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Brassinosteroids (BRs) are key regulators in plant growth and development. The main BR-perceiving receptor in Arabidopsis
(Arabidopsis thaliana) is BRASSINOSTEROID INSENSITIVEL (BRI1). Seedling root growth and hypocotyl elongation can be
accurately predicted using a model for BRI1 receptor activity. Genetic evidence shows that non-ligand-binding coreceptors
of the SOMATIC EMBRYOGENESIS RECEPTOR-LIKE KINASE (SERK) family are essential for BRI1 signal transduction. A
relatively simple biochemical model based on the properties of SERK loss-of-function alleles explains complex physiological
responses of the BRI1-mediated BR pathway. The model uses BRI1-BR occupancy as the central estimated parameter and
includes BRI1-SERK interaction based on mass action kinetics and accurately describes wild-type root growth and hypocotyl
elongation. Simulation studies suggest that the SERK coreceptors primarily act to increase the magnitude of the BRI1 signal. The
model predicts that only a small number of active BRI1-SERK complexes are required to carry out BR signaling at physiological
ligand concentration. Finally, when calibrated with single mutants, the model predicts that roots of the serklserk3 double mutant
are almost completely brassinolide (BL) insensitive, while the double mutant hypocotyls remain sensitive. This points to residual
BRI1 signaling or to a different coreceptor requirement in shoots.

The classic biochemical model for the transduction of
an extracellular signal involves ligand binding by a re-
ceptor, after which the signal is transduced to a down-
stream target. The main ligand-binding receptors often
employ coreceptors that can enhance endocytosis (Sorkin
and Von Zastrow, 2002; Molfetta et al., 2010), interac-
tions with downstream targets, or the binding affinity
between the ligand and the main receptor (Gakamsky
et al., 2005; Hubbard and Miller, 2007). In plants, various
signal transduction pathways in defense, development,
and programmed cell death employ coreceptors to
transduce an extracellular signal (Li, 2010; Calderén
Villalobos et al., 2012). An important class of signaling
hormones involved in growth and development are
brassinosteroids (BRs), plant steroid hormones with
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structural similarity to animal steroid hormones (Bajguz
and Tretyn, 2003). In Arabidopsis (Arabidopsis thaliana),
the main ligand-perceiving receptor for BRs is the
BRASSINOSTEROID INSENSITIVE1 (BRI1) receptor.
Impaired BR signaling either by a reduction of BRI1
receptor level or BR availability results in severe
growth and developmental phenotypes, such as a
dwarfed stature, impaired photomorphogenesis, fer-
tility defects, and impaired root growth (Clouse, 1996;
Wang et al., 2001). For its signaling activity, BRI1 in-
teracts with members of the SOMATIC EMBRYO-
GENESIS RECEPTOR-LIKE KINASE (SERK) family
that function as non-ligand-binding coreceptors (Li
and Nam, 2002; Li et al., 2002; Russinova et al., 2004).
In Arabidopsis, four of the five members of the SERK
family are reported to have partially redundant functions
and act in various signaling pathways via their interac-
tion with different ligand-binding receptor-like kinases.
SERK1 is known to be involved in male sporogenesis
together with SERK2 and in brassinosteroid signaling
together with SERK3 (also known as BRI1 Associated
Kinasel (BAK1)) and SERK4 (also known as BAK1-like
Kinasel (BKK1); Albrecht et al., 2008). SERK3 functions
in defense (Chinchilla et al., 2007; Heese et al., 2007) and
together with SERK4 in a BR-independent cell death
pathway (He et al., 2007) and defense (Roux et al., 2011).
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While the SERK coreceptors serve both BR-dependent
and -independent signaling pathways, BRI1-mediated
BR signaling was recently shown to be completely
dependent on three of the SERK coreceptors, SERK1,
SERK3, and SERK4 (Gou et al., 2012). SERKS3 is the only
member of the SERK family in which the single mutant
shows a BRI1-related phenotype (Albrecht et al., 2008).

A major difficulty arising from the genetic analyses
of the SERK genes is that individual genes appear to
participate in multiple pathways, a difficulty enhanced
further in double and triple mutant combinations. For
example, the strong-root phenotype observed in a serk1-
Iserk3-1serk4-1 triple mutant (Gou et al., 2012) is only
in part the result of an impaired BR-unrelated pathway
(Du et al., 2012). For these reasons, the question of how
individual SERK proteins quantitatively affect the out-
put of one specific signaling pathway, and consequently
the resulting change in the physiological response, is
important to help elucidate the role of these receptors.

BRI1 signal transduction cascade

A Model for Coreceptor Signaling

Here, we use a mathematical modeling approach in
combination with experimental validation focusing on
the role of SERK1 and SERK3 in the BRI1 signaling
pathway. BR signaling is one of the best-understood
signal transduction cascades in Arabidopsis with re-
spect to biochemical interactions and downstream re-
sponses (Ye et al., 2011; van Esse et al., 2013; Fig. 1). In
addition, quantitative data on BRI1-BL binding affinity
and BRI1 and SERK receptor concentrations are avail-
able (Wang et al., 2001; van Esse et al., 2011), which is
essential for modeling. Recently, we developed a
quantitative model to explain and predict how root and
hypocotyl growth depend on the BRI1 receptor and BL
ligand concentration. With the mass action kinetics on
which the biochemical part of the model is based,
phenotypes of bril mutants could be correctly predicted
(van Esse et al., 2012).

In this work, the model is extended to include the
contribution of the coreceptors SERK1 and SERKS3 to
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(redrawn after Ye et al., 2011). In the ab-
sence of BL, the kinase activity of unbound
BRI1 receptor is restricted by negative
regulators such as BRIT KINASE INHIBI-
TORT (BKI1). BL binding to BRI1 results in
transphosphorylation between BRIT and
SERKSs, which leads to the phosphorylation
of BSKs and CONSTITUTIVE DIFFEREN-
TIAL GROWTHT1 (CDG1). The phosphor-
ylated BSKs and CDGT1 subsequently
interact with BRIT SUPPRESSOR1 (BSU1)
phosphatase, promoting its interaction
with BRASSINOSTEROID-INSENSITIVE2.
Inactivation of BRASSINOSTEROID-
INSENSITIVE2 by BSUT1 results in the de-
phosphorylation and activation of the BR
transcriptional regulators BRASSINAZOLE-
RESISTANT1 (BZR1) and BRIT-EMS SUP-
PRESSOR1 (BES1). The middle and right
panels summarize the modeling ap-
proach. The biochemical model de-
scribes BL-dependent BRIT activation (van
Esse et al., 2012). Using genetically identi-
fied components, the model is now ex-
tended using mutated SERK1 and SERK3
coreceptors as an example. In this way, the
input data from the biochemical model,
modified by the coreceptors and combined
into a growth model, are linked to the
physiological readout in the form of root
growth and hypocotyl elongation. PM,
Plasma membrane; PP2A, protein phos-
phatase 2A. [See online article for color
version of this figure.]
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BL-dependent BRI1 activity (Fig. 1). For this, the root
length and hypocotyl elongation of serkl and serk3
single and double mutants were used as physiological
readouts of BRI1 activity. The predictive power of the
resulting model was tested by a leave-one-out cross
validation. In silico simulations show that, in roots, the
signal perceived by BRI1 is transduced by a complex
consisting of BRI1 with SERK1, SERKS3, or both, while
in the hypocotyl, BRI1 signaling requires another SERK
member, all in line with the experimental observations
(Gou et al., 2012). Previously, it has been postulated that
SERK3 enhances the phosphorylation of BRI1, thereby
quantitatively increasing the signaling output (Wang
et al., 2008). The model presented here correctly reflects
this observation by predicting that the prime activity of
the SERK coreceptors is to increase the physiological
output.

RESULTS
Mathematical Model

The mathematical model consists of a biochemical
part and a root growth part. The growth model is
largely based on phenomenological considerations and
couples the output of BRIl signaling to root growth.
To determine the contribution of the SERK1 and SERK3
coreceptors to overall BRI1-mediated BR signaling, the
stimulatory and inhibitory effects of brassinolide (BL)

Figure 2. Root length of serk mutants in A
response to BL. A, Root length of wild-type
seedlings (ecotype Columbia [Col-0]) and

1 uM BRZ

on root growth of the serk1-3 and serk3-2 single and
double mutants were measured (Fig. 2). To highlight the
stimulatory effect of exogenous BL, the BR biosynthesis
inhibitor brassinazole (BRZ) was used throughout. The
serk1-3serk3-2 mutant has only a minor stimulatory re-
sponse toward exogenously applied BL (Fig. 2B). No
inhibitory effect of BL on root growth was observed,
even in the absence of BRZ (Supplemental Fig. S1). This
indicates that roots of the serk1-3serk3-2 double mutant
are almost completely insensitive toward BL. The bio-
chemical model (Supplemental File S1A) describes three
types of receptor combinations responsible for BRI1-
mediated signaling in roots (i.e. [BRI1], [BRI1 SERK1],
and [BRI1 SERK3]). All three only transduce the signal
when BL is bound to BRI1. To incorporate the co-
receptors into the existing model describing BR-activated
BRI1-mediated signaling (van Esse et al., 2012), several
assumptions were made. The first is that BRI1 binds to
SERK proteins in a 1:1 ratio. The second is that the
protein concentrations of BRI1 (62 nm), SERK1 (120 nm),
and SERKS3 (30 nvm) in wild-type seedling roots (van Esse
et al.,, 2011) remain constant over time. The third con-
cerns the amount of SERK3 and SERK1 interacting with
BRI1 at saturating ligand levels. While the precise stoi-
chiometry is unknown, a 2:1:1 ratio is assumed between
BRI1, SERK1, and SERK3 in functional complexes
(Supplemental File S1). In wild-type seedlings, no more
than 10% of the total number of SERK3 coreceptors are
required in brassinosteroid signaling at a saturating

serk1-3 and serk3-2 single and double
mutants at 0 nm BL (top), 1 nm BL (middle),
and 10 nm BL (bottom). All assays were
performed in the presence of 1 um BRZ.
B, Root growth assays of the serk7-3 and
serk3-2 single and double mutants com-
pared with the wild type at different BL
concentrations. Root lengths were mea-
sured at 8 DAG and plotted relative to the
BRZ-treated control. The serk1-3 single
mutant does not have a clear BL-dependent
phenotype, whereas the serk3-2 mutant
never reaches the wild-type root length and
does not show any inhibition in response to
BL. The serk1-3serk3-2 double mutant is
almost completely unresponsive toward BL.
C, Root lengths relative to the BRZ-treated
control at 4 DAG. For all measurements,
n = 15 roots, and error bars indicate sE.
[See online article for color version of
this figure.]
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ligand concentration (Albrecht et al., 2012), so at most,
3 nm SERK3, 3 nm SERK1, and 6 nm BRIl are simul-
taneously active in signaling. Fourth, the affinity of
BRI1 for BL remains unaltered in serk mutants. This is
based on the findings of Kinoshita et al. (2005), re-
porting that the dissociation constant between BRI1
and BL of 7.4 nm (Wang et al., 2001) remains unaltered
in the absence of BAK1 (SERKS3). Finally, although
Arabidopsis plasma membrane-localized proteins are
relatively immobile (Martiniére et al., 2012), spatial
inhomogeneity is not explicitly modeled.

The main hypothesis in the biochemical model is
that the formation of functional complexes consisting
of BRI1, SERK1, SERK3, and BL follow mass action
laws. The signal (0) induced by BL binding to BRI1 is
modeled as:

o=0a1C? + arC? + a3C3? (1)

Here, C,%, C,%, and C;* denote [BRI1], [BRI1 SERK1],
and [BRI1 SERK3]. The term C,* represents all re-
sponses toward exogenously applied BL not covered
by SERK1 and SERK3. Parameters «;, o,, and a, are
proportionality constants that reflect the contribution of
the different complexes to the signal strength of BRI1.

Due to the inclusion of the coreceptors, the growth
model is now modeled as a combination of two sep-
arate mechanisms

R(o,t) = Ro(t) X (1 +f(ot)) (2)

with R(ot) the root length at time ¢ (days after germination
[DAG]), flo t) the root length as a result of BRI-mediated
signaling, and R(f) the root length independent of BRI1-
mediated signaling or response toward BRs. Scaling of R,
(0,f) gives the root length due to BRI1 signaling relative to
the root length independent of BRI1 signaling. The output
of the growth model is then root length relative to
the BRZ-treated control instead of absolute values
(Fig. 2B). For this, the parameter R(t) is scaled out
of the equation:

o) = P =14 o ®)

where y(o,t) is the increase in root length relative to the
BRZ-treated control. The function f(o,t) is based on
phenomenological considerations and consists of one
activating and two inhibiting modules:

flot)=E()—2 11 4)

ayt+oas+o0ag+0

Here, E(t) is a time-dependent growth factor, followed
by a module that represents the stimulatory effects of
BR signaling on root growth and a second module for
the inhibitory effects. o denotes the signal that is in-
duced by the binding of BL to BRI1, and «a,, s, and «,
are the half-maximum response values for the growth
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model (k values). The form of function E(f) is unknown
and, therefore, is regarded as a free parameter that is
allowed to change between different time points. The
unknown model parameters such as the k values (o,
as, ag) and E(t) were estimated by minimizing the fit-
ting error between the model output and measured
root length data. Different structures of flo,t) were
compared using the Akaike and Bayesian information
criteria and a 4-fold cross validation. The first two re-
flect the tradeoff between a good fit with the data and
complexity, and the third measures the prediction er-
ror that is possibly due to overfitting or underfitting
(Supplemental File S1, B and C). In total, 13 functions
for f(o,t) were tested, ranging from one activating or
inhibiting module to three activating and three inhib-
iting modules and all relevant combinations in be-
tween. Model structure 1 (one activating and two
inhibiting modules) scored best with respect to root
growth (Supplemental Table S1) as well as hypocotyl
elongation (Supplemental Table 52) and therefore was
selected.

The response to BL treatment is minor at 4 DAG
when compared with 6 and 8 DAG (Fig. 2, B and C).
For this reason, the model cannot fit the relative root
growth response curves at 4, 6, and 8 DAG simulta-
neously (Supplemental Fig. S2). However, growth at
4 DAG can be computed separately (Supplemental
Fig. S3). Therefore, only the difference between the
wild type and the serkl and serk3 mutants in terms of
relative response in root length at 6 and 8 DAG is used
for model selection, calibration, and validation.

Model Calibration and Validation

Root growth assays of the serk1-3 and serk3-2 single
mutants were included in the model calibration data
set to train the model on the effect of SERKs on BRI1
receptor activity. The model is able to fit the relative
root growth pattern of the wild type and the serkI-3
and serk3-2 single mutants while predicting the relative
root length of the serk1-3serk3-2 double mutant (Fig. 3,
A-D). The serk3-2 mutant is a true null loss-of-function
allele. There is a slight discrepancy between the model
predictions and actual data for the root growth re-
sponse of the serkl-3serk3-2 double mutant (Fig. 3D).
This could be due to a minor contribution of SERK2 or
SERK4 in BR signaling only occurring in the absence of
SERK3 (Jeong et al.,, 2010; Du et al,, 2012) or to trace
signaling mediated by the BRI1 receptors alone. Leave-
one-out cross-validation, consisting of calibration on
relative root growth of the single serk mutants and the
wild type, shows a small predictive error (Supplemental
Fig. S4). To further test the predictive power of the
model, the relative root growth response of the serkl-1
and serk3-1 single mutants and the serk1-1serk3-1 double
mutant toward BL was simulated. The serk3-1 mutant is
a weak mutant that still harbors low levels of SERK3
transcript (Gou et al., 2012). Small prediction errors were
obtained when assuming that there is between 10% and
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Figure 3. Model fit and prediction of relative root growth response for
the wild type and serk mutants. All measured root lengths are plotted
relative to the BRZ-treated control. A to C, Model calibration on the
relative root length of the wild type (ecotype Columbia [Col-0]), serk1-3,
and serk3-2 at 6 and 8 DAG. Only results of 8 DAG are shown.
D, Model validation by predicting the relative root growth response of
serk1-3serk3-2 double mutant seedlings at 8 DAG. E and F, Model
predictions for the relative root length of the serk7-7 and serk3-1 single
mutants (E) and the serk1-Tserk3-1 double mutant (F). For all ex-
periments, n = 15 roots measured in three independent replicates,
and error bars indicate sg; assays were performed in the presence of
1 um BRZ.

20% SERK3 activity left in the serk3-1 mutant back-
ground (Supplemental Fig. S5). Under this assumption,
the model accurately predicts the behavior of the serkl-
Iserk3-1 double mutant (Fig. 3, E and F).

As a final validation, the model was used to predict
hypocotyl elongation relative to the BRZ-treated control.
The trends of the relative hypocotyl elongation of the
wild type, the serk1-3 and serk3-2 single mutants, and the
serk1-3serk3-2 double mutant were predicted correctly for
all cross validations (Fig. 4; Supplemental Fig. 56). The
model correctly predicts that in the hypocotyl there is still
a marked response of the serkl-3serk3-2 double mutant
toward BL. This suggests that there is either a difference
in coreceptor usage by BRI1 between the roots and hy-
pocotyl or a substantial contribution by BRI1 alone.

1476

Coreceptors Act by Changing the Maximum Output of
BR Signaling

Next, the model was used to address the question of
how the coreceptors affect the signal (o) after BL binding
to BRI1. We first focused on the absence of SERK3, be-
cause the serk3-2 strong loss-of-function mutant behaves
as a weak loss-of-function bril mutant. Simulations
predict that one possible explanation for the reduced o
in serk3-2 is a reduction in the concentration of BRI1
available for signaling (Supplemental Fig. S7A), while
the total amount of BRI1 remains the same (see as-
sumption 2 in the description of the mathematical
model). For example, the amount of actively signaling
BRI1 receptor should be about 30-fold less in the serk3-2
mutant background when compared with the wild-type
background in order to result in the trend observed in
the serk3-2 mutant (Supplemental Fig. S7A). However,
quantitative confocal microscopy experiments demon-
strate that the amount of BRI1-GFP in the plasma
membrane is hardly changed in the serk3-2 background
(Supplemental Fig. S7, B and C), suggesting that re-
duction of the total number of BRI1 receptor molecules
is not a mechanism by which coreceptors attenuate the
signal. It has been postulated that SERK3 acts by in-
creasing the activity of the BRI1 receptor to achieve full
signaling output (Wang et al., 2008); therefore, we tested
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Figure 4. Model fit and prediction of relative hypocoty! elongation for
the wild type (ecotype Columbia [Col-0]) and serk mutants. All mea-
sured hypocoty! lengths are plotted relative to the BRZ-treated control.
A to C, Calibration on the hypocotyl elongation of the serk1-3serk3-2
double mutant. All hypocotyl lengths were measured at 5 DAG, and
seedlings were grown in the dark. D, Model validation by predicting
the relative hypocotyl elongation of the serk1-3serk3-2 double mutant.
Error bars indicate sg; n = 30 hypocotyls measured in three indepen-
dent replicates.
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whether our model could reflect this possibility. Indeed,
predicting the behavior of ¢ in the absence of SERK3
shows that the o, will drop about 6-fold and is close to
zero in the double serk1-3serk3-2 mutant (Fig. 5). There-
fore, we propose that in wild-type roots, SERKs primarily
act by increasing the o, of BRI, in line with the ex-
periments shown by Wang et al. (2008).

BRI1 Signaling Operates with Only a Minor Amount
of Coreceptors

SERK1 and SERK3 function as coreceptors in vari-
ous signaling pathways by interacting with different
main ligand-perceiving receptors. If these pathways
operate at the same time, this implies that the co-
receptors are distributed among them. For this reason,
it is of interest to know how coreceptor dosage affects
BRI1-mediated BR signaling. Therefore, this possibility
was incorporated into the model by the mass balance
equation (Eq. 2) in Supplemental File S1A. Based on
the amount of SERK3 coimmunoprecipitated by BRI1
at saturating ligand level (assumption 3 in “Results”),
the model predicts that only about 0.05 nm SERK1 and
SERKS3 (0.04% and 0.16% of the total amount, respec-
tively) is used in BR signaling at a physiological ligand
concentration of 1 nm BL (Supplemental File S1;
Supplemental Table S3). In the biosynthesis mutant
det2, root growth mimics that of BRZ-treated seed-
lings, showing a positive effect of exogenous BL even
below 1 nM BL (Supplemental Fig. S8), confirming the
effect of BRZ. No attempt was made to predict det2
root growth in the models presented here, due to the
previously observed correspondence in the biological
effects (Nagata et al., 2000). Even after increasing the
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Figure 5. Prediction of BRI1 signaling output in the absence of SERK
coreceptors. The signal intensity of BRIT (o) is predicted in the pres-
ence or absence of SERK1 and SERK3. The signal transduced in serk3-2
and serk7-3 mutants is computed by plotting a;C,* (o SERK3) and
a,C,* (o SERKT1). For the signal in the serk1-3serk3-2 mutant, the term
a,C,* was computed, representing the residual responses to BL. Col-0,
Wild-type ecotype Columbia.

Plant Physiol. Vol. 163, 2013

A Model for Coreceptor Signaling

percentage of both SERK1 and SERK3 used by other
pathways to 85%, the model is still able to predict
BRI1-mediated root growth (Table I). This corroborates
the finding that FLAGELLIN SENSITIVE2 (FLS2)-
mediated flg22 signaling uses up to 70% of SERK3
without affecting BR signaling (Albrecht et al., 2012).

Testing Different Biochemical Model Structures

So far, biochemical model 1 was employed, assuming
the occurrence of preformed BRI1-SERK complexes. Such
a mechanism has been reported for several receptor-like
kinases in mammalian systems (Gadella and Jovin, 1995;
Lemmon and Schlessinger, 2010). Alternative mech-
anisms, where BRI1 binds BL before recruiting SERK3
coreceptors, have also been proposed (Wang et al., 2005).
The structure of the extracellular domain of BRI1 in the
presence or absence of BL does not show substantial
changes and does not provide a clear indication for either
mechanism (Hothorn et al., 2011). Therefore, it was tested
if the root growth model is able to distinguish between
the different biochemical models (Supplemental File
S1A). The results show that the order of [BL BRI1 SERK]
complex formation does not affect the prediction error
(Table II). Next, differences in the stoichiometry were
tested. A model in which the complexes consist of het-
erodimers (one molecule of BRI1 and one of SERK) re-
sults in a lower prediction error when compared with a
model with tetrameric complexes with two BRI1 mole-
cules and two SERKSs (Table II). Changing the BRI1:SERK
ratio from 1:1 to 1:4 also does not significantly alter the
prediction error. Taken together, we conclude that
physiological data such as growth readouts have a low
predictive value for biochemical models.

DISCUSSION

In this work, we have extended a model for BR sig-
naling mediated by the ligand-binding BRI1 receptors
with the associated non-ligand-binding coreceptors of
the SERK family. The resulting model can be used to
incorporate downstream components of the main path-
way identified by forward genetics or biochemical
means. As an example, the reduced root growth and
increased ligand insensitivity observed in single serk
mutants were linked to the signaling output of a bio-
chemical receptor model. The model accurately pre-
dicts relative root and hypocotyl growth in double serk
mutant and wild-type seedlings and agrees well with
existing experimental data presented here and elsewhere.
The validated model presented here can now be used to
incorporate additional BR pathway components and of-
fers the opportunity to include quantitative elements in
an otherwise genetic model.

The identification of members of the SERK family
that act redundantly in different signaling pathways
(He et al., 2007; Li, 2010; Du et al., 2012; Gou et al.,
2012; Kim et al., 2013) has underscored the importance
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Table 1. Effect on model prediction of changing the amount of SERK1
and SERK3 employed by non-BRI1-related pathways

In normal conditions, it is assumed that 10% of the SERK1 and
SERK3 coreceptors is employed in non-BRIT-related pathways
(Supplemental File S1A). This yields a low prediction error of the
model (Supplemental Table S1). A prediction error deviating more than
10% from the optimal value is considered to be significantly different.

Amount of SERK in Other Pathways Prediction Error®

Root
10% 63
85% 64
Hypocotyl
10% 175
85% 174

“Average prediction error over four leave-one-out cross validations.

of a class of non-ligand-binding receptors in plant
signaling pathways. In BRI1-mediated BR signaling,
there is no evidence that SERK3 directly influences the
ligand-binding properties (Kinoshita et al.,, 2005), a
finding that seems to rule out a role as a classical
coreceptor as used in comparable animal signaling
systems. Moreover, there appears to be no change in
structure of the ligand-binding domain of BRI1 after
incubation with BL, but a ligand-induced platform was
proposed to occur in BRI1, allowing interaction with
SERK3 (Hothorn et al., 2011). Yet, the SERKSs clearly
modulate and are necessary for sustained BRI1-
mediated signaling (Wang et al., 2005). Regardless of
the precise biochemical mechanism, this would qualify
them as true coreceptors. Recently, it was shown that
SERKS3, also functioning as a coreceptor for the flagellin-
triggered FLS2 signaling pathway, is not rate limiting
between both BR and flg22 pathways; in fact, most of
the SERK3 proteins can be recruited by FLS2 without
affecting BRI1-mediated root growth (Albrecht et al,
2012). However, it is unclear what the precise role of
these receptors is. One possibility is that they act to
narrow down the broad BR signal affecting a multitude
of developmental events, such as cell division, cell
elongation, cell death, and cell differentiation (Chinchilla
et al.,, 2007; Heese et al., 2007; Albrecht et al., 2008; Lewis
et al., 2010; Gonzalez-Garcia et al., 2011; Hacham et al.,
2011), and that their effects on fertility and on im-
munity are downstream effects of alterations in such
basic cellular pathways. However, genetic evidence
does not support that option, mainly because the
phenotypes encountered mimic precisely the pheno-
type of a loss of function in the main receptor or are
weak mutants showing the entire array of phenotypes.
On top of that, it becomes evident that a single member of
the SERK family can simultaneously affect different
pathways. In some cases, this property can be traced back
to individual residues in the SERK3 protein (Schwes-
singer et al., 2011). For these reasons, we decided to de-
velop a more mathematical approach to provide a better
quantitative insight into the role of the SERK family.

In the complete absence of the coreceptors, the maxi-
mal signal transduced by BRI1 is significantly reduced.
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The most obvious explanation for this effect, therefore, is
that SERKSs act by transducing the signal from the ligand-
binding receptor to the downstream targets. Evidence for
this role is that mutual transphosphorylation between
BRI1 and SERK3 was found to be essential for enhancing
BR signaling in vivo (Wang et al., 2008). In FLS2-
mediated signaling, SERK3 enhances the signal by
interacting with BOTRYTIS-INDUCED KINASE1 (BIK1),
a member of the RECEPTOR-LIKE CYTOPLASMIC
KINASE superfamily and a downstream target of FLS2.
In the absence of SERK3, FLS2 is unable to phosphorylate
BIK1 (Lu et al., 2010). Similarly, brassinosteroid signaling
kinases (BSKs), which are also members of the
RECEPTOR-LIKE CYTOPLASMIC KINASE superfam-
ily, are a substrate of BRI1 and are activated by upon BL
binding to BRI1. However, in vitro kinase assays have
demonstrated that BRI1 and not SERK3 phosphorylates
BSKs (Tang et al.,, 2008). This indicates that a mecha-
nism by which SERK3 enhances BRI1 signaling via
specific phosphorylation of BSKs is not likely.

BRI1 signaling is regulated by the presence of positive
(BSKs) and negative (BRI1-ASSOCIATED KINASE1)
regulators. The protein phosphatase 2A stimulates
BRI1 signaling by dephosphorylating the downstream BRI1
transcriptional regulator BRASSINAZOLE-RESISTANT1
but is also required for the degradation of BRI1 via de-
phosphorylation of the activated receptor (Di Rubbo
et al., 2011; Tang et al.,, 2011; Wu et al,, 2011). Attenua-
tion of the BRI signal is regulated by the phosphoryl-
ation of specific Ser and Thr residues (Oh et al., 2012).
Thus, there appears to be evidence for a role of the SERKs
as amplifiers of the entire signaling pathway, rather than
having a specific effect on only one element. The mod-
eling presented here is indeed able to predict the altera-
tions described for the role of the SERK receptors in BR
signaling. Although not addressed in this study, the
model could also be useful for other pathways that use
different main ligand-perceiving receptors employing

Table 1. Comparison of different biochemical model structures using
root length as a readout

Biochemical model 1 assumes a preassembly between BRI1, SERK1,
and SERK3 in the absence of ligand, while biochemical model 2 as-
sumes only an interaction in the presence of ligand (Supplemental File
S1A). The prediction errors of biochemical model 1, biochemical
model 2, and the effect of changing the stoichiometry between BRI1,
SERKT1, and SERK3 are shown. A deviation of 10% in prediction error
from the optimal value is considered to be significantly different.

Stoichiometry,

Model BRI1:SERK1:SERK3 Prediction Error®
Biochemical model 1 1:1 63
1:2 67
1:4 69
2:2 105
Biochemical model 2 1:1 67
1:2 65
1:4 74
2:2 106

“Average prediction error over four leave-one-out cross-validations.
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SERK proteins. Simulations also demonstrate that in
roots, the signal transduced by BRI1 is mainly affected
by BRI1 in complex with SERK1 or SERK3. However,
when simulating hypocotyl elongation in the absence
of SERK1 and SERK3, the model predicts correctly that
there is still a significant BL-induced increase in hy-
pocotyl elongation. This implies that in the hypocotyl,
there is either a larger contribution of BRI1 alone or,
alternatively, another SERK member compensates for
the loss of SERK1 and SERK3 in hypocotyl tissue. In
Arabidopsis seedlings, signal transduction by BRI1 is
completely abolished in the absence of SERK1, SERK3,
and SERK4 (Gou et al., 2012), making that member a
likely candidate. In that respect, the interaction of BRI1
with different coreceptors might reflect a mechanism
that regulates the sensitivity of a cell or tissue for BRs
depending on the family members present.

However, there are clear limitations to what can be
understood about the underlying biochemical model
predicted by the model based on physiological readout.
Our modeling results emphasize that one type of co-
receptor can be employed for various pathways simul-
taneously. This was based on the fact that remarkably
low numbers of the SERK proteins are needed to sustain
BR signaling. This predicts that a high level of separa-
tion must exist between the different receptor complexes
active in the same cell. SERK3 has been implicated as a
means to provide cross talk between different pathways
(Vert and Chory, 2011). In one study, it appeared that
SERK3 was rate limiting between BRI1- and FLS-
mediated signaling (Belkhadir et al., 2012), while we
showed that in wild-type conditions, this does not
appear to be the case. Therefore, a role of SERK pro-
teins as direct mediators in receptor cross talk seems
unlikely (Albrecht et al., 2012).

In general, there are several mechanisms by which
coreceptors can alter the activity of the main receptor.
In mammalian systems, for example, the T-cell co-
receptors CDC4 and CDCS are positive regulators that
enhance the interaction between the T-cell receptor and
its ligand (Gao et al., 2002; Berg and Sewell, 2011),
whereas the non-ligand-binding glucocorticoid recep-
tor isoform B is a dominant negative regulator of the
ligand-perceiving glucocorticoid receptor isoform «
(Kino et al., 2009). Similar mechanisms have been
reported for several other steroid receptors, such as the
estrogen receptor 8, peroxisome proliferator-activated
receptors (PPARa and PPARY), the thyroid hormone
receptor a, and the epidermal growth factor receptor
(EGFR). In plants, coreceptors are also employed to alter
the signaling properties of the main ligand-perceiving
receptor. Recently, it has been shown that efficient
binding of the auxin receptor TRANSPORT INHIBITOR
RESPONSETL to its ligand requires coreceptors (Calderén
Villalobos et al., 2012). In this respect, it is proposed that
combinations of TRANSPORT INHIBITOR RESPONSE1
with different coreceptors result in ligand-perceiving
complexes with distinct auxin-binding affinities. Such a
mechanism would enhance the concentration range of
the hormone, thereby contributing to the complexity of
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the auxin response (Calderén Villalobos et al., 2012).
Similarly, overexpression of v-erb-b2 avian erythroblastic
leukemia viral oncogene homolog2 (ERBB2), the non-
ligand-binding coreceptor of EGFR, does not result in
receptor hyperautophosphorylation. Instead, ERBB2
regulates the ubiquitin ligase c-Cbl through altering
the phosphorylation patterns on the EGFR-HER2 het-
erodimer, thereby protecting the heterodimer from
ligand-induced ubiquitination and degradation (Hartman
et al., 2013). As a consequence, the EGFR-ERBB2 hetero-
dimer is stabilized, resulting in sustained signaling.

In line with these animal receptor models, we propose
that the action of the SERK coreceptors in BRI1-mediated
BR signaling is to transiently stabilize ligand-induced
active receptor complexes as a means to increase sig-
naling strength. Whether this same action applies to
other SERK-employing pathways remains to be deter-
mined. We believe that the modeling approach as de-
scribed here can help to distinguish between the action
of SERK members in the various pathways and to pro-
vide a more comprehensive framework of the multitude
of signaling occurring simultaneously in plant cells.

MATERIALS AND METHODS
Plant Lines and Growth Conditions

Arabidopsis (Arabidopsis thaliana) wild-type plants (ecotype Columbia),
serkl-3 (GABI-KAT line 448E10) and serk3-2 or bak1-4 (SALK_116202) single
mutants, and the serk1-3serk3-2 double mutant, all in the Columbia background,
were used in all growth assays. For model validation, the serk1-1 (SALK_544330)
and serk3-1 or bak1-3 (SALK_034523) single and double mutants were used. For
fluorescence microscopy, wild-type seedlings expressing BRI1-GFP under the
control of its own promoter (Geldner et al., 2007) were crossed with the serk3-2
mutant. Root growth and hypocotyl elongation assays were performed as de-
scribed previously (van Esse et al., 2012).

Software and Modeling

All computational and modeling procedures were performed within the
Matlab environment (Supplemental File S1; van Esse et al., 2012). Out of the
different models tested, throughout this paper biochemical model 1 and
physiological model 1 are used unless specified otherwise. For all simulations,
root lengths relative to the BRZ-treated control were used.

Analysis of the Fluorescence Distribution of BRI1-GFP in
the Wild Type versus the serk3-2 Background

Roots of 3- to 5-d-old seedlings containing BRI1-GFP in the wild-type or
serk3-2 background were imaged using a CONFOCOR2/LSM510 confocal
microscope (Zeiss) equipped with a 40X water objective (numerical aperture
1.2) and an argon ion laser. Imaging was performed as described previously
(van Esse et al., 2011). Briefly, the argon laser was used for excitation of GFP at
488 nm, after which GFP fluorescence emission was detected with a band-pass
filter (505-550 nm), and the pinhole diameter was adjusted to a slice thickness
of approximately 0.9 um. All images were taken within 45 s from the moment
the root was exposed to the laser to limit bleaching effects. Images were
analyzed using Image proplus software (MediaCybernetics; http://www.
mediacy.com). The mean intensities of about seven roots measuring five cells
per root were measured in two independent replicates.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Root length assays of serk-3 and serk3-2 mutants
in the absence of BRZ.
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Supplemental Figure S2. Model calibration on relative root lengths of
seedlings at 4, 6, and 8 DAG simultaneously.

Supplemental Figure S3. Model calibration on relative root lengths of
seedlings at 4 DAG.

Supplemental Figure S4. Model predictions of the leave-one-out cross
validation.

Supplemental Figure S5. The model is robust against alterations in the
amount of SERK3 transcript in the serk3-1 background.

Supplemental Figure S6. Leave-one-out cross validation for modeling hy-
pocotyl elongation.

Supplemental Figure S7. The trend observed in the serk3-2 mutant is not
due to a reduced BRI1 level.

Supplemental Figure S8. det2 roots mimic BRZ-treated wild-type roots.

Supplemental Table S1. Comparison of different physiological model
structures using root length as a readout.

Supplemental Table S2. Comparison of different physiological model
structures using hypocotyl elongation as a readout.

Supplemental Table S3. Predicted amount of BRI1 interacting with SERK
in the wild-type background.

Supplemental File S1. Mathematical model description.
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