRI1. The most marked conformational 
change upon hormone binding occurs to the interdomain loops 
that connect the island domain and LRRs in the structure of 
BRI1(LRR) (She et al., 2011). In BRL1(LRR), the interdo-
main loops also adopt similar conformations with BRI1(LRR) 
(Fig. 3A). This conformation change may thus create a bind-
ing surface to interact with other protein. Two BRI1 mutants 
Gly644Asp and Thr750Ile, located around the ligand binding 
pocket (Fig. 3A), show loss-of-function phenotypes (Noguchi 
et al., 1999; Friedrichsen et al., 2000) but still bind brassinolide 
well (Wang et al., 2001; Kinoshita et al., 2005). These two resi-
dues are conserved among the BRI1 family receptors (Fig. 4), 
which may be key residues in extracelluar domain responsible 
for receptor activation. When animals’ steroid hormones are 
recognized by nuclear receptors, they are almost fully buried 
into the largely helical structures of ligand binding domains of 
their receptors and their binding can induce a dramatic shift of 
the C-termial activation helix to initiate downstream signaling 
(Renaud and Moras, 2000; Huang et al., 2010). In contrast, 
one side of the fused ring of brassinosteroid is nearly solvent 
exposed in the structures of BRI1(LRR) and BRL1(LRR) 
(Fig. 3A). This unshielded region may provide additional sites 
for protein-protein interaction. The extracelluar domain of the 
BRI1 coreceptor, BAK1, has been shown to provide a plat-
form for receptor/coreceptor complex formation (Jaillais et al., 
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ACCESSION CODE

Protein Data Bank: The atomic coordinates and structure factors of 
brassinolide-bound BRL1(LRR) have been deposited with accession 
code 4J0M. 
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