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 Brassinosteroids (BRs) are perceived by transmembrane receptors and play vital roles in plant growth and devel-
opment, as well as cell in responses to environmental stimuli. The transmembrane receptor BRI1 can directly bind to 
brassinolide (BL), and BAK1 interacts with BRI1 to enhance the BRI1-mediated BR signaling. Our previous studies 
indicated that a membrane steroid-binding protein 1 (MSBP1) could bind to BL in vitro and is negatively involved in 
BR signaling. To further elucidate the underlying mechanism, we here show that MSBP1 specifically interacts with 
the extracellular domain of BAK1 in vivo in a BL-independent manner. Suppressed cell expansion and BR responses 
by increased expression of MSBP1 can be recovered by overexpressing BAK1 or its intracellular kinase domain, sug-
gesting that MSBP1 may suppress BR signaling through interacting with BAK1. Subcellular localization studies re-
vealed that both MSBP1 and BAK1 are localized to plasma membrane and endocytic vesicles and MSBP1 accelerates 
BAK1 endocytosis, which results in suppressed BR signaling by shifting the equilibrium of BAK1 toward endosomes. 
Indeed, enhanced MSBP1 expression reduces the interaction between BRI1 and BAK1 in vivo, demonstrating that 
MSBP1 acts as a negative factor at an early step of the BR signaling pathway.
Keywords: MSBP1, BR signaling, BAK1, endocytosiss
Cell Research (2009) 19:864-876. doi: 10.1038/cr.2009.66; published online 16 June 2009

Introduction

Brassinosteroids (BRs) play crucial roles in multiple 
processes of plant growth and development, including 
stem elongation, leaf expansion, vascular differentia-
tion, senescence and stress tolerance [1]. Defects in BR 
biosynthesis and signaling result in dwarfism, dark-green 
and rounded leaves, delayed development, reduced fertil-
ity and abnormal vascular pattern of plants [2-6]. Up to 
now, several key components of the BR signaling path-
way have been identified through molecular and genetics 
studies.
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In Arabidopsis, BR signal is perceived by the extracel-
lular domain of the transmembrane receptor BRI1 [7-10]. 
BAK1, a BRI1 co-receptor, has a similar expression pat-
tern and subcellular localization with BRI1, and serves as 
a signal transducer after the BR signal is recognized by 
BRI1. Although overexpression of BAK1 could rescue 
the phenotypes caused by BRI1 deficiency, BAK1 had no 
effects on the binding activity of BRI1 to BR molecules 
[11, 12].

Homodimerization of BRI1 leads to the self-inhibition 
of BRI1 activity and heterodimerization with BAK1 will 
activate BRI1, although the correlation between BR mol-
ecule and heterodimerization of BRI1-BAK1 is unclear. 
It has been shown that binding of ligand induces the 
heterodimerization of BRI1 and BAK1, which then initi-
ates the BR signal transduction in Arabidopsis [13, 14]. 
However, BR-independent BRI1-BAK1 dimerization 
also occurs in cowpea protoplast and BAK1 stimulates 
the endocytosis of BRI1, suggesting that receptor endo-
cytosis might be required for BR signaling [15].
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Many other components of the BR signaling pathway 
transducing the BR signal from the cell surface to the 
nucleus have been genetically identified. The membrane-
localized proteins BSKs interact with BRI1 in vivo and 
activate the downstream signaling of BRI1 [16]. On the 
opposite, another BRI1-interacting protein, BKI1, nega-
tively regulates BR signaling by limiting the association 
of BRI1 and BAK1 [17]. BIN2 is a GSK3-like protein 
and negatively controls BR signaling by phosphorylat-
ing two nuclear components BES1 and BZR1 [18, 19]. 
As nuclear transcription factors, the unphosphorylated 
BES1 and BZR1 can activate the expressions of BR-
responsive genes to promote plant growth (BZR1 also 
inhibits the expression of BR biosynthetic genes), while 
the phosphorylated BES1 loses its DNA-binding activity 
to the BR-responsive genes, and phosphorylated BZR1 
is rapidly degraded by proteasome to relieve its feedback 
inhibition of several BR biosynthetic genes [20-24].

Recent studies showed that endosomes play important 
roles in the signal transduction process. In animals, cho-
lesterol functions extensively in various developmental 
processes [25], and cholesterol-dependent vesicle trans-
port contributes to the establishment of cell polarity in 
Caenorhabditis [26] and pattern formation during Droso-
phila wing development [27]. In plants, PIN proteins 
modulate auxin efflux by their polar localization, and 
recycle between the plasma membrane and endosomal 
compartments in a vesicle trafficking-dependent manner 
[28-30]. FLS2, a leucine-rich-repeat (LRR) receptor-like 
kinase involved in perceiving bacterial elicitor flagellin 
in Arabidopsis, exhibits ligand-dependent endocytosis 
[31, 32]. In addition, BAK1 and FLS2 form a complex in 
a specific ligand-dependent manner to initiate the innate 
immunity signaling, which is independent of BR signal-
ing [33, 34].

Recent studies showed that vesicle cycling also plays 
crucial roles in BR signal transduction. In Arabidopsis 
root meristems, BRI1 is localized at plasma membrane 
and endosomal compartments in a ligand-independent 
manner, and increased endosomal localization of BRI1 
could enhance BR signaling and genomic responses [35]. 
In cowpea protoplasts, both BRI1 and BAK1 are local-
ized at plasma membrane and endocytic compartments, 
and their interactions occur in the endocytic compart-
ments, not just restricted to the sub-domains of plasma 
membrane. BAK1 accelerates BRI1 endocytosis to 
stimulate BR signaling by shifting the equilibrium of the 
membrane BRI1 toward endosomes [15]. SERK1, the 
homolog of BAK1 (SERK3), is localized in endosomal 
compartments [36] and is involved in BR signaling by 
interacting with BRI1 and BAK1 [37], indicating that 
endocytosis may play a critical role in receptor recycling 

and function.
In animal cells, the plasma steroid-binding proteins 

(SBPs) function as receptors of steroid hormones to initi-
ate the cellular responses [38-41]. The plant membrane-
localized SBP, membrane steroid-binding protein 1 
(MSBP1), binds to 24-epi-brassinolide (BL) in vitro with 
a lower affinity, compared to BRI1, and negatively con-
trols cell elongation. Arabidopsis plants with enhanced 
expression of MSBP1 have increased steroid molecule-
binding capacity and suppressed response to exogenous 
BL, indicating a negative role of MSBP1 in BR signaling 
[42].

Until now, how SBPs function in BR signaling regula-
tion is still unclear. We here show that MSBP1 enhances 
BAK1 endocytosis by interacting with its extracellular 
region, resulting in the reduced association of BRI1 and 
BAK1, and suppressed BR signaling.

Results

MSBP1 specifically interacts with the extracellular do-
main of BAK1 in a BL-independent manner

To investigate the possible interactions between 
MSBP1 and other factors, we first tested the associations 
of MSBP1 with the transmembrane receptors BRI1 and 
BAK1. A yeast two-hybrid analysis showed that MSBP1 
did not interact with BRI1, nor with the intracellular 
kinase domain of BAK1, but did associate specifically 
with the BAK1 extracellular domain (Figure 1A). This 
is consistent with the computational prediction showing 
that the steroid-binding region of MSBP1 is probably 
situated outside of the plasma membrane (Supplementary 
information, Figure S1, by TMHMM program [43, 44]), 
and suggests that MSBP1 might act as a co-receptor with 
BAK1. Analysis employing XA21, another member of 
the LRR-RLK subfamily (involved in the resistance to 
the bacterial blight pathogen in rice, [45]), further re-
vealed that there is no association between MSBP1 and 
the extracellular domain of XA21 (Figure 1A), indicat-
ing a specific interaction between MSBP1 and the BAK1 
extracellular region.

Co-immunoprecipitation (Co-IP) studies further con-
firmed the interaction between MSBP1 and BAK1 extra-
cellular domain in yeast cells (Figure 1B). In addition, 
using the antibody specific to MSBP1, we were able to 
detect the interaction between endogenous MSBP1 and 
BAK1 in plant cells, while there was no detectable inter-
action between the intracellular kinase domain of BAK1 
and MSBP1 (Figure 1C), confirming the specific interac-
tion between the BAK1 extracellular region and MSBP1 
in vivo.

Previous studies showed that the association and ki-
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nase activities of BRI1 and BAK1 in yeast cells were 
not affected by exogenous BL [46]. In a similar manner, 
β-galactosidase assays showed that supplement of BL did 
not influence the intensity of MSBP1-BAK1 interaction 
(Figure 1D), which was further demonstrated by observ-
ing the MSBP1-BAK1 interaction in plant cells under 
exogenously applied BL (Figure 1E).

Enhanced BAK1 expression rescues the suppressed BR 
signaling caused by MSBP1 overexpression

Our previous studies showed that transgenic plants 
overexpressing MSBP1 had suppressed BR responses, 

suggesting that MSBP1 had a negative effect on BR sig-
naling. Plants with increased expression of MSBP1 were 
thus employed to study the mechanism by which MSBP1 
suppresses BR signaling. Based on the interaction be-
tween MSBP1 and the extracellular domain of BAK1, 
we generated transgenic plants overexpressing BAK1 
or its intracellular kinase domain in wild-type (WT) or 
p35S:MSBP1 backgrounds (Supplementary information, 
Figure S2). Phenotypic analysis showed that the sup-
pressed cell elongation/expansion and responses to ex-
ogenous BL of p35S:MSBP1 seedlings could be rescued 
by overexpressing BAK1, especially its intracellular 
kinase domain. Measurement of cell numbers revealed 
that overexpression of BAK1 or its kinase domain sig-
nificantly stimulated the cell expansion in p35S:MSBP1 
and WT plants (Figure 2A). This effect was more evi-

Figure 1 MSBP1 interacts with the extracellular domain of 
BAK1 in a BL-independent manner. (A) Yeast two-hybrid analy-
sis revealed the interaction between MSBP1 and extracellular 
domain (EC) of BAK1, but not its intracellular kinase domain 
(KD), nor BRI1 or the extracellular domain of rice XA21 protein. 
Growth of yeast cells containing various combinations of con-
structs was tested on SD-Leu/-Trp/-His/-Ade dropout medium. 
The combined constructs include: PC (positive control, pG-
BKT7-53 and pGADT7-T); NC (negative control, pGBKT7-Lam 
and pGADT7-T); 1, BRI1-KD/BAK1-KD; 2, MSBP1/BAK1-EC; 3, 
MSBP1/BAK1; 4, BRI1-EC/BAK1-EC; 5, BRI1-KD/BAK1-EC; 6, 
MSBP1/BAK1-KD and 7, MSBP1/XA21-EC. The relevant cod-
ing region is in-frame fused to that of the GAL4-binding domain 
(BD) or activation domain (AD). (B) Co-immunoprecipitation 
(Co-IP) analysis confirmed the interaction between the extracel-
lular domain of BAK1 and MSBP1 in yeast cells. MSBP1 and 
BAK1 were tagged with MYC and HA, and detected with anti-
MYC (1) or anti-HA (4) antibodies, respectively. BAK1 could be 
co-immunoprecipitated with MSBP1 (2, 5). 3 and 6, the empty 
negative controls. (C) Co-IP analysis confirmed the interaction 
between the extracellular domain of BAK1 and MSBP1 in plant 
cells. Total membrane proteins were extracted from WT or ho-
mozygous transgenic plants of 1, p35S:BAK1 p35S:MSBP1; 2, 
p35S:BAK1; 3, p35S:MSBP1; 4, p35S:BAK1-KD p35S:MSBP1 
and 5, p35S:BAK1-KD. Both MSBP1 and BAK1 were tagged 
with HIS. Bottom line showed that equal amount of proteins was 
loaded. (D) Quantitative analysis employing yeast LexA two-
hybrid system reveals the interaction intensity of MSBP1 and 
BAK1 was not regulated upon BL treatment. In addition, the 
association between MSBP1 and ELG (a mutant form of BAK1) 
was decreased. Intracellular kinase domain of BRI1 and whole 
BAK1, MSBP1 and JG4-5 are used as positive and negative 
controls, respectively. Error bars represent standard deviations 
(SD). (E) Western blot analysis confirmed the unaltered inter-
action of MSBP1 and BAK1 in the presence of exogenous BL. 
Seedlings were treated with 100 nM BL for 8 h and anti-HIS 
antibody was used for protein detection, after Co-IP with anti-
MSBP1 antibody.
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dent when observing the 5th rosette leaves of 5-week-
old plants, with the intracellular kinase domain of BAK1 
showing a more obvious effect and the full-length BAK1 
showing a less effect (Supplementary information, Fig-
ure S3).

To elucidate the role of MSBP1-BAK1 interaction 
in BR signaling, hypocotyl lengths of seedlings over-
expressing MSBP1 or BAK1 under BR treatment were 
measured. Results showed that bri1 or bak1 mutants 
and p35S:MSBP1 plants exhibited decreased response 

to exogenous BL, and overexpression of BAK1 in WT 
background resulted in enhanced sensitivity to BL. Com-
pared with WT, the reduced response of p35S:MSBP1 
seedlings to exogenous BL (5-100 nM) could be rescued 
by enhanced expression of BAK1 under light conditions 
(Figure 2B). These results support the idea that MSBP1-
BAK1 interaction plays an important role in regulating 
BR responses.

It was shown that the homeostasis of BR concentra-
tion was maintained through feedback regulation of the 
expression of multiple BR-biosynthetic genes [47-49]. 
Signaling-defective mutants, bri1 and bak1, showed 
reduced inhibition of transcription of BR-biosynthesis 
genes by BL [6, 11]. We, therefore, tested whether over-
expression of MSBP1 altered the expression of BR-bio-
synthetic genes using quantitative real-time reverse tran-
scription PCR. Compared with that in WT, the expres-
sion level of CPD was dramatically increased (by 49%) 
and ROT3 slightly increased (by 17%) in p35S:MSBP1 
plants. After treatment with exogenous BL (100 nM, 
3h), relative expression levels of CPD and ROT3 in 
p35S:MSBP1 plants were reduced to 53% or 56%, and 
the reduction was less than that in WT (CPD to 19%; 
ROT3 to 26%, Figure 2C), consistent with the suppressed 
BR signaling in p35S:MSBP1 plants. Further analysis 
showed that the expression of CPD and ROT3 was more 
severely suppressed by BL in WT plants overexpressing 

Figure 2 The negative effect of MSBP1 on BR signaling is 
rescued by overexpression of BAK1 or its intracellular kinase 
domain. (A) Compared to WT, reduced cell expansion by 
overexpressing MSBP1 (1) was rescued by enhanced ex-
pression of BAK1 (4) or its intercellular KD (p35S:BAK1-KD 
p35S:MSBP1, 5). Overexpression of BAK1 (2) or its intercellular 
KD (p35S:BAK1-KD, 3) in WT plants result in even enlarged 
leaves (left panel, bar = 1 cm). Rosette leaves of 3-week-old 
plants were sampled and the adaxial epidermis near the mid-
vein (squared region) was examined under scanning electron 
microscopy (bar = 50 µm). Cell numbers of unit area (~0.063 
mm2) were measured and statistically analyzed using a one-
tailed Student’s t-test (*, P < 0.05; **, P < 0.01) (right panel). 
Error bars stand for SE. (B) Overexpression of BAK1 leads to 
rescued response of p35S:MSBP1 plants to BL in light. Seed-
lings were treated with different concentrations of BL. Lengths 
of hypocotyls (7-day-old seedlings) were measured and relative 
elongation was calculated and presented as average±SD (n > 
40). Statistical analysis was carried out through a two-tailed Stu-
dent’s t-test (*, P < 0.05; **, P < 0.01; different colors showed 
relevant plants compared with WT). (C) Quantitative RT-PCR 
analyses indicate that BR-biosynthesis-related genes CPD and 
ROT3 were increased in bak1 mutant and p35S:MSBP1 plants, 
and were less suppressed under exogenously BL. qRT-PCR was 
performed using 1-week-old Arabidopsis seedling in the absence 
or presence of BL (100 nM, 3 h). Error bars stand for SD.
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BAK1 than in p35S:MSBP1 plants overexpressing BAK1 
(Figure 2C), confirming the negative role of MSBP1 in 
BR signaling.

Overexpression of MSBP1 partially suppresses BR hy-
persensitivity of elg mutant under darkness

Previously identified elg mutant, which harbors a mu-
tation in the extracellular region of BAK1, confers BR 
hypersensitivity [47]. The interaction between MSBP1 
and the mutant BAK1 protein was weaker than WT pro-
tein (Figure 1D), and the expression of BR biosynthesis 
genes was more severely suppressed by BL in the elg 
mutant (Figure 3A). These observations suggest that en-
hanced responses of elg to BL were possibly due to the 
reduced MSBP1-BAK1 interaction, which leads to the 
reduced inhibition of BAK1 activity by MSBP1.

To test this hypothesis, MSBP1 was overexpressed 
in elg and bak1 mutants (Supplementary information, 
Figure S4). Phenotypic observation showed that MSBP1 
overexpression in elg background caused a reduction of 
the hypersensitive response of hypocotyls to BR in dark, 
but did not affect the root growth under light conditions. 
In addition, overexpressing MSBP1 in bak1 mutant did 
not alter its responses to BR at all (Figure 3B and Sup-
plementary information, Figure S5), strongly supporting 
the idea that MSBP1 regulates BR signaling through in-
teracting with BAK1.

MSBP1-BAK1 association stimulates the endocytosis of 
BAK1

It was previously shown that BRI1 and BAK1 were 
localized at plasma membrane and in endocytic compart-
ments of protoplasts, and BAK1 accelerated the endo-
cytosis of BRI1 [15]. Interestingly, analyses of protein 
localization through transient expression in Arabidopsis 
mesophyll protoplasts showed that MSBP1 was localized 
not only at the plasma membrane (Figure 4A, 3), but also 
in the vesicle-like compartments, confirmed by staining 
with FM4-64 (Figures 4A, 5-7). This result suggested 
that MSBP1 was also subjected to endocytosis. In addi-
tion, comparison with the localization of Golgi-localized 
N-a-sialyltransferase (N-ST-YFP, fused to yellow fluo-
rescent protein, [48]) showed that the MSBP1 vesicles do 
not represent proteins in transit from Golgi membranes 
(Supplementary information, Figure S6), supporting 
that the origin of MSBP1 vesicles is plasma membrane. 
BAK1 was localized to the plasma membrane and vesi-
cles as well (Figure 4A, 4), in agreement with its location 
in cowpea protoplasts [15].

Further co-expression analysis revealed the co-
localization of BAK1 and MSBP1 (Figures 4A, 8-11) in 
vesicles and at plasma membrane. Moreover, enhanced 

endocytosis and distinct accumulation of BAK1 were ob-
served (Figure 4B), indicating a role of MSBP1 in stimu-
lating BAK1 endocytosis. Quantitative determination of 
BAK1-CFP fluorescence in mesophyll cells indicated 
that ~72% of total BAK1 were detected in cytoplast un-
der MSBP1 overexpression, in comparison with ~55% 
of total BAK1 in cytoplast in control cells, confirming 
the altered localization of BAK1 upon overexpression 
of MSBP1. This is further supported by studying the dy-
namics of BAK1-MSBP1 interaction in onion epidermal 
cells. When MSBP1 and BAK1 were coexpressed, ~35-
41% of total BAK1 were found in cytoplast, in com-
parison with ~23% of total BAK1 in cytoplast in control 
cells (Supplementary information, Figure S7).

Figure 3 MSBP1 overexpression partially rescues the pheno-
type of elg, but not bak1. (A) Expression of CPD and ROT3 
genes were suppressed in elg mutant in the absence or pres-
ence of BL. Error bars stand for SE. (B) Relative hypocotyl 
elongation of elg or bak1 seedlings, or those with overex-
pressed MSBP1 under different concentrations of exogenous 
BL. Lengths of hypocotyls (7-day-old seedlings in light or 
4-day-old seedlings in dark) were measured and presented as 
average±SD (n > 40), and statistically calculated through a two-
tailed Student’s t-test (*, P < 0.05; different color showed rel-
evant plants compared with WT).
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Figure 4 BAK1-MSBP1 association enhances the endocytosis of BAK1 in Arabidopsis mesophyll protoplasts. (A) Compared 
to the diffused expressions of EYFP (1) and ECFP (2) in cells, observation on the fluorescences of 35S-MSBP1-EYFP re-
vealed that MSBP1 was localized at both plasma membrane and endosomes (3, arrows), which is confirmed by observing 
the internalization of FM4-64 (5-7). Similarly, BAK1 was localized at both plasma membrane and endosomes as well (4, ar-
rows). Co-localization of MSBP1 and BAK1 in the endosomes was confirmed by FM4-64 staining (8-11). Bar = 20 µm. (B) 
Co-expression of MSBP1 and BAK1 resulted in the accelerated BAK1 endocytosis (1-3). The squared region was enlarged to 
highlight the BAK1 localizations (4). Bar = 20 µm. Statistical analysis on the fluorescence intensity in cytoplast indicated that 
BAK1 endocytosis was accelerated when co-expressed with MSBP1. At least 20 cells were observed and fluorescence in 
each cell was calculated. The results were presented as average±SD. (C) Western blot analysis of extracts from p35S:BAK1 
p35S:MSBP1 and p35S:BAK1 transgenic plants using anti-HIS antibody showed the reduced amounts of BAK1 at membrane 
under MSBP1 overexpression. Soluble membrane proteins were extracted and equal amounts of proteins (~35 µg) were 
loaded.
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Consistent with the above observation, western blot 
analysis showed that the amount of membrane-localized 
BAK1 was decreased in p35S:BAK1 p35S:MSBP1 plants 
when compared to that of p35S:BAK1 (Figure 4C). How-
ever, discriminative localization of BAK1 was not ob-
served in transgenic plants with suppressed expression of 
MSBP1 (through anti-sense approach, p35S:A-MSBP1, 
Supplementary information, Figure S8). This might be 
due to the reason that the decreased expression of MSBP1 
was not sufficient to change the localization of BAK1. 
Alternatively, it is likely due to the functional redundancy 
of MSBP1, which belongs to a small family with at least 
two closely related homologs in Arabidopsis [42].

Although it was shown that the vesicle trafficking was 
evidently increased in MSBP1-overexpressing plants 
and was suppressed in MSBP1-deficient plants, and 
p35S:MSBP1 plants were less sensitive to low concentra-
tions of BFA in dark and less BFA compartments were 
formed, compared to that in WT [49], the localization 
of MSBP1 and BAK1 in Arabidopsis mesophyll proto-
plasts was not significantly affected by exogenous BFA 
or BL (Figure 5). This suggests that the internalization 
of MSBP1 is BFA- and BL-insensitive. Similar phenom-
enon was observed for the internalization of BRI1 and 
BAK1 in cowpea protoplasts [15]. As BFA mainly af-
fects exocytosis, this result further confirms that MSBP1 
regulates the endocytosis of BAK1. 

MSBP1-BAK1 association does not affect the intensity of 
BRI1-BAK1 interaction, but inhibits the BRI1-BAK1 as-
sociation in vivo

To test whether MSBP1-BAK1 interaction affects 

the BRI1-BAK1 association and hence suppresses BR 
signaling, we performed a yeast-based three-hybrid ex-
periment. As shown in Figure 6, induced expression of 
MSBP1 protein (Figure 6A) did not reduce the BRI1-

Figure 5 The subcellular localization of MSBP1 and BAK1 was 
not affected by BFA and BL. The localization of MSBP1 (A, B) 
and BAK1 (C, D) was observed after treatment with BFA (50 
µM) or BL (1 µM). Bar = 20 µm.

Figure 6 MSBP1-BAK1 association does not influence the inter-
action intensity of BRI1 and BAK1, but inhibits the BRI1-BAK1 
association in vivo. (A) The inducible expression of MSBP1 
under low amounts of Met. Western blot analysis confirmed 
the expression of MSBP1 in yeast cells under low concentra-
tions of Met. Yeast cells grown on the SD-Leu/-Trp/-His dropout 
medium supplemented with 134 µM (left) or 6.7 µM (right) me-
thionine were employed for inducible expressions of MSBP1 
proteins. Soluble proteins were extracted and equal amount 
of proteins (~15 µg) were used for western blot analysis. The 
protein concentration was quantified by the Bradford method 
[62]. (B) Yeast-based three-hybrid analysis reveals that growth 
of yeast cells expressing MSBP1, BRI1-KD and BAK1 have no 
difference with those expressing IPK2α (a negative control of 
MSBP1), BRI1-KD and BAK1, or BRI1-KD and BAK1. Coding 
regions of BRI1-KD are cloned in pBridge vector, and those of 
MSBP1 and IPK2α are cloned in pBridge vector under the in-
ducible promoter. The constructs are co-transformed into AH109 
strains and growth of dosed yeast cells is observed. (C) Solu-
bilized membrane proteins from p35S:BAK1 p35S:MSBP1 and 
p35S:BAK1 plants were subjected to immunoprecipitation using 
anti-HIS antibody and immunoblot analysis using anti-BRI1 anti-
body. The BRI1-BAK1 interaction was decreased under MSBP1 
overexpression.

 A                             B

 C                            D

+BFA                                          +BL

+BFA                                          +BL

35S-MSBP1-YFP                         35S-MSBP1-YFP

35S-BAK1-YFP                            35S-BAK1-YFP

A

B

C

100%       5%  Met

MSBP1                                Blot: Anti-MSBP1 Ab

SD/-Trp-Leu-His, 5% Met

1

2

3

BRI1-KD/MSBP1/BAK1

BRI1-KD/IPK2a/BAK1

BRI1-KD/BAK1

Bolt: anti-BRI1 Ab

IP: anti-His Ab

p35S:BAK1 W
T

p35S:BAK1 p35S:M
SBP1

20 µm



www.cell-research.com | Cell Research

Li Song et al.
871

npg

BAK1 association (Figure 6B), indicating that MSBP1-
BAK1 interaction does not affect the intensity of BRI1-
BAK1 interaction.

It was previously shown that increased endosomal 
localization of BRI1 could enhance BR signaling and 
genomic responses [35], and BAK1 accelerates BRI1 en-
docytosis. As MSBP1-BAK1 interaction enhances BAK1 
endocytosis, it is reasonable to hypothesize that BAK1-
BRI1 association at membrane will be reduced under 
MSBP1 overexpression. Indeed, immuno-precipitation 
analysis showed that less BRI1 proteins were associated 
with BAK1 in p35S:MSBP1 plants than that in WT (Fig-
ure 6C), revealing the suppressed BAK1-BRI1 associa-
tion under MSBP1 overexpression. As heterodimeriza-
tion and sequential transphosphorylation of BRI1/BAK1 
enhance the signaling output [13, 50], the MSBP1-BAK1 
interaction would inhibit BRI1-BAK1 association at the 
plasma membrane, resulting in the decreased heterodi-
merization of BRI1-BAK1 and subsequently reduced en-
dosomal localization of BRI1, and finally suppressed BR 
signaling.

Discussion

MSBP1-BAK1 interaction may play an important role in 
ligand sensing

The LRR domain in the extracellular region of both 
BRI1 and BAK1 is thought to mediate protein-protein 
interactions [51, 52]. However, no protein interacting 
with these regions was identified up to now, although the 
BRI1 extracellular domain is able to bind BL molecules 
[10]. The fact that MSBP1 could bind BL and modu-
late plant responses to BL suggests the possible roles of 
MSBP1 in BR signaling. Here, we demonstrated that 
MSBP1 could interact with the extracellular LRR do-
main of BAK1 to regulate BR signaling.

The bri1 mutant that had a mutation in the extracel-
lular region showed BR-insensitive phenotypes and 
the chimeric receptor harboring the BRI1-LRR and the 
kinase domain of XA21 could initiate plant defense 
responses when treated with BL, indicating that the ex-
tracellular region of BRI1 mediates the positive regula-
tory effects on its intracellular kinase domain through 
binding the ligand molecules [8]. rpk1 mutant showed 
ABA insensitivity and plants overexpressing RPK1-LRR 
(including the transmembrane domain) were insensitive 
to ABA in seedling growth and seed germination, reveal-
ing that overexpressed LRR domain has a dominant-
negative effect on RPK1 [53]. These studies suggest that 
extracellular regions of RLKs (serine/threonine receptor-
like kinases) play a prominent role in their functions. In 
addition, the 70-amino acid island domain and carboxy-

terminal flanking LRR in the extracellular domain of 
BRI1 could directly bind active BRs [10]; however, there 
has been no report showing that BAK1 binds to ligand 
directly. Our results suggest that MSBP1-BAK1 interac-
tion might be another BR sensing mechanism indepen-
dent of BRI1, supported by the facts that MSBP1 could 
bind BL and modulate plant responses to BL.

In yeast, the BAK1/BRI1 transphosphorylation ac-
tivity is interdependent, since neither of them can be 
phosphorylated if the other one lacks the kinase activity. 
However, the recombinant polypeptides of their cytosolic 
parts can interact with and transphosphorylate each other, 
even when one partner is inactive, albeit with reduced ef-
ficiency [11, 46]. These results indicate that the intracel-
lular domains act more independently than the full-length 
proteins. Accordingly, our results showed that the intra-
cellular kinase domain of BAK1 has greater stimulating 
effects on BR signaling (Figure 2A and 2B).

MSBP1 represses BR signaling by stimulating BAK1 en-
docytosis

Preliminary studies by yeast-based three-hybrid 
analysis showed that MSBP1-BAK1 association did not 
influence the intensity of BAK1-BRI1 interaction; how-
ever, MSBP1-BAK1 association did affect the quantity 
of BAK1-BRI1 interaction in vivo. As BRI1 could form 
homodimers at plasma membrane and BAK1-BRI1 het-
erodimerization was not uniformly distributed at plasma 
membrane, the increased BAK1 endocytosis caused by 
its association with MSBP1 will result in a reduction 
of BRI1 endocytosis stimulated by BAK1 and thus re-
pressed BR signaling (Figure 7). Based on the different 
binding affinities to BR molecules, of which BRI1 is 

Figure 7 Hypothetical model for negative roles of MSBP1 in BR 
signaling. MSBP1-BAK1 interaction at plasma membrane sig-
nificantly stimulates BAK1 endocytosis and reduces the BRI1-
BAK1 association, resulting in suppressed BR signaling.
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much higher than MSBP1, it is likely that MSBP1 will 
mainly function as a negative regulator under high con-
centrations of BR in the early step of BR signal transduc-
tion.

The MSBP1-BAK1 association was not influenced by 
ligand binding, which is consistent with the observation 
that ligand does not affect the accelerated endocytosis 
of BAK1 caused by the interaction with MSBP1, sug-
gesting that ligand binding does not contribute much to 
BAK1 endocytosis. However, other possibilities for the 
negative regulatory role of MSBP1 in BR signaling can-
not be excluded. MSBP1 may function as a BR carrier 
to regulate the BR amounts, or control BR homeostasis 
independently of BAK1 endocytosis.

MSBP1 involves in BR-mediated photomorphogenesis 
through both BAK1-dependent and -independent path-
ways

BR promotes hypocotyl elongation in light; while in 
dark, lower concentrations of BR promote and higher 
ones inhibit the hypocotyl elongation [4, 54, 55]. As a 
negative regulator of BR signaling, MSBP1 expression 
in the hypocotyl is stimulated by light, and inhibited by 
dark [42]. Although the interaction between ELG and 
MSBP1 was reduced compared to the normal BAK1, 
overexpression of MSBP1 in elg mutant only suppressed 
its hypersensitive response to BR under darkness, but 
did not inhibit hypocotyl elongation or alter sensitivity 
of elg seedlings to BR in light (Figure 3B). Additionally, 
overexpression of BAK1 did not obviously inhibit the 
expression of CPD gene in the MSBP1-overexpressing 
seedlings (Figure 2C). These results indicate that the 
elongated hypocotyls of elg in light are not due to the 
reduced MSBP1-BAK1 interaction and MSBP1 might be 
involved in BR-mediated photomorphogenesis through 
both BAK1-dependent and -independent pathways.

In summary, MSBP1 could specifically interact with 
the extracellular domain of BAK1 in vivo in a BL-inde-
pendent manner to stimulate the endocytosis of BAK1, 
resulting in suppressed BR signaling. Recent studies 
have raised the possibility to increase crop yield and 
improve crop quality by modulating BR signaling or bio-
synthesis [56]. MSBP1, because of its role as a negative 
regulator in BR signaling, can be one such candidate that 
might be useful in modifying BR sensitivity for crop im-
provement.

Materials and Methods

Plant materials and growth conditions
Arabidopsis thaliana ecotype Columbia (Col) was used as WT 

control. Col and MSBP1-overexpressing plants (p35S:MSBP1) 
were used to generate plants overexpressing intracellular kinase 

domain of BAK1 (p35S:BAK1-KD, p35S:BAK1-KD p35S:MSBP1) 
or whole BAK1 (p35S:BAK1, p35S:BAK1 p35S:MSBP1). Anti-
sense MSBP1 transgenic plants (p35S:A-MSBP1) were used for 
physiological analysis. bak1 mutant (SALK_116202, Col-0 back-
ground; or CS6125, Ws background) was used. Ecotype Landsberg 
erecta (Ler) was used for comparison with elg mutant. For mea-
surement of root and hypocotyl lengths, seeds were sterilized and 
germinated on MS medium supplemented with sucrose (2%, W/
V) and bacto-agar (1%, W/V), with or without BL, and vertically 
grown under dark for 4 days or light (16h light/ 8h dark) for 7 days. 
The seedlings were photographed and lengths of root and hypocotyl 
were measured by ImageJ software.

Two-hybrid and three-hybrid analysis in yeast cells
Whole coding region of MSBP1 was amplified using prim-

ers p1 (5′-CCG GAATTC ATG GCG TTA GAA CTA TGG CA-
3′, added EcoRI site underlined) and p2 (5′-GCGGATCCT ACT 
CCT CCT TCT TCA ACA-3′, added BamHI site underlined), and 
subcloned into vectors pGBKT7 or pGADT7. Full-length BAK1 
was PCR amplified with primers p3 (5′-TCT GAATTC ATG GAA 
CGA AGA TTA ATG ATC-3′, added EcoRI site underlined) and 
p4 (5′-CGC GGATCC TTA TCT TGG ACC CGA GGG GTA-
3′, added BamHI site underlined), and subcloned into vector 
pGADT7. Primers p3 and p5 (5′-CGC GAGCTC CTG GTA CAT 
AAA AGA AGT GG-3′, SacI site underlined) were used to amplify 
the extracellular region of BAK1. Primers p6 (5′-TCT GAATTC 
ATG GAC CCA GAA GTT CAT TTA GG-3′, added EcoRI site 
underlined) and p7 (5′-CGC GGATCC TTA CCA CTC TTC CCA 
TCT CTC AGC TA-3′, added BamHI site underlined) were used 
to amplify the intracellular region of BAK1. Primers p8 (5′-CAT 
GCCATGGAG CCA TCT CAG TCT TTA TAC AGA G-3′, added 
NcoI site underlined) and p9 (5′-CGGGATCCC AAT CCC ATC 
GCC ACA CTA CCA-3′, added BamHI site underlined) were used 
to amplify the extracellular region of BRI1; p10 (5′-GGAATTCAG 
AGA GAT GAG GAA GAG AC-3′, added EcoRI site underlined) 
and p11 (5′-CGGGATCCT CAT AAT TTT CCT TCA GGA AC-3′, 
added BamHI site underlined) were used to amplify the intracel-
lular region of BRI1. The resultant PCR products were individu-
ally subcloned into vectors pGADT7 or pGBKT7 that precut 
with appropriate enzymes. The extracellular domain of Xa21 was 
subcloned into vector pGADT7 with primers Xa21-1 (5′-CCG 
GAATTC ATG GCG CGG GCA ATG ATG TTG-3′, added EcoRI 
site underlined) and Xa21-2 (5′-GCGGATCCA ACT AGC TCT 
CCT TTG TAC AC-3′, added BamHI site underlined). Obtained 
constructs were sequenced to ensure no nucleotide change or 
substitution during PCR amplification. Desired pairs of constructs 
were co-transformed into AH109 yeast cells to examine the inter-
actions of relevant proteins. The positive clones were identified by 
the criteria that yeast cells can grow on SD-Trp/-Leu/-His/-Ade 
medium and have β-galactosidase activities.

LexA yeast two-hybrid system was employed to calculate the 
relative β-galactosidase activities. Coding regions of MSBP1 
(amplified by p1 and p2) and BRI1-KD (amplified by p10 and 
p11) were subcloned into vector pEG202; and those of BAK1 and 
mBAK1 (amplified by p3 and p12, 5′-ACT TCTCGAGTT ATC 
TTG GAC CCG AGG GGT A-3′, added XhoI site underlined) 
were subcloned into vector pJG4-5, and used as positive and nega-
tive controls, respectively. Yeast transformation and calculation 
of relative β-galactosidase activities were performed as described 
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[57]. At least 10 clones were randomly selected for activity mea-
surement. The yeast cells were inoculated on induction synthetic 
defined plates containing 5-bromo-4-chloro-3-indoyl-b-D-galacto-
pyranoside (20 mg/ml), grown at 30oC for 13 h with supplemented 
BL at different concentrations.

cDNA region coding for intracellular kinase domain of BRI1 
(BRI1-KD, amplified by p10 and p11) was subcloned into the 
MCSI of pBridgeTM vector (Clontech, Palo Alto, CA, USA). Full-
length MSBP1 (amplified by primers 5′-ATA AGA ATGCGGCC-
GCAA TGG CGT TAG AAC TAT GGC A-3′, NotI site underlined; 
and 5′-GGA AGATCT CTA CTC CTC CTT CTT CAA CAC-3′, 
BglII site underlined) and IPK2α (amplified by primers 5′-ATA 
AGA ATGCGGCCGCAA TGC AGC TCA AAG TCC CTG-3′, 
NotI site underlined; and 5′-GGA AGATCT CTA AGA ATC TGC 
AGA CTC ATC-3′, BglII site underlined) were subcloned into 
the MCSII of pBridgeTM vector. The obtained constructs were co-
transformed into yeast cells harboring pGADT7-BAK1. MSBP1 
and IPK2α were conditionally expressed in response to the defi-
ciency of methionone in the medium.

Constructs and plant transformation
HIS tag (6X histidine) was fused to C-terminus of BAK1 with 

primers p13 (5′-TCT TCTAGA ATG GCA GGG AGT AAT AGA 
ATT ACT GGA GCG-3′, XbaI site underlined) and p14 (5′-TCT 
GAGCTC TTA GTG GTG GTG GTG GTG GTG TCT TGG ACC 
CGA GGG GTA TTC-3′, SacI site underlined). Whole BAK1 was 
amplified with primers p15 (5′-TCT TCTAGA ATG GAA CGA 
AGA TTA ATG ATC-3′, XbaI site underlined) and p14, and the 
amplified DNA fragments were subcloned into vector pATC940. 
The positive constructs were transformed into Arabidopsis by 
floral dipping method [58]. Resistant plants were selected through 
screening with appropriate antibiotics (hygromycin or kanamycin), 
and the confirmed transformants were transplanted into soil for 
self-crossing. Homozygous T2 lines were used for further analysis.

Construct pCAMBIA1302-MSBP1-GFP was introduced into 
Arabidopsis previously [42]. The whole MSBP1 cDNA was am-
plified by primers (5′-CGC GTCGAC ATG GCG TTA GAA CTA 
TGG CA-3′, SalI site underlined; and 5′-CGC GGATCC CTC 
CTC CTT CTT CAA CAC AG-3′, BamHI site underlined) and 
sub-cloned into pGDR and pA7-YFP vectors. The whole BAK1 
cDNA was amplified by primers (5′-CGC GTCGAC ATG GAA 
CGA AGA TTA ATG ATC-3′, SalI site underlined; and p4) and 
sub-cloned into pGDR and pA7-CFP vectors; or by primers (5′-
CGT TCCATGGCG ATG GAA CGA AGA TTA ATG ATC-
3′, NcoI site underlined; and 5′-CGC AGATCT ACT CTT GGA 
CCC GAG GGG TA-3′, BglII site underlined) and sub-cloned 
into pCAMBIA1302 vector. All the resultant constructs were se-
quenced to confirm the accuracy of amplified fragments and then 
used for the transient expressions in Arabidopsis mesophyll proto-
plasts or onion cells, as described previously [59, 60].

Antibodies
Expression and purification of MSBP1 protein were performed 

as described previously [42]. The purified proteins were dialyzed 
and used for antibody generation (Antibody Research Center, 
SIBS). Rabbit was immunized, and specialization of antisera was 
analyzed by protein gel blot using protein extracts prepared from 
p35S:MSBP1 and WT plants.

His-Antibody, c-Myc-Antibody and HA-Antibody were from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA).

Co-IP and western blot analysis
Protein extraction and Co-IP analysis of transformed yeast cells 

was performed as described [46]. HA tag and c-MYC tag are fused 
with GAL4 DNA activation domain (pGADT7) and GAL4 DNA-
binding domain (pGBKT7), respectively. The yeast protein was 
supplemented with protease inhibitor cocktail (Sigma, St Louis, 
MO, USA), and mixed with protein A Sepharose CL-4B (Am-
ersham Bioscience, Uppsala, Sweden) and appropriate antibody 
(HA or c-MYC monoclonal antibody, Santa Cruz Biotechnology) 
for immunoprecipitation (4 oC, overnight). The sepharose was 
washed and the resultant proteins were separated on a 10% SDS-
PAGE, which was then transferred to a polyvinylidene difluoride 
membrane (PerkinElmer, Boston, MA, USA) for western blot 
analysis. The blots were probed with the primary antibodies (diluted 
in TBST (10 mM Tris-HCl, 150 mM NaCl, and 0.1% Tween 20, 
pH7.5)), washed in TBST three times, then reacted with goat anti-
rabbit or goat anti-mouse IgG conjugated with alkaline phospha-
tase (1:4 000 to 1:5 000; Santa Cruz Biotechnology) and visual-
ized by developing with AP detection reagent (1:1 mixture of NBT 
and BCIP, Novagen, Madison, WI, USA).

Membrane fractions were isolated [9] and total soluble mem-
brane proteins were extracted from 2-week-old Arabidopsis seed-
ling grown on medium in the presence or absence of 24-epibrassi-
nolide (100 nM, Sigma) for 8 h. The immunoprecipitated proteins 
were analyzed by western blot using anti-MSBP1, anti-HIS-tag or 
anti-BRI1 antibodies.

Quantitative real-time RT-PCR analysis
Arabidopsis seedlings were grown on MS medium supple-

mented with 1 µM BL or mock solution for 7 days, under 16 h 
light/8 h dark cycle. Total RNAs were extracted with TRIzolR 

reagent (Invitrogen, Carlsbad, CA, USA), incubated with DNAase 
(TaKaRa, Dalian, China) and reverse-transcribed (Toyobo, Osaka, 
Japan). Real-time RT-PCR analyses on the transcription of CPD 
and ROT3 genes in Arabidopsis seedlings were carried out by us-
ing SYBR Green qPCR kit (Toyobo) with RotorGene 3000 system 
(Corbett Research, Sydney, Australia). The primers used were as 
follows: ACTIN2 (5′-TTC CCG TTC TGC GGT AGT GG-3′ and 
5′-CCG GTA TTG TGC TCG ATT CTG-3′); CPD (5′-TCA GAC 
GTG CAA TGA CGG ATG TTG-3′ and 5′-AGA AGG GCC TGT 
CGT TAC CGA GTT-3′); ROT3 (5′-GAA TAT GGA GAT GAA 
GAG GCG T-3′ and 5′-CAC GGA TCG AAT TGA TAG GGA-3′). 
The relative gene expression was presented as percentage (%) ± 
standard deviation (SD) from independent biological repeats.

Semi-quantitative RT-PCR analysis
Total RNAs were extracted and semi-quantitative RT-PCR 

analyses were performed to study the expression levels of BAK1 or 
BAK1-KD regions in transgenic Arabidopsis seedlings. The prim-
ers used were as follows: BAK1 (5′-CTT TGA CTG CTG TCC 
TGA CGC-3′ and 5′-AAC TCC TCC CGC AAT CGC TCC A-3′); 
BAK1-KD (5′-CGA AAG ATT GCT TGT TTA TCC CTA C-3′ and 
5′-ACC ACG GCT TCA AAC TCT TCA T-3′); MSBP1 (5′-GCC 
CCT TCT TAT GGC TAT CAA A-3′ and 5′-AGA CAG ATG CGG 
TTT CAG GTT C-3′).

Particle bombardment-mediated transient expression in 
onion epidermal cells

Transient expression in onion epidermal cells was performed 
with a Model PDS-1000/He Biolistic Particle Delivery System 
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(BioRad, Hercules, CA, USA). The plasmids coated on gold par-
ticles were bombarded with the following parameters: 1 100 psi 
rupture disc; 27 in. Hg vacuum and 6 cm distance from the stop-
ping screen to the target tissues. After bombardment, onion pieces 
were incubated on solid MS medium at 25 °C under darkness for 
at least 24 h.

For FM4-64 staining, onion epidermis was incubated in dis-
tilled water containing FM4-64 (final concentration 5 µM, Invit-
rogen) at room temperature. Stained samples were washed twice 
with water and then observed.

SEM analysis
Samples of WT and transgenic plants were collected from the 

5th foliage leaf of 3-week-old plants, and fixed in FAA solution 
overnight, then dehydrated with an ascending series of ethanol 
(50%-100%). Critical point drying was conducted in liquid carbon 
dioxide. Samples were further coated with gold-palladium and vi-
sualized under a JSM-6360LV scanning electron microscope (JEOL 
Ltd, Japan).

Transient expression in Arabidopsis mesophyll protoplasts
Arabidopsis mesophyll protoplasts were prepared and trans-

formed as described by Sheen [59]. The transformed protoplasts 
were stained by FM4-64 (final concentration 5 µM) [61] and 
incubated in protoplast medium for 0.5-1 h. For BFA treatment, 
BFA (final concentration 50 µM, Sigma) was added to the culture 
medium and protoplasts were observed in intervals of 0.5-1 h af-
ter application. For BL treatment, 1 µM (final concentration) was 
added to the culture medium.

Fluorescence detection
The fluorescence in transformed cells was detected with a 

Confocal Laser Scanning Microscope (Zeiss LSM 510 META, 
excitation wavelength 488 nm and 543 nm by argon laser, emis-
sion wavelength 505-530 nm and over 560 nm by BP filter; or ex-
citation wavelength 458 nm and 514 nm by argon laser, emission 
wavelength 475-525 nm and 530-600 nm by BP filter). A total of 
20-30 cells were imaged for each experiment. Coexpressed pro-
teins in the same onion cells were detected in the same Pinhole. 
Mean intensity of fluorescence measurement was performed ac-
cording to manufacturer’s instruction and the ratio of cytoplasm 
and intact fluorescence intensity were calculated.
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