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Introduction

G. Wilma van Esse



Chapter 1

At macroscopic level, the behaviour of a single cell seems relatively
straightforward; the cell can elongate or divide into two, forming a mother and
daughter cell with identical DNA and features and eventually the cell can die.
Multicellular organisms consist of individual cells, which can differentiate into
specialised cells. Groups of cells can form an individual functional unit, an organ
that has its own task and shape. At this point the behaviour of a cell already
becomes more complicated; when and how does a cell in a tissue decide to grow,
divide or differentiate. To enable this, single cells have to communicate via external
and internal signals to orchestrate regulation of specific genes that eventually affect
cellular behaviour. In principle, each cell in an organism has the same set of genes,
which are transferred to the daughter cell following each division. For every cellular
response different genes have to be switched on. Transcriptional regulation of
target genes is the result of signal transduction cascades. In any biological system,
a typical signal transduction cascade is initiated by binding of a ligand to a receptor
molecule after which the receptor can interact with other downstream components.
A receptor often binds only to specific ligands thereby translating the signal into a
cellular response (Fig. 1A). The ligand can be secreted by the same cell as where
it is perceived (autocrine signalling) by a neighbouring cell (paracrine signalling) or
be transferred over larger distances (endocrine singling). Activation of the signal
transduction cascade does not only result in transcriptional regulation of target
genes, but also induces regulatory mechanisms which can positively or negatively
enhance the signal transduction cascade (Fig. 1B). Negative feedback of the signal
can be used to stabilise a basal signal, limit the maximal signalling output, generate
transient pulses or enable adaptive responses whereas positive feedback can be
used to accelerate and amplify signals (Brandman and Meyer, 2008). Feedback
mechanisms can create hysteresis which results in two stable steady states
(Ferrell, 2002). Eventually, coupling of positive and negative feedback mechanisms
can result in oscillations, thereby giving spatial and temporal dynamics to the
system. Signal transduction cascades are built up from biochemical interactions
between proteins, which are coupled to one another by for example sharing
proteins or target genes. This results in a bow-tie-architectured signalling network
(Citri and Yarden, 2006). In other words, multiple inputs form the extracellular
environment go through one core process consisting of biochemical networks to
regulate transcription of specific target genes. The robustness of the system is
ensured by the presence of functional redundant proteins, which can fulfil the same
role within a signal transduction cascade (Citri and Yarden, 2006).
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Introduction

Figure 1. Simplified diagram illustrating receptor mediated signalling. A) Ligand binding to the
receptor activates the signal transduction cascade thereby initiating transcriptional regulation of
specific target genes resulting in a cellular response. B) The input of a signal transduction cascade
can be coupled to the output by positive and negative feedback mechanisms resulting in spatial

and temporal dynamics of the system C) Intracellular crosstalk between signalling outputs can
affect the outcome of the signal transduction cascades. This example shows that activation of one-
signal transduction pathway results in negative regulation of the other. Activation of one pathway
resulting in positive regulation of the other is possible but not shown in this diagram. In actual signal
transduction networks A, B and C can be combined to trigger the desired cellular response.

Being sessile by nature, plants are continuously challenged by changing
environmental conditions such as temperature, light and moisture, but also by
biotic stress agents such as pathogens. One question that arises is how a cell
is able to distinguish these multiple inputs and how different signalling pathways
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Chapter 1

are able to operate and regulate gene expression simultaneously yet trigger the
required cellular response. Certainly, a given specificity is ensured by receptors
only capable of perceiving and transducing signals from a limited set of ligands.
Both receptor as well as ligand needs to be present to initiate a signal transduction
cascade. Mutations in a gene coding for the receptor can result in the absence of
a functional receptor protein leading to impaired signal transduction. Absence of
ligand can be caused by a defect of the biosynthesis genes, which are responsible
for producing the ligand. Impaired signalling can result in a constitutively active
signalling pathway (negative feedback) or a general reduction of signalling activity
(positive feedback). However, pathway components can be shared and positive
and negative regulation of signal transduction is interlinked, e.g., activation of

one pathway can result in attenuation of the other (Fig. 1C). In this respect,
different signal transduction pathways seem to operate cooperatively rather than
individually.

Figure 2. The BRI signal transduction cascade, according to Ye et al. (2011). Binding of BR to the
extracellular LRR domain of BRI results in the phosphorylation and dissociation of BKI1 from

the BRI kinase domain thereby enabling the interaction between BRI1 and SERK proteins and the
subsequent phosphorylation of BSKs (Wang and Chory, 2006; Jaillais et al., 2011). Besides BSKs,
BRI also phosphorylates constitutive differential growth 1 (CDG1) and CDG1-like 1 (CDL1)

(Kim et al., 2011). Phosphorylation of BRI Suppressor 1 (BSU1) by BSKs, CDG1 and CDL1 leads
to dephosphorylation and inactivation of brassinosteroid insensitive 2 (BIN2) (Mora-Garcia et al.,
2004; Kim et al., 2011). In absence of BR, BRI1 signalling is negatively regulated by BIN2, which
phosphorylates Brassinazole-Resistant] (BZR1) and BRI1-EMS suppressor 1 (BES1) transcriptional
regulators thereby preventing their translocation to the nucleus (Yin et al., 2002; Sun et al., 2010;

Yu et al., 2011). Inactivation of BIN2 results in the dephosphorylation of BZR1 and BES1 thereby
enabling translocation of BES1/BZR1 to the nucleus where they can interact with other transcriptional
regulators (e.g. BES1-interacting Myc-like 1; BIM1) to regulate expression of BR responsive genes.
The protein phosphatase 2A (PP2A) plays a dual role in BR signalling by dephosphorylating BZR1
and BRI1. Phosphorylation of BRI1 promotes the degradation and inactivation of BRIl whereas
BZR1 dephosphorylation positively regulates BR signalling (Di Rubbo et al., 2011; Tang et al., 2011;
Wu et al., 2011).
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For example, in the model plant Arabidopsis thaliana, the de-etiolated 2 (DET2)
gene, which is part of the brassinosteroid (BR) biosynthesis pathway (Li et al.,
1996; Fujioka et al., 1997; Li and Chory, 1997), was originally implicated in the
regulation of light-signalling based on phenotypical observations. When grown

in the dark, det2 mutants exhibit characteristics of light grown plants such as
hypocotyl growth inhibition, cotyledon expansion, primary leaf initiation and
accumulation of anthocyanins. In addition, det2 mutants show significant up
regulation of light-regulated genes (Chory et al., 1991). Light grown det2 mutants
show altered morphogenesis such as a dwarfed stature and dark-green leaves,
reduced male fertility as well as delayed senescence and flowering (Chory et

al., 1991; Chory et al., 1994). The pleiotropic phenotype of det2 mutant plants
indicated that signalling of at least two pathways is impaired. Indeed, later

studies demonstrated that BR signalling negatively regulates the expression of
genes involved in light signalling, this crosstalk is mediated via BR responsive
transcriptional regulators (Luo et al., 2010; Sun et al., 2010; Oh et al., 2012; Wang
et al., 2012). BRs, which are essential hormones for growth and development in
plants, are perceived by the brassinosteroid insensitive 1 receptor (BRI1) (Clouse
and Sasse, 1998). bril receptor mutants exhibit, similar to BR biosynthesis
mutants, developmental phenotypes such as a dwarfed stature, impaired
photomorphogenesis, fertility defects, and reduced root growth (Clouse et al., 1996;
Clouse and Sasse, 1998; Wang et al., 2001). BRI1 is a member of the leucine -rich
repeat receptor like kinase (RLK) superfamily (Li and Chory, 1997). With more than
600 members, plant RLKs form one of the largest gene families in Arabidopsis.
Plant receptor like kinases (RLKs), which are structurally similar to the RTKs in
animal systems, have diverse functions (Shiu and Bleecker, 2001; Shiu et al.,
2004). For example, Clavata 1 (CLV1) is involved in meristem development (Clark
et al., 1993; Clark et al., 1997), ERECTA in organ elongation (Torii et al., 1996),
HEASA in floral organ abscission (Jinn et al., 2000), and the flagellin sensitive 2
(FLS2) and elongation factor Tu (EFR) receptors are involved in defence responses
(Gomez-Gomez and Boller, 2000; Zipfel et al., 2006). Analogous to animal systems
(Lemmon and Schlessinger, 2010) receptor heterodimerisation is important for
RLK mediated signalling in plants. For example BRI1-Associated Kinase 1 (BAK1),
which is another member of the RLK super family, has been originally identified by
its interaction with the BRI1 receptor in a yeast two-hybrid screen. bakl mutants
resemble a weak allelic bril mutant phenotype with a semi-dwarfed stature and
reduced sensitivity towards exogenously applied BRs (Nam and Li, 2002). In
addition, the bakl mutant enhances the phenotype of weak allelic bril mutants
thereby genetically confirming the involvement of SERKS3 in BR signalling (Li et al.,
2002; Nam and Li, 2002). BAK1 (hereafter SERK3) is a member of the somatic
embryogenesis receptor like kinase (SERK) family of RLKs. SERK receptors have
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not been reported to bind any ligand themselves; instead they are believed to
function as non-ligand binding co-receptors (reviewed in Chinchilla et al., 2009).
Recently it has been shown that BRI1 mediated signalling (Fig. 2) completely
depends on the presence of SERK co-receptors (Gou et al., 2012).

SERK co-receptors function in different signalling pathways

The SERK co-receptor family consists of a class of five homologous members
(SERK1-5). They all contain 5 extracellular LRR domains, followed by a proline-
rich (SPP) domain, which is characteristic for the SERK family, a transmembrane
domain and an intracellular kinase domain (Hecht et al., 2001). Genetic analysis
of the SERK genes resulted in a complex pattern of phenotypes (Fig. 3). SERK1
functions as co-receptor of excess microsporocytes 1/extra sporogenous cells
(EMS1/EXS) in tapetum formation together with SERK2. Presence of either
SERK1 or SERK?2 is sufficient for normal pollen development indicating that they
act redundantly (Albrecht et al., 2005; Colcombet et al., 2005). A suppressor
screen of the abscission mutant nevershed has also revealed a role for SERK1 in
abscission (Lewis et al., 2010). Co-immunoprecipitation experiments showed that
BRI1 and SERKS3 are part of the SERK1 receptor complex (Karlova et al., 2006).
SERK1 acts redundant with SERK3 in BR signalling as shown by the enhanced BR
insensitivity of the serklserk3 double mutant when compared to the serk3 single
mutant (Albrecht et al., 2008; Gou et al., 2012). The insensitivity of the serklserk3
double mutant towards BRs can be rescued by overexpression of BRI1 EMS
suppressor 1-D (BES1-D), a downstream transcription factor of BRI1, indicating
that this phenotype is indeed BR related. Other members of the SERK receptor
family did not further increase the insensitivity of the serklserk3 double mutant
towards exogenously applied BRs (Albrecht et al., 2008). SERKA4 is also implicated
as co-receptor of BRI1 by its ability to rescue a bril-5 mutant and its interaction
with BRI1 in vivo as shown by co-immunoprecipitation experiments. serk4 single
mutants do not have a phenotype, while the serk3serk4 double mutant shows a
dwarfed phenotype different from the strong bril cabbage phenotype; serk3serk4
mutants show early senescence symptoms while the bril mutants do not (He

et al., 2007). SERK3 and SERK4 are also implicated in defence and pathogen
triggered cell death (Chinchilla et al., 2007; Postel et al., 2010; Roux et al., 2011).
The spontaneous cell death phenotype of the serk3serk4 double mutant (He et al.,
2007) is not triggered by pathogens as it already occurs in a sterile environment.
serkl does not further enhance the spontaneous cell death phenotype of the
serk3serk4 double mutant indicating that this process is mainly affected by SERK3
and SERK4 (Du et al., 2012). Besides BR related development SERK co-receptors
also affect developmental processes unrelated to BR signalling. For example,

the serklserk3serk4 triple mutant shows in contrast to bril null and biosynthesis
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mutants a reduced expression of genes involved in auxin transport, cell cycle and
differentiation, and development (Du et al., 2012). Altogether, with the exception
of SERKS, individual SERK co-receptors act partially redundant in at least three
different biological processes. As more than one pathway is affected already in

a single serk mutant, phenotypical analysis of SERKSs is complicated, a difficulty
which is further enhanced in double and triple mutants.

Figure 3. SERK co-receptors function in different signalling pathways. Most of the SERK co-
receptors function redundantly in multiple different signalling pathways, from which most of the
main ligand perceiving receptors are unknown. SERK1 functions in abscission, SERK1 and SERK2
in male together with cells EMS1/EXS. SERK1, SERK3, SERK4 are involved in brassinosteroid
signalling as co-receptors of BRI1, and in BR independent developmental processes. SERK3 en
SERK4 are as co-receptors of FLS2 and EFR involved in defence against bacterial pathogens and cell
death. SERK3 is also implicated as co-receptor of PEPR1 in chitin response. SERKS is until now not
clearly linked to any of the processes named above
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Sub-cellular localization of BRI1 and SERK

The BRI1 protein is localised at the plasma membrane but can also be found

in pre-vacuolar compartments and the early endosome/ trans Golgi network
(Friedrichsen et al., 2000; Geldner et al., 2007; Viotti et al., 2010). A central
mechanism, which can be employed to control the signalling output of a ligand
perceiving receptor, is via endocytosis and trafficking (Sorkin and von Zastrow,
2002; Birtwistle and Kholodenko, 2009; Molfetta et al., 2010; Beck et al., 2012). In
animal systems for example, ligand occupied epidermal growth factor receptors
(EGFR) can be routed for degradation by specific interactions with GTPases

and ubiquitin ligases while unoccupied ones are recycled back into the plasma
membrane (Herbst et al., 1994; Marmor and Yarden, 2004). The non-ligand binding
co-receptor of EGFR, ERBB2 alters specific phosphorylation sites at the kinase
domain of EGFR thereby preventing its association with ubiquitin ligases and
subsequent degradation of the activated receptor complex (Hartman et al., 2012).
Hence, the co-receptors can stabilise the activated receptor complex thereby
prolonging the signal.

In plants, endocytosis is also employed to regulate cellular processes. For
example, the boron transporter Requires High Boron 1 (BOR1) is internalised and
routed for degradation at high boron concentrations while at low concentrations
BOR1 remains localised at the plasma membrane (Takano et al., 2005).
Attenuation of the signal by enhanced endocytosis has been proposed for BRI1;
however at present it remains unclear if BRI1 adopts different endocytotic routes
depending on its activation state (Irani et al., 2012) or by association with SERK
co-receptors. In cowpea protoplasts co-expression of BRI1-CFP with yellow
fluorescently tagged SERK1 and SERKS3 resulted in an enhanced endosomal
localization of BRI1. The same study also demonstrated that distinct populations
of receptors and co-receptors localised together or separately (Russinova et al.,
2004). In defence signalling, flagellin induced endocytosis of the FLS2 receptor
was reduced in the serk3 mutant background (Chinchilla et al., 2007). The
subcellular trafficking of FLS2 appears to be dynamic and differs depending on its
activation state (Beck et al., 2012).

Whether SERK co-receptors affect trafficking and endocytosis of main ligand
perceiving receptors and consequently the signalling output remains to be
elucidated. However, the examples above do illustrate that receptor mediated
signalling can be directed through different endosomal compartments adding a
spatial factor by which the signalling output can be affected. The emerging picture
from this is that signal transduction is not only dependent on the type of molecular
components of a signalling pathway but also rely on the subcellular localization and
concentration of these components (Kholodenko, 2006).
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SERKSs as modulators of the signalling output

SERK co-receptors do not perceive any ligand, yet clearly modulate the signalling
output of main ligand perceiving receptors. For example, transphosphorylation
between BRI1 and SERK3 is essential for increasing the kinase activity of

BRI1 (Wang et al., 2008). One way to achieve this increased activity is to alter
the binding affinity of BRI1 for BRs. Such a mechanism was described for the
auxin perceiving receptor transport inhibitor response 1 (TIR1) where different
combinations of heterodimers result in altered binding affinities (Calderon
Villalobos et al., 2012). However, the dissociation constant between BRI1 and

BL remains unaltered in a serk3 mutant background (Kinoshita et al., 2005). This
indicates that SERK co-receptors affect the signal of BRI1 after ligand binding. In
addition, phosphorylation of the BRI1 associated kinase (BSK), a member of the
Receptor Like Cytoplasmic Kinase (RLCK) superfamily and downstream target of
BRI1, is mediated by BRI1 and not SERKS3 (Tang et al., 2008). This suggests that it
is unlikely that SERK co-receptors modify the BRI1 signalling activity by activating
BSKs. In FLS2 mediated signalling SERK3 enhances the signalling output as well
(Chinchilla et al., 2007; Roux et al., 2011). The affinity between FLS2 and flagellin
is unaltered in a serk3 mutant background (Chinchilla et al., 2007). Hence, in
both BRI1 and FLS2 mediated signalling SERK3 appears to regulate the signal
transduction after ligand binding. In FLS2 mediated signalling SERK3 enhances
the signal by interacting with RLCK family member Botrytis Induced Kinase 1
(BIK1), a downstream target of FLS2 (Lu et al., 2010). This indicates that the way
by which SERK3 enhances the signal of the main receptor might differ between
BRI1 and FLS2 mediated signalling. Because SERKS is a co-receptor for BRI1 and
FLS2 it was suggested that SERKS is a potential trade-off point between defence
and development (Albrecht et al., 2012; Vert and Chory, 2011). In that scenario,
SERKS3 was postulated to be rate limiting i.e. there is not sufficient co-receptor for
BRI1 and FLS2 to operate simultaneously. However, although activation of the
BRI1 pathway leads to inhibition of pathogen triggered immunity (PTI) signalling,
SERK3 is not rate limiting between these two signalling pathways (Albrecht et al.,
2012). In other words, even when defence and BR signalling operate at the same
time, there is enough SERKS co-receptor available for FLS2 and BRI1 to maintain
signalling. This points towards a mechanism where SERK co-receptors do not
function as decisive nodes between different signalling pathways.
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Mathematical modelling as a tool to study biological systems

The understanding of biological systems can be enhanced by using mathematical
modelling (Klipp and Liebermeister, 2006). Already in the 1950s, a pioneering
model by Alan Turing described morphogenesis and pattern formation based on
reaction-diffusion equations (Turing, 1952). Turing, a British mathematician, who
is most famous to the general public for his involvement in breaking the code of
the Enigma machine and developing the Turing test, proposed that substances
traveling in waves with different rates can result in the formation of specific
patterns. In the reaction-diffusion model, signalling molecules are defined as
chemical substances (morphogens), which can trigger a specified cellular response
depending on local concentrations. The interaction and reaction rate between two
morphogens is stated to follow catalytic behaviour according to Michaelis-Menten
kinetics (Michaelis and Menten, 1913), which is based on the law of mass action
i.e. the reaction rate depends on the initial concentration of the reactants. To date,
the concepts of morphogens and Turing patterns (reaction-diffusion patterns) are
used to describe biological processes such as pigment patterns on zebra fish and
seashell, but also shoot apical meristem (SAM) development of plants (Meinhardt,
2008; Kondo et al., 2009; Kondo and Miura, 2010; Fujita et al., 2011).

The choice which mathematical model to use, depends on the question posed
and the scale at which information is available (Band et al., 2012). In general,
there are two ways to model a biological system i.e. bottom up (network) and top
down (analyse the behaviour of a system). Bottom up, or mechanistic modelling,
aims to predict emergent behaviour of the biological system by underlying
molecular mechanisms such as gene network interactions, hormone signalling
and metabolic interactions. Top down or “black box” modelling aims to describe

a phenomenon mathematically, without the model being necessarily based on
biological considerations. Models expanding towards cellular and tissue levels
often use mechanistic approaches to capture interactions and relations between
neighbouring cells or relate outputs of a gene regulatory network to a physiological
response using phenomenological considerations. There is a myriad of techniques
to enable bottom up and top down modelling approaches, ranging from ones low
in detail (e.g. boolean networks) to highly detailed descriptions (e.g. ordinary or
stochastic differential equations), from deterministic (Boolean, ordinary differential
equations) to stochastic, and from static non-spatial to spatiotemporal models.
These techniques can all be used to gain more insight of a biological system. For
example, Boolean based models were used to study floral organ development
(Espinosa-Soto et al., 2004), circadian rhythms (Akman et al., 2012) or large
scale microarray data sets (Genoud et al., 2001). Boolean logics defines gene
expression in two states on (1) and off (0) resulting in a qualitative view on the
network (Akutsu et al., 1999). By assigning ordinary differential equations (ODE)
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to each node intermediate values between 0 and 1 can be obtained (Di Cara et al.,
2007). A combined approach of Boolean and ODE based modelling can be used to
perform a semi quantitative analysis of the activation state of different components
in the network (Fig. 4). Such an approach was used to evaluate the crosstalk
between BRI1 and auxin signal transduction networks mediated by the gene Bravis
Radix X (BRX; Sankar et al., 2011).

Figure 4. Modelling signal transduction networks using Boolean logics. The example presented in
this figure is modified from Shankar et al. (2011). Left panel shows a simplified network scheme,
including negative feedback, which can be modelled using Boolean logics (top right panel). The
network starts at time point T, at this moment no activation of B has occurred, C is active (1) the
other pathway components are inactive (0). Activation of A at time point T, results in activation

of B at time point T, leading to the inactivation of C, inactivation of D, activation of E, leading

to activation of F and activation of G and consequent inactivation of A. By assigning ordinary
differential equations to each node, intermediate activity levels between inactive (0) and active (1)
can be computed (bottom right panel). The time scale at which this occurs is in arbitrary units (a.u.).

To incorporate quantitative information ODE based models following Michaelis-
Menten or Hill kinetics are often used. Such an approach was applied in in animal
systems to study the effect of internalization dynamics on EGFR signalling and
regulation based on the amount of receptor occupied by ligand and the ratio
between the rate of internalization of occupied versus unoccupied receptor
molecules. Ligand stimulus resulted in a rise in receptor-ligand concentration,
followed by a decay caused by receptor internalization and depletion of
extracellular ligand. When simulating an irregular ligand pulse in silico, the
shape and magnitude of the pulse was faithfully reproduced if endocytotic down-
regulation was incorporated, but not in absence of ligand induced endocytosis
(Shankaran et al., 2007). Hence, in silico simulations showed improved accuracy
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of the EGFR system by endocytotic downregulation of ligand occupied receptors.
Mechanistic models based on ligand and receptor availability can also be
combined with phenomenological models. For example, ligand binding and
heterodimerization of EGFR was calculated according to mass action kinetics and
coupled to a physiological response using phenomenological model considerations
thereby linking the effect of receptor expression levels to cellular phenotypes
(Shankaran et al., 2006).

In Arabidopsis, ODE based models have been employed to describe the dynamics
of gene expression during floral organ formation, floral organ patterning, root
development, crosstalk and transcriptional feedback (Liu et al., 2010; van Mourik
et al., 2010; Middleton et al., 2012; van Mourik et al., 2012; Muraro et al., 2013).
These examples point out how mathematical modelling can help to study complex
biological systems. However, the use of actual receptor and ligand concentrations
as starting point is hardly applied in the field of Arabidopsis research.

SCOPE OF THE THESIS

SERK co-receptors can function simultaneously and partly redundant in multiple
signalling pathways. To study how SERK co-receptors are distributed between
different signalling pathways, and how individual SERK proteins quantitatively
affect the output of one specific signalling pathway by a change in the physiological
response, are important questions to answer. For this, the use of quantitative
modelling can be very helpful. One of the best-studied signal transduction
cascades in Arabidopsis is the BR mediated BRI1 signalling pathway, which makes
it amendable for modelling approaches. The focus of this study is to evaluate how
SERK co-receptor members affect the signalling output of the BRI1 pathway. For
this, we set out to use a mathematical modelling approach in which actual BRI1
and SERK receptor concentrations are incorporated by combining mechanistic with
a physiological growth model based on phenomenological considerations (Fig. 5).
In such an approach, the pathway can be treated as a “black box” (modelled via a
top-down approach) while the input (i.e. ligand binding to the receptor) is modelled
according to mass action kinetics (bottom-up). To achieve this goal quantitative
confocal imaging, biochemical and genetic approaches were employed to establish
a mathematical model revealing mechanistic details of the BRI1 signalling pathway.
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Figure 5. Mechanistic and phenomenological modelling approaches to study signal transduction.
Mechanistic models can be employed to gain a quantitative view on the network, incorporating
actual or relative concentration values. The mechanic model in the figure exemplifies how ligand (L)
binding to a receptor (R) results in a receptor ligand complex (RL), which can be modelled using
ODEs. Phenomenological models are descriptive which can be used to couple the output of a signal
transduction cascade to a complex biological response. In such an approach, only initial interaction
such as ligand binding to the receptor are taken into account while the downstream signal transduction
cascade is considered as a “black box” and not explicitly incorporated. Instead, only a few core
components such as ligand and receptor concentrations are used as input for the phenomenological
model which links the input to the physiological response. Unknown parameters can be estimated
by calibrating the model to a known reference set. Model predictions show change in physiological
response when the input is altered.
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CONTENTS OF THIS THESIS

Brassinosteroids (BR) are plant specific hormones which are essential for growth
and development. In Chapter 1 the BR signal transduction pathway, which
comprise the brassinosteroid insensitive 1 (BRI1) receptor and the somatic
embryogenesis receptor like kinase (SERK) co-receptors, is introduced. SERK
co-receptors function in multiple signalling pathways, for this reason it is of interest
to know how SERK proteins affect the output of one signal transduction pathway
quantitatively (scope of the thesis). What was still lacking was a quantitative
modelling approach to study how SERK co-receptors affect BR mediated
signalling. For this we set out to employ a combination of mechanistic and
phenomenological modelling. Data sets incorporating local protein concentration,
ligand receptor binding affinity and the different pathway components are essential
to facilitate modelling of BRI1 mediated signalling via SERK co-receptors. In
Chapter 2 the number of BRI1, SERK1, and SERK3 molecules was quantified

in roots of 5 day old Arabidopsis seedlings. To enable quantification of proteins

at the subcellular level confocal imaging was employed to approximate the
number of fluorescently tagged protein molecules in living Arabidopsis root cells.
Results indicate that, with exception of the quiescent centre and columella cells,
the BRI1 receptor density is constant throughout the whole root meristem. In
addition, we also quantified the number of SERK1 and SERKS3 co-receptor in
meristem epidermal cells. It appears that these numbers are within the same
order of magnitude as the number of BRI1 molecules at the plasma membrane. In
Chapter 3 the number of BRI1 receptors occupied by ligand was calculated and
used to link the biochemical properties of the main receptor with root growth and
hypocotyl elongation. The use of receptor - ligand concentrations and properties as
a starting point represents a novel approach within the plant systems biology field.
This strategy resulted in a number of unexpected findings, to our knowledge not
previously described in the plant receptor field. First, a rather low number of BRI1
receptors is needed to initiate a physiological response. Second, BRI1 receptor
activity appears to be controlled by positive and negative regulators or ligand
availability rather than the receptor concentration. In Chapter 4 the BRI1 model
was extended by including SERK1 and SERKS3. Here, the biochemical properties
of the BRI1 receptor are linked to root growth or hypocotyl elongation under the
assumption that BRI1 signalling only occurs in the presence of the co-receptors.

In silico simulations indicate that BRI1 mediated signalling is not affected when the
majority of SERK1 and SERKS operate in other signalling pathways. In addition,
the model correctly predicts that roots of the serklserk3 double mutant are almost
completely insensitive towards BR while hypocotyls are not. This suggests either
signalling by BRI1 alone or a different co-receptor usage between roots and
shoots. Taken together, it is now possible to simulate how a wide range of proteins
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affect the signalling of the main receptor. This offers a starting point to further study
BR mediated signalling via a mechanistic modelling approach. In Chapter 5 the
mobility of BRI1 and SERK in planta is evaluated using fluorescence recovery after
photobleaching (FRAP). Results indicate that BRI1 and SERK in planta have a
rather low mobility in cells of meristematic zone, suggesting that BRI1 and SERK3
are restricted in the lateral movement. This points towards a mechanism where
plasma membrane BRI1-SERK3 hetero-oligomeric complexes are present prior to
ligand binding.

In Chapter 6 the serkl and serk3 single and double mutants are studied using
transcriptional analysis. It appears that more than 50% of the genes differentially
regulated in the serklserk3 double mutant is related to BRI1 signalling. A number
of genes involved in primary and secondary metabolism are differentially regulated
in the serklserk3 double mutant. This would yet add another novel biological
process involving SERK co-receptors. In Chapter 7 a general discussion is
provided on the data obtained from modelling BRI1 mediated signalling and how
modelling and quantitative imaging techniques can be combined to study signalling
in plants.

23






Chapter 2
Quantification of the
Brassinosteroid Insensitive 1

receptor in planta

G. Wilma van Esse, Adrie H. Westphal, Ramya Preethi S. Catherine Albrecht,
Boudewijn van Veen, Jan Willem Borst and Sacco C. de Vries

Plant Physiology 156 (4), 1691-1700 (2011)



Chapter 2

ABSTRACT

In plants, green fluorescent protein (GFP) is routinely used to determine the
subcellular location of fusion proteins. Here, we show that confocal imaging can be
employed to approximate the number of GFP labelled protein molecules present

in living Arabidopsis root cells. The technique involves calibration with soluble GFP
to provide a usable protein concentration range within the confocal volume of the
microscope. As a proof of principle we quantified the Brassinosteroid Insensitive

1 (BRI1) receptor fused to GFP, under control of its own promoter. The number of
BRI1-GFP molecules per root epidermal cell ranges from 22,000 in the meristem,
130,000 in the elongation zone to 80,000 in the maturation zone, indicating that

up to 6 fold differences in BRI1 receptor content exist. In contrast, when taking

into account differences in cell size, BRI1-GFP receptor density in the plasma
membrane is kept constant at 12 receptors um2 in all cells throughout the meristem
and elongation zone. Only the quiescent centre and columella cells deviate from
this pattern and have 5-6 receptors um2. Remarkably, root cell sensitivity towards
brassinosteroids appears to coincide with uniform meristem receptor density.
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INTRODUCTION

The Brassinosteroid Insensitive 1 (BRI1) receptor is the main ligand perceiving
receptor of brassinosteroids (BRs) in plants (Li and Chory, 1997; Wang et

al., 2001). There are several BRs known in Arabidopsis, of which 24 (epi)-
brassinolide (BL) has the highest affinity for BRI1 (Wang et al., 2001) and

binds to the extracellular ligand binding (island) domain of the BRI1 receptor

(He et al., 2000). Activation of BRI1 kinase results in autophosphorylation and
transphosphorylation of targets such as BKI1 (Wang et al., 2006) and BAK1
(Nam and Li, 2002; Wang et al., 2005). Eventually, downstream targets such

as the transcriptional regulators BZR1 (Wang et al., 2002) and BESL1 (Yin et al.,
2002) are activated. In general, both ligand concentration as well as receptor
availability determine sensitivity and signalling output. In animal cells, receptor
availability is regulated by various processes such as endocytosis (Sorkin and
von Zastrow, 2002; Warren and Landgraf, 2006), degradation and recycling
(Molfetta et al., 2010) and positive or negative feedback mechanisms (Freeman,
2000). In Arabidopsis roots, BRI1 mediated BL signalling promotes primary root
growth at low exogenous BL concentrations, whereas higher concentrations are
strongly inhibitory (MUssig et al., 2003). This suggests that BL signalling is indeed
dependent on ligand concentration. It is less evident to what extent BRI1 receptor
availability is important. BRI1 strong alleles exhibit severe phenotypes such as
extreme dwarfism, altered morphogenesis, reduced fertility and full insensitivity to
BRs (Clouse, 1996; Wang et al., 2001). However, bril null mutants are recessive
suggesting that 50% reduction in BRI1 level is not detrimental to total signalling
activity. Overexpression of the BRI1 gene results in longer leaves and petioles as
well as an increased number of binding sites (Wang et al., 2001). The BRI1 gene
is considered to be ubiquitously expressed (Friedrichsen et al., 2000) and the
protein is found at the plasma membrane (PM) (Geldner et al., 2007), in the early
endosome/trans Golgi network (EE/TGN) and in the prevacuolar compartment
(PVC) (Viotti et al., 2010). BRI1 receptor availability (i.e. the number of receptors
at the PM) is so far not addressed at the organ nor at the cellular level. For this,

a quantitative microscopic method suitable for use in intact plant cells is required.
Quantitative methods based on confocal laser scanning microscopy (CLSM)
techniques have provided insight in the amount and sub-cellular localisation of
proteins (Verveer and Bastiaens, 2008). Confocal imaging is applicable for plant
membrane, nuclear and cytosolic proteins (Mathur, 2007; Berg et al., 2008)

and is used in yeast (Wu and Pollard, 2005) and animal cells (Sugiyama et al.,
2005; Goldsbury et al., 2007) to quantify fluorescently tagged proteins. In plants,
fluorescence-based quantification techniques have been used to determine
protein level in whole tissue samples (Halfhill et al., 2005) and in extracts using
ELISA (Richards et al., 2003) or intact cells using flow cytometry (Lu et al., 2007).
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However, quantification of proteins at the subcellular level in intact plants has not
been described.

Here we describe the use of confocal imaging to estimate the number of BRI1-GFP
receptors at the PM of living Arabidopsis root cells. The method first correlates the
fluorescence intensity inside a confocal volume of root cells to that of a calibrated
amount of GFP in a confocal volume of a solution. This allowed us to extrapolate
the fluorescence intensity obtained from 2-dimensional images of root cells to

the number of BRI1-GFP molecules per cell. It also allowed an estimate of the
distribution of receptors between PM and internal membrane compartments.
Recently it was reported that in Arabidopsis, the inhibitory effect of BL on root
growth primarily resides in meristem cells (Gonzalez-Garcia et al., 2011) with
epidermal cells being most important in perceiving the ligand (Hacham et al.,
2011). These studies demonstrated that BRI1-mediated BL signalling reduced the
root meristem stem cell division rate in addition to preventing expansion of matured
root cells. Our results indicate that root meristem epidermal cells responding to

BL have a remarkably constant BRI1 receptor density of about 12 BRI1 molecules
pum-2,

RESULTS

Quantitative confocal microscopy

To determine the number of BRI1-GFP molecules per cell by confocal microscopy,
the pBRI1::BRI1-GFP line described in Geldner et al. (2007) was employed. This
line (referred to here as BRI1-GFP line 1) contains an equal amount of the BRI1-
GFP protein when compared to endogenous BRI1 protein and shows only a mild
overexpression phenotype. Root meristem epidermal cells located between 3 and
10 cells from the quiescent centre (QC) were chosen as an example (Fig. 1A). This
was based on size uniformity, average expression level, location close to the root
surface and a small vacuole that enables determination of PM and intracellular
fluorescence separately. Measurements at the PM were performed at anticlinal cell
walls because the periclinal walls are always shared with another cell type.

The initial approach was to record z-stack images using Nyquist sampling.
However, while these images provide spatial information, it resulted in incremental
lower fluorescence intensity due to bleaching (Supplemental Fig. S1) thus
rendering it unsuitable for quantification purposes. Instead, 2-dimensional confocal
images were acquired using only a single scan of roots expressing BRI1-GFP,
which minimised signal loss due to bleaching. As can been seen in Figure 1, BRI1-
GFP localises at the PM as well as in the cytoplasm. The region of interest (ROI)
from which the fluorescence intensity at the PM is derived is 1.1 um. This equals
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the full width of the Gaussian fit of the fluorescence intensity over the anticlinal cell
wall (Fig. 1D) and the two adjacent PMs. However, this area includes signals from
the PM as well as from intracellular membrane compartments, presumably from the
TGN/EE network or the ER in close proximity to the PM (Aker and de Vries, 2008).
The theoretically calculated width of the cell wall and two PMs as it appears in the
microscope (Elgass et al., 2009) Supplemental File S1) is 790 nm, which confirms
that in the analysed area the majority of fluorescence intensity measured is PM
derived (Fig. 1D).

Figure 1. Fluorescence intensity measurements in root cells. A) Image of the root meristem of a

5 day old seedling of BRI1-GFP line 1. The marked area indicates the epidermal cells for which

the fluorescence of the anticlinal cell walls was recorded. B) Magnification of root epidermal cell
PMs as deconvoluted by the Image-Pro Plus software. C) Magnification of root epidermal cells for
determination of the cytoplasmically located BRI1-GFP molecules. The small rectangles represent
areas for which the fluorescence intensity was recorded. D) Gaussian fit of fluorescence intensity over
the anticlinal cell wall as centred on the middle lamella is 1.1 pm in width and includes both adjacent
PMs at a distance of 0.79 um from each other (dark grey area within the Gaussian fit). For the area
labelled as PM, the fluorescence intensity includes that present in the cytoplasm assuming a uniform
distribution up to the PM.
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To approximate the contribution of intracellular membrane compartments to

the fluorescence intensity measured in the Gaussian fit over the PM, the ratio
between fluorescence intensity at the PM (Fig. 1B) and in the cytoplasm (Fig.

1C) was determined. The nucleus and the vacuole were not taken into account

in the measurements. Assuming a uniform distribution of BRI1-GFP containing
vesicles in the cytoplasm (Fig. 1C) ratio imaging showed that 38+1 % (n = 50 roots
#150 cells) of the fluorescence intensity originates from intracellular membrane
compartments (See Supplemental File S1 for calculations). In each measurement,
the ratio between the fluorescence intensity observed in the ROI at the PM and in
the cytoplasm was taken into account to correct for the contribution of intracellular
membrane compartments to the fluorescence intensity assigned to the PM. A
calibration curve consisting of free GFP in solution was generated to correlate
with fluorescence intensity in a confocal volume (Fig. 2A). Assuming an equal
fluorescence intensity between free GFP in solution and in the cytoplasm, the
concentration in the analysed ROI and subsequently the receptor density could be
calculated (Formula 1 ; Supplemental file S1).

Vapp°capp'Najo(100—BR11 j @)
cyto

RBRI1 :( >

in which R, is number of BRI1-GFP receptors at the PM, Vapp is the apparent
volume in um?, Cappis the apparent concentration in pm?, BRI1_, is the
percentage of cytoplasmic localized BRI1-GFP in the ROI and Na is Avogadro’s

constant.

Since the fluorescence intensities are derived from a two-dimensional confocal
image we refer to the measured GFP concentration as an apparent concentration.
Taking into account that the imaged area consists of two PM and vesicles in close
proximity of the PM, the BRI1-GFP receptor density in root meristem epidermal
cells was calculated to be 12+1 receptors pm=2 PM. This corresponds to 9,000
BRI1-GFP receptors per cell in the PM. A similar approach was applied to calculate
the number of BRI1-GFP receptors in intracellular compartments, only in this
instance the fluorescence intensity measurements in the cytoplasm (Fig. 1C)
were used as the starting point (See Supplemental file S1 for calculations). The
volume of the cytoplasm was calculated by subtracting the volume of the nucleus
(Willemse et al., 2008) and vacuole (Segui-Simarro and Staehelin, 2006) from the
volume of the entire cell. Results show that in root meristem epidermal cells there

are 12,800 BRI1-GFP receptors localised in intracellular compartments in addition
to the 9,000 receptors present in the PM, resulting in a total of approximately
22,000 BRI1-GFP molecules per cell.
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Quantitative confocal microscopy can distinguish between different levels of
GFP-tagged receptors

To ensure that the quantitative fluorescence imaging method as described above
is capable of distinguishing cells expressing different amounts of receptors,
several approaches were employed. For comparative purposes, receptor density
at the PM was used rather then the total amount of receptors present to rule out
differences due to changes in subcellular distribution. First, the number of BRI1-
GFP molecules was determined in root meristem epidermal cells of another BRI1-
GFP line (referred to here as BRI1-GFP line 2) in which BRI1-GFP expression is
significantly higher and showing an overexpression phenotype (Friedrichsen et al.,
2000; Geldner and Robatzek, 2008). Using quantitative confocal microscopy the
BRI1-GFP receptor density in root meristem epidermal cells of 5 day old seedlings
of BRI1-GFP line 2 is 34+3 receptors um2, approximately 3 times higher then

the BRI1-GFP line 1 (Fig. 2B). The difference in expression level was verified

by quantitative Western blotting (Supplemental Fig. S3). Next, the BRI1-GFP
receptor density in root meristem epidermal cells of a T1 hemizygous line of BRI1-
GFP line 1 was found to be half of the homozygous line (Fig. 2B). To test system
independency, the number of BRI1-GFP receptors um?2 PM was also determined in
root meristem epidermal cells using two different confocal microscopes, a LSM510/
Confocor 2 and a LSM510-META (both Carl Zeiss). The results obtained showed
no significant differences in receptor values (Supplemental Fig. S4).

Finally, the receptor density of SERK1-YFP and SERK3-GFP, corresponding to
the two non-ligand binding co-receptors of BRI1 (Nam and Li, 2002; Karlova et
al., 2006; Albrecht et al., 2008; Li et al., 2008), was determined in root meristem
epidermal cells using pSERK1::SERK1-YFP and pSERKS3::SERK3-GFP lines. For
quantification of SERK1-YFP a new calibration curve was generated, now using
YFP instead of GFP. Quantitative confocal microscopy revealed that SERK1-YFP
receptor density is 2412 receptors um2 and that of SERK3-GFP is 5+1 receptors
pum-2(Fig. 2B). Gene expression studies (Birnbaum et al., 2003; Nawy et al., 2005)
showed that SERK1 expression is indeed higher and SERK3 expression is lower
compared to BRI1 in root meristem epidermal cells. Taken together, we conclude
that the quantitative confocal microscopy method as described here faithfully
reports changes in PM receptor density and is applicable to different receptors.
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Figure 2. Calculation of the receptor density in root meristem epidermal cells. A) Typical calibration
curve of GFP in solution. The mean pixel intensity increases linearly with the concentration of GFP.
The red dashed lines represent the GFP concentration that was determined for a confocal volume
present in root epidermal cells. Only measurements that fell within the linear part of the graph as
shown here were used. B) Receptor density as determined in different plant lines. The box and
whisker plots indicate the upper (75 %) and lower (25 %) quartiles and the highest and lowest value
measured. Data evaluation for each measured receptor density was done using a one-way ANOVA
using Bonferroni test (o = 0.05). All values differ significantly when compared to BRI1-GFP line 1.

Quantification of the BRI1 receptor in different cell types

The next step was to provide a receptor density map of BRI1-GFP in other

cell types in the root meristem, the elongation and maturation zone (Fig. 3).
Unfortunately, fluorescence intensities derived from GFP molecules present in
more internally located cell types can be influenced by scattering and absorption
effects (Fricker et al., 2006). Therefore, fluorescence intensity measured in various
cell types in the root meristem was compared with published gene expression
data (Birnbaum et al., 2003; Nawy et al., 2005). The results indicate that there is a
close correlation between gene expression and fluorescent protein concentration
(Supplemental Fig. 5). Signal attenuation due to scattering and absorption
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apparently has a minor influence on our results. However, we have restricted our
measurements to the upper cell layers not exceeding a distance of 45-50 ym from
the cell surface.

Figure 3. BRI1-GFP line 1 expression pattern in 5 day seedling roots. On the left a schematic
overview of the different zones is presented. The images in the middle show BRI1-GFP expression

in the different zones of the root. The root meristem is a median section and for the elongation and
maturation zone only epidermal cells are shown. The images on the right represent the same areas but
now in a wild type (Col-0) root.

In the root meristem, BRI1-GFP line 1 PM receptor density remains constant at
about 12 receptors um-2 in root epidermal, cortex and endodermis cells (Table

1) with a similar distribution between PM and intracellular compartments. In leaf
epidermal cells BRI1-GFP is present at about 10 receptors um=2. In lateral root
cap cells BRI1-GFP density rises to about 16 receptors pm2 but is significantly
lower in columella and QC cells at 5 and 6 receptors um=2respectively. In contrast
to the other cell types, the receptor density of the QC cells was recorded from
their joined periclinal walls. This was corroborated by the intermediate receptor
density observed in their anticlinal walls joined with those of the different stem
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cell populations just above the QC. These data show that adjacent membranes
can differ at least 1.5 to 2 fold in receptor density. In the transition and elongation
zone epidermal cells, receptor density remained constant at approximately 12
receptors pm=2. Only in the fully expanded epidermal cells in the maturation

zone a strong reduction of receptor density was observed. In these cells GFP
fluorescence intensity is reduced to almost the level of the autofluorescence
background (Table 1). Therefore, receptor density could only be estimated to be
about 2 receptors um2 with a correspondingly large standard deviation. However,
due to their 6-fold increase in size (Table 2), the total number of receptors per
epidermal cell remains higher (130,000 to 80,000) then in the meristem). This is
confirmed by semi-quantitative Western blot analysis indicating that the amount of
BRI1-GFP is slightly higher in the maturation zone when compared to the meristem
(Supplemental Fig. S3C).

Verification of quantitative confocal microscopy by Western blotting

To obtain an independent estimate of the number of BRI1-GFP molecules per
root, quantitative immunological detection of GFP in total root protein extracts
from the BRI1-GFP line 1 was employed. The results show that roots of 5 day old
Arabidopsis seedlings contain 2.1 + 0.8 pmol gram fresh weight (FW) BRI1-GFP
(Fig. 4).

Figure 4. Semi-quantitative Western blotting of root proteins of roots of 5 day old BRI1-GFP line 1
seedlings. A) Decreasing amounts of total root proteins probed with anti-GFP antiserum. The band at
25 kD corresponds to free GFP split from the BRI1-GFP proteins during extraction and is included in
the amount of BRI1-GFP protein calculated. Only scans for which the intensity fell within the linear
part of the calibration curve were used for estimating the concentration of BRI1-GFP. B) The average
concentration of BRI1-GFP is 2.1+0.8 pmol gram-1 root material.
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To estimate the number of BRI1-GFP receptors per root from quantitative
confocal microscopy, several approximations were made; a 5 day old root when
cut just below the hypocotyl has a fresh weight of 0.18 £ 0.04 mg and each

cut root has 9,300 + 2,000 cells. The number of cells in the root of a 5 day old
seedling was calculated using published data (Supplemental Tables S1-2) as

well as measurements described in this paper (Table 1). Details concerning the
calculations can be found in Material and Methods and Supplemental File S2 and
S3. The total number of cells in each of the different cell types shown in Table 2
and the estimated number of receptors per cell were then calculated and predict
that a 5 day old BRI1-GFP line 1 root contains 3.8 £ 1.8 pmol gram™' of BRI1-GFP
(Supplemental File S2, S3). This value is about two-fold higher than the value of
2.1 £ 0.8 pmol gram™ as determined by Western blotting. The difference is likely
due to the uncertainty in estimating the amount of BRI-GFP in the maturation zone
and in internal cell layers. However, we conclude that both numbers are close
enough to validate the use of quantitative confocal microscopy as described here.
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Table 1. Number of BRI1-GFP receptors in root epidermal cells and in different cell
types in the root meristem

1All values are shown with a 95 % confidence interval, with N > 45 cells using at least 20
different roots. Data evaluation for each measurement was done with a one-way ANOVA
using Bonferroni test (a = 0.05). a indicates no difference, b indicates a difference from the
root meristem epidermal cells.

2N.D. = not determined. The cytoplasm in the epidermal cells of the elongation and
maturation zones falls within the Gaussian width of the cell wall and therefore could not be
determined separately.

BRI1 receptor density and biological significance

In root epidermal cells BRI1 receptor density is maintained at a constant level from
the meristem up to the maturation zone (Table 1, Fig. 5). To elucidate whether
maintenance of BRI1 receptor density may have functional significance, it is
required to know which root cells respond to BL. Two recent studies reveal that
cells in the root meristem are primarily responsible for the observed inhibitory
effects of BL and overexpression of the BRI1 receptor (Gonzalez-Garcia et al.,
2011; Hacham et al., 2011). There is a clear reduction in the number of meristem
cells by approximately 40 % after treatment of wild-type roots to 4 nM of BL while
root growth is reduced by about 30% in a BRI1 overexpression line (Gonzalez-
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Garcia et al., 2011), identical to the BRI1-GFP line 2 used here. Under the
conditions employed in our work the same reduction in meristem cell number as
well as in root growth reduction was observed (Supplemental Fig. S6). The direct
target cells of BL signalling were identified as belonging to the stem cell niche,
including the QC, affecting both division rate and elongation (Gonzalez-Garcia et
al., 2011) and extending into the elongation zone primarily affecting cell expansion
(Hacham et al., 2011). Interestingly the second study points to the same epidermal
cells we used here as “example” cells for BRI1-GFP quantification (Fig. 1A) as

the ones that are responsible for regulating the entire effect of BRI1-mediated
signalling in root meristems. Remarkably, the BRI1 receptor density, rather than
the total number of receptors per cell is kept constant in all cells identified as direct
targets of BL signalling in the meristematic zone of the root in both independent
studies (Table 1, Fig. 5). At present no experimental strategy in plants is available
to independently change BRI1-GFP receptor density while leaving the total number
of active receptors and the cell size unaltered.

Figure 5. Graphic representation of receptor density in a BRII-GFP line 1 root. A) Actual numbers
are represented as a grey scale from dark (12 receptors pm-2) to light (3 receptors um-2) Only

cell types in which the measurements were performed are shown. B) Schematic presentation of an
Arabidopsis root where the dark grey area indicates BRI1-mediated control of cell cycle progression
according to Gonzalez-Garcia et al. (2011).
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Table 2. Cell sizes measured in roots of 5 day old seedlings. Measured cell length
and width of various cells in a 5 day old wild type seedling

1All values are shown with a 95 % confidence interval, with N = 10 cells using at least 5
different roots.
2N.D. = not determined.
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DISCUSSION

In this work we have employed quantitative confocal imaging as a non-destructive
method to determine the number of fluorescently tagged protein molecules in

a plant cell. The results show that root cells of 5 day old Arabidopsis seedlings
have a variable number of BRI1-GFP receptors in their PM, ranging from 22,000
in meristem epidermal cells to 130,000 in epidermal cells in the elongation zone.
Interestingly, BRI1-GFP receptor density is kept constant at 12 receptor molecules
pm2 of PM in most of the root meristem and the distribution of receptors between
the PM and in intracellular membrane compartments is about equal.

Traditionally, biochemical techniques such as Western blotting and LC-MS/MS are
used to determine the concentration of individual proteins (Barnidge et al., 2003;
Kito and Ito, 2008; Heidebrecht et al., 2009; Charette et al., 2010). Quantitative
confocal microscopy offers the advantage of revealing spatial information in a
non-destructive manner (Sugiyama et al., 2005; Goldsbury et al., 2007; Verveer
and Bastiaens, 2008; Wu et al., 2008). This is especially important when dealing
with proteins such as membrane receptors that are continuously recycled. In our
study we have used the BRI1 receptor as a proof of principle. BRI1 is the main
ligand perceiving receptor for brassinosteroids (BRs) in Arabidopsis (Wang et

al., 2001) and is considered to be universally expressed in all cells and organs in
Arabidopsis (Friedrichsen et al., 2000; Birnbaum et al., 2003; Nawy et al., 2005).
A reduction in BL concentration due to mutation of BR biosynthesis genes or in

BL perception due to reduced BRI receptor activity leads to severe growth related
phenotypes implicated as a result of the failure to control expansion (Chory et al.,
1991; Clouse, 1996; Clouse and Sasse, 1998; Noguchi et al., 1999; Wang et al.,
2001). Conversely, ectopic overexpression of the BRI1 receptor, even to a modest
level, leads to exaggerated stature of plants (Geldner et al., 2007). Surprisingly,
although expressed in almost all cells, BRI1 activity appears to be required only

in epidermal cells of Arabidopsis shoots (Savaldi-Goldstein et al., 2007), implying
that a direct link between receptor presence and amount and response to ligands
may not be straightforward. Part of this could be caused by the presence of
negative regulators of BRI1 activity such as the BKI1 protein (Wang et al., 2006)
and positive regulators such as the BAK1 (Li et al., 2002; Nam and Li, 2002) and
SERK1 (Karlova et al., 2006; Albrecht et al., 2008) co-receptors or two receptor like
cytoplasmic kinases designated as BR-signalling kinase 1 (BSK1)and BSK2 (Tang
et al., 2008).

The number of BRI1 receptors per cell found in our studies is in line with the
amounts reported for PM located hormone receptors in animal cells. For example,
the number of human epidermal growth factor receptors (EGFR or ErbB1) ranges
from 50,000 receptors cell' in HeLa cells (Berkers et al., 1991) to 1.4 x 107 in
human squamous carcinoma cell lines (Cowley et al., 1986). In animal (Sawano
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et al., 2002; Tranchant et al., 2010) and bacterial (Besschetnova et al., 2008)
cells it is accepted that receptor density is decisive for signal enhancement and
attenuation. For example, endocytosis, recycling and degradation of EGFR
depends on the presence of ligand, composition of the signalling complex (Wiley,
2003; Warren and Landgraf, 2006) and receptor density (Sawano et al., 2002).
Receptor density is therefore essential for ligand (in)dependent signal propagation
(Sawano et al., 2002), autocrine signalling (DeWitt et al., 2001), EGFR distribution
and determining the ratio between high and low affinity receptors (Kuszynski et
al., 1993). In plant cells it is unknown if the total number of receptors per cell or
receptor density is important for signalling activity. An added complexity in plants
is the wide variation in cell size within the same organ due to gradual expansion of
differentiated cells produced by the meristems. It was therefore of interest to find in
this study that BRI1 receptor density, rather then the total number of receptors per
cell, is essentially constant throughout the entire root meristem and only becomes
reduced in expanding and mature cells. This would imply that with the exception
of QC and columella cells, root meristematic cells would be the ones more
sensitive to respond to BL when compared to the expanding mature cells. There
are a number of indications that this is indeed the case. The growth promoting
effect of BRs is high in seedlings and young plants (Missig et al., 2003), whereas
optimal BR signalling was found to be required for proper cell cycle progression

in the root meristem (Gonzalez-Garcia et al., 2011). In that elegant study it was
further shown that BR signalling also promoted stem cell differentiation. The fact
that we observed a marked reduction in BRI1 receptor density in the normally
rarely dividing QC cells may be a reflection of such a broad control mechanism.
Furthermore, nuclear localisation of BZR1 and BES1, two transcription factors
that are up-regulated after BRI1 activation, is primarily detected in the nuclei

of epidermis cells in the root meristem and elongation zone rather than in the
maturation zone (Ryu et al., 2007; Ryu et al., 2010). Taken together, it appears that
in those cells in the root meristem that exhibit active BRI1-mediated BR signalling,
BRI1 receptor density is kept at a constant value, regardless of differences in cell
size. We propose that, as in animal cells, BRI1 receptor density is an important
element in BRI1 mediated BL signalling. Mathematical modelling has proven to be
a powerful tool to understand and interpret the complexity of the EGFR pathway
(Neves and lyengar, 2002; Hsieh et al., 2010). Our results presented here can
provide a starting point for modelling studies of the BRI1 signalling pathway in
Arabidopsis.
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EXPERIMENTAL PRODCEDURES

Plant Growth Conditions and plant lines

Arabidopsis thaliana plants (ecotype Columbia (Col-0)) were used throughout
as wild type. Wild type plants expressing BRI1 (AT4G39400) fused to GFP
under its own promoter here referred to as BRI1-GFP line 1 were provided

by N. Geldner (Geldner et al., 2007). The higher BRI1-GFP expressor line,

here referred to as BRI1-GFP line 2 was provided by J. Chory (Friedrichsen et
al., 2000) respectively. Seeds were surface sterilised and germinated on half
strength Murashige and Skoog medium (Duchefa, Haarlem, the Netherlands)
supplemented with 1% Sucrose (Sigma-Aldrich chemie, Steinheim, Germany),
0.1 % MES (Sigma-Aldrich) and 0,8 % agar. For Western blotting experiments
the MS medium was supplemented with 1,2% agar. The seedlings were

grown vertically under fluorescent light at 22 °C, with 16-h-light/8-h-dark
photoperiods Genotyping was performed by PCR using the following primer
combination: Forward (AGCACGCAAAACTGCGGATTAGCGA)/ Reverse
(TTTGATGCCGTTC TTTTGCTTGTC). The pSERK1::SERK1-YFP line
(SERK1; AT1G71830) was in the rescued serklserk2serk3 triple mutant
background. Genotyping of the line was done using the following primer
combinations: forward (CGTGACAACAGCAGTCCGTGGCACCATCGG) /
reverse (CCGGACACGCTGAACTTG) for the SERK1-YFP insert

serkl forward (GCTGCTCCTGCAATAGCCTTTGCTTGGTGG /

reversed (CCCTTTTAATCGAACCATAGCAC), serk2

forward (CGGCTAGTAACTGGGCCGCATAGATCC)/

reverse (GGTGATGCACTGCACAGTTTGAGAGC),

serk3 forward (GCACTGAAAAACAGTTTAGC)/ reverse
(GATGCAGGAAGGGGAGTCAACTTGGTG) for the mutant background.

The serk2-2 (SAIL nr. 119-G03) T-DNA tagged allele was identified in the
Syngenta Arabidopsis insertion library. The serk1-1 (SALK_044330), serk3-1
(SALK_034523) or bak1-3 (Russinova et al., 2004, Kemmerling et al., 2007) were
obtained from the Signal Collection at the Salk Institute (Alonso et al., 2003). The
pSERK3::SERK3-GFP line (SERK3; AT4G33430) was in wild type background,
genotyping of the line was done using the following primer combination: forward
(AGCTGATGGTACTTTAGTGG)/reverse (TTTGATGCCGTTCTTTTGCTTGTC).
Except when noted in the text, all plants used for quantitative microscopy were
homozygous for the inserted transgenes.
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Production and quantification of GFP

The enhanced GFP (eGFP) was cloned into a pTYB expression vector (Hink et
al., 2003) after which the eGFP protein was purified according to manufactures
protocol (New England Biolabs, http://www.neb.com). The eGFP and eYFP
concentration were determined by measuring the absorption at 488 and 514

nm respectively. For calculations of the GFP concentration using the absorption
measurements at 488 nm, a molar extinction coefficient of 55,000 M-'cm-!, was
used (Schmid and Neumeier, 2005). For calculations of the YFP concentration a
molar extinction coefficient of 84,000 M-'cm™ was used (Schmid and Neumeier,
2005). The concentration and purity of the stock solution confirmed by Coomassie
staining after SDS-PAGE electrophoresis using a range from 0.75 ug to 9 ug
bovine serum albumin (BSA, Pierce, Rockford, USA) as reference compound
(Supplemental Fig. S7).

GFP and YFP standard curves

For the GFP or YFP standard curve, dilutions of GFP or YFP were made in a

PBS solution of pH 7.2, which is similar to the pH in the cytoplasm (Moseyko and
Feldman, 2001). 200 pL of different dilutions of GFP were transferred to a 96 wells
plate (Whatman, Maidstone, UK) with borosilicate bottom. To prevent adherence

of the fluorophore to the glass plate, each well was pre-coated with BSA (Sigma-
Aldrich) by incubation for 10 minutes with 10 mg ml"* BSA followed by three washes
with PBS (pH 7.2).

Fluorescence Microscopy

Roots of 5 day old Arabidopsis seedlings expressing BRI1-GFP were imaged

with a CONFOCOR2/LSM510 and LSM 510-META confocal microscope (Zeiss,
Jena, Germany) equipped with a 40x water objective (NA 1.2) and an Argon ion
laser. The Argon laser was used for excitation of GFP and YFP at 488 nm and 514
nm respectively, and a He/Ne laser was used to excite FM4-64 at 543 nm. GFP
fluorescence emission was detected with a band-pass filter 505-550 nm, while YFP
fluorescence was filtered with a 530-600 band-pass filter. FM4-64 fluorescence
was detected with a band-pass filter 600-650. The optical slices were acquired

in confocal mode (1 Airy unit) with an average of 4 scans. The pinhole diameter
was adjusted to a slice thickness of ~ 0.9 ym. All z-stacks were generated using

a slice thickness of ~ 0.45 ym thereby fulfilling Nyqulst sampling criteria. For each
confocal system used, the linear range of the detector and the effect of bleaching
were evaluated (Supplemental Fig. S2). Bleaching of GFP and YFP can occur
upon long exposure time or high intensity laser power. To limit bleaching effects
all images used for quantification were taken within 45 seconds from the moment
the root was exposed to the laser. The mean pixel intensity in the cytoplasmic
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area and at the PM was measured separately using Image-Pro Plus software
(MediaCybernetics, http://www.mediacy.com). A Low pass filter, pass 1 strength 2
was used to lower the background noise in the images. All fluorescence intensities
measured were corrected for autofluorescence by subtracting the fluorescence
intensity measured in wild type lines in the corresponding tissue and cell type.

In order to correlate the fluorescence intensity in the root tissue with the GFP
calibration curve, the confocal settings and data analysis were kept the same for
all images obtained during an experiment. The same protocol was followed to
quantify SERK1-YFP, only in that case YFP instead of GFP was used to generate
the calibration curve. Each quantitative imaging session was accompanied by a
parallel calibration curve to avoid differences due to experimental conditions.

Protein purification and Western blot analysis.

To obtain a protein extract, roots of 5 day old seedlings were ground in liquid
nitrogen and thawed in extraction buffer containing 50 mM Tris, pH 7.5, 150 mM
NaCl, 1% Triton X-100, and a protease inhibitor cocktail (Roche, http://www.roche.
com) after which the samples were incubated on ice for 30 minutes. The extraction
buffer was added in a 1:1 w/v ratio based on the weight of the ground material.
The extract was centrifuged at 4 °C for 10 minutes at 200 x g (MSE Micro Centaur,
London, UK). The total protein concentration in the extract was determined using

a BSA protein assay (Pierce). The proteins in the extract were denaturated by
boiling for 5 minutes in sample buffer containing 60 mM TRIS/HCI pH 6.8, 2% w/v
SDS, 10 % glycerol w/v, 0.2 % bromophenol blue and 20 % v/v 3-mercaptoethanol.
The GFP reference was boiled in the same denaturation solution. Subsequently,
100, 50 and 25 ng of total protein and a range from 0.1 to 0.8 ng of GFP reference
standard was loaded on a 10 % SDS-polyacrylamide gel and transferred to a PVDF
membrane (Millipore, Badford, USA) by wet electroblotting (Mini-Protean Il system;
Bio-Rad). The BRI1-GFP and GFP reference were probed using anti-GFP-HRP
antibody (Miltenyi Biotec, Bergisch Gladbach, Germany). HRP was detected using
the ECL plus detection kit (GeHealthcare, Little Chalfort, Buckinghamshire, UK)
according to manufacturer’s instructions. The surface area and intensity of each
band was determined using Image-Pro Plus software. Only scans for which the
intensity fell within the linear part of the calibration curve were used.

Fresh weight determination

To determine the fresh weight, roots of 5 day old seedlings were cut just below the
hypocotyls and weighed on a microbalance (Sartorius microbalance) immediately
after cutting to prevent drying out of the roots. For each measurement (n = 5) at
least 15 roots were used.
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Determination of cell size and cell number per root

Cell sizes were measured in the meristem, elongation zone and maturation zone
of 5 day old wild type Arabidopsis seedlings using images obtained with confocal
microscopy (CONFOCOR2/LSM510) and Nomarski light microscope (LEICA,)
using a 40x and a 20x objective respectively (Supplemental Fig. S8). For confocal
microscopy, roots were stained for 5 minutes with 0.02 mM FM464 (Invitrogen),
rinsed and mounted in dH,O. To approximate the average thickness and size of
the cells, z-stack images of the roots with a maximum slice thickness of 1 um were
acquired. To visualise roots using the Nomarski light microscope, samples were
mounted in chloral hydrate solution containing 1 M chloralhydrate and 25 % v/v
glycerol. All cell sizes were measured using Image-Pro Plus software. The number
of cells in the cross section (Doerner, 1993; Kwaaitaal and de Vries, 2007), the
number of cells in the transition zone and elongation zone (Verbelen et al., 2006)
and the number of primordial cells (Malamy and Benfey, 1997; Dubrovsky et al.,
2009) have been determined previously. The number of cells in the meristem was
determined here.
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Calculation of the apparent volume

In order to determine the receptor density, i.e. the number of BRI1 receptors per
um2 PM, standard parameters such as the confocal volume and the volume of
the analysed area needed to be determined. The pinhole diameter of the LSM510
was set at a slice thickness of ~0.9 um, equivalent to a value of 1 AU. To confirm
this value, the slice thickness (z) was approximated by calculating the Full Width
Half Maximum (FWHM) in the axial direction (Wilhelm et al., 2003). The emission
wavelength was 509 nm, the excitation wavelength was 488 nm, while the
numerical aperture (N.A,) of the lens is 1.2. Since we used a 40x water lens, the
refractive index of the immersion liquid is equal to the refractive index of water.
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The volume of the analysed area of 1 um? PM was calculated by multiplying the
surface area of the ROI by the slice thickness (z). In case of the PM area, for
example, the length (I) of the imaged area is 1 um. The thickness (d) of the imaged
area is 1.1 ym, this value corresponds to the full width of the Gaussian fit over the
imaged area (Fig. 1B). Since the volume of the analysed area is derived from the
ROl in the 2-d image as well as the slice thickness, we refer to this volume as the
apparent volume (Vapp).

Vapp=1edez=101.100.98=1.07um’ =1.0710 " liter

Calculation of the percentage of BRI1-GFP in intracellular membrane
compartments

To calculate the number of BRI1-GFP that resides in cytoplasmic vesicles, the
fluorescence intensity was measured in the cytoplasm (I, ) of epidermis cell in

the root meristem. These cells were chosen because they have a small vacuole
which allows measurement of the fluorescence intensity in the cytoplasm only. All
the fluorescence intensities were corrected for autofluorescence measured in wild
type lines if necessary, after which the concentration of BRI1-GFP in the cytoplasm
could be calculated. Because the concentration is calculated using fluorescence
intensities derived from a 2-d image we refer to this as apparent concentration
(Capp). The volume of the cytoplasm was approximated by subtracting the volume
of the vacuole (49 um?) and the nucleolus (19 um?) form the volume of the cell
which is 1350 pm? in the example. The volume of the vacuole (Segui-Simarro and
Staehelin, 2006) and nucleolus (Willemse et al., 2008) were derived from literature.
The number of BRI1-GFP molecules in the cytoplasm of meristem epidermis cells
can be calculated via:

Calculation of the BRI1 receptor density

The receptor density was calculated by multiplying Vapp with the apparent
concentration of BRI1-GFP (Capp, in the example 77 nM), which is calculated
using the calibration curve (Fig. 2A) and Avogadro’s constant (Na). In all cells
analysed it is assumed that the BRI1-GFP fluorescence is derived from both
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PM (Elgass et al., 2009). To correct for the fact that the imaged area consist of

two PM and vesicles in close proximity of the PM the number is divided by two

and multiplied by the fraction of BRI1 that is estimated to reside on the PM in

the selected ROI (100-BRI1cyto). For the epidermis cells in the elongation and
maturation zone it was assumed that the percentage BRI1-GFP in the cytoplasm is
similar to the amount of BRI1 in the cytoplasm in epidermis cells in the meristem.

-15 -9 23
R PM = Vapp e Cappe Na o(100— BRI _ 1.1¢10 077107 06.02210 «0.43
BRI1 2 Cyto 2
RBRII/PM =11 BRIl receptors

This calculation approach however, is only applicable to cells in the elongation and
maturation zone and for leaf epidermal cells, where the cytoplasm is completely
pressed against the PM due to the large vacuole. Therefore, all fluorescence
derived from the vesicles in close proximity of the PM was already taken along
in the ROl in the intensity measurements. For cells with a smaller vacuole (e.g.
epidermal cells in the root meristem) the area around the PM does not include
all BRI1-GFP molecules residing in intracellular membrane compartments. For
example, if | is 750 arbitrary units (a.u.), I, is 1850 a.u. The autofluorescence
in the PM area is already filtered out in the Image-Pro Plus analysis and the wild
type autofluorescence in the cytoplasm is 125 a.u. The contribution of BRI1-
GFP molecules that reside in intracellular located membrane vesicles to the
fluorescence intensity measured in the ROl was approximated via:

Calculation of the number of BRI1 receptors per cell

The number of receptor molecules per cell was determined by multiplying the
apparent concentration of BRI1-GFP at the PM (Capp) that was calculated using
the calibration curve with Na and the Vapp-cell of the PM. The Vapp-cell of the PM
is the volume of the PM as it is imaged. This value is calculated using the length (1),
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with (w), height (h) and the full width (FW) value of the Gaussian fit over the PM in
the radial direction.

(I+FW)e(w+FW)e(h+FW)—-(1-FW)e(w—-FW)e(h—FW))eCappe Na
RBRH/cell = 5

For example, the number of BRI1 receptors in an epidermis cell in the elongation
zone is calculated as follows.

Vapp -cell = (75+1.1) e (14.8+1.1) e (17 +1.1) = (75— 1.1) e (148 - 1.1) e (17— 1.1)

-9 23
R jeell = Y2PP-cell e77¢10™ " #6.022¢10

BRII 3 =130,000

For cells in the root meristem the number of BRI1 receptors per cell was
approximated by adding the number of receptors calculated in the cytoplasm to the
number of receptors at the PM.

Calculation of the apparent thickness of the PM

To verify that the analysed area consist mostly of PM derived signal, the apparent
thickness of the PM was calculated according to Elgass et al., 2009. Briefly, the
microscopes’ point spread function, which equals w (Z), is calculated using a Z0
of 68 nm and a Z resolution of 250 nm after which the convolution wcon could be
calculated. The apparent thickness of the PM was calculated using a value of 10
nm for real thickness of one PM and 100 nm for the cell wall (Elgass et al., 2009).
Since our measurements are performed at the anticlinal cell wall, we assume that
the PM is slandered with an angle of 60 degrees (Elgass et al., 2009).

Calculation of the microscope dimensions

o, = z = 250 =104nm

48



Supplemental Files

Calculation of the point spread function

172

2 L1
o) =0 |1+ 2 :1041+[@j =396.11nm
ol 7z, 68

Calculation of the convolution

® = |o. +o(Z) = \/10nm2 + 396nm2 =396.23nm
con ideal

Calculation apparent thickness

In which the factor 0.557 times A is added to correct for the angle of 60 degrees by
which the PM in the anticlinal cell wall can be slanted (Elgass et al., 2009).
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Supplemental File 2

Approximation of the number of cells per root

To estimate the number of BRI1 receptors per root using quantitative confocal
microscopy, the number of cells per root had to be determined. The number of
cells in the root meristem, elongation and maturation zone was calculated using
available literature (Supplemental Table S1 — S2) as well as data generated in this
work (Table 1). For the transition zone it was assumed that the number of cells

in the cross section was equal to the number of cells in a comparable section of
the elongation zone. The number of epidermal cells in the root meristem in the
longitudinal direction was calculated by dividing 2087 pym (n = 20), which is the
length of the root meristem by the average cell size (Table 2) of this zone. For the
cortex, endodermis, pericycle and vascular cells in the root meristem the same
approach is taken. The number of epidermal cells in the longitudinal direction of
the transition zone, the total length of the transition zone (320 um) and elongation
zone (330 um) are derived from literature (Verbelen et al., 2006) The transition
zone contains 17 epidermal cells from which the first 6 have the same cell size
after which they elongate to a length of 30 um. For all other cell types it was
assumed that the first 6 cells have the same cell size as in the root meristem. The
number cells in the transition zone was approximated by dividing the length of the
remaining part of the transition zone by the average length of the cell in this zone
(Formula S1). A similar approach has been taken to determine the number of cells
in the elongation and maturation zone (Formula S2 and S3). The length of the
maturation zone was determined by subtracting the length of the root meristem,
transition zone and elongation zone from 1.32 £ 0.05 cm (n = 30), being the
average root length of a 5 day old seedling in our growth system. For the pericycle
and vascular cells it was assumed that the cell length corresponds to the average
length of the endodermis and epidermis cells respectively. The total number of cells
in each zone (Supplemental Table S3) is obtained by multiplying the number of
cells in the longitudinal direction with the number of cells in the cross section (Ncs).
Based on these data, the total number of cells in a 5 d root was estimated to be
9300.
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Formula S1: Number of cells in the transition zone

total length transition zone — (6 o cell size root ti
N = g - - .( p) e Ncs
cell size transition zone

Formula S2: Number of cells in the elongation zone

Formula S3: Number of cells in the maturation zone

N = root length — (length root tip + length transition zone + length elongation zone) o Nes
cell size maturation zone
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Approximation of the amount of BRI1-GFP per root

In order to correlate the confocal microscopy data to the Western blot data the
amount of BRI1-GFP per root was estimated based on the confocal microscopy
measurements. To that end, the number of BRI1 receptors was calculated per cell
type for each zone of the root separately (Formula S4, Supplemental File S3). As
an example the calculations are shown for root meristem epidermal cells. Using the
fresh weight of the root, which is determined to be 0.18 + 0.04 mg per seedling the
total amount of BRI1-GFP per root in pmol g™ could be approximated (Formula S5).

Formula S4: Calculation of the number of BRI1-GFP receptors per cell file based

- - _ 7
RBRH/cell type = Ncells . [RBRII/cell] =49221700=1.1010" BRIl molecules
In which:
Rerivscel ype = Total number of BRI1 receptors per cell type per zone
N i = Number of cells of a certain cell type
Rerivcel = Number of BRI1 receptors in this cell type

Formula S5: Calculation of the number of BRI1-GFP receptors per root using the

microscopy data

2R 8
R ggy/oot _ 2 BRIeelltype | 1y qg12 __ 41107 [ 1 01012 Z38pmol g~ !
Na m 602301023 1801077
In which:
Roruro = CONCentration in pmol g BRI1-GFP per root
Na = Number of Avogadro
M = Weight in g of a 5 day old Arabidopsis root
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Supplemental File 3
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SUPPLEMENTAL FIGURES AND TABLES

Figure S1. Bleaching occurs during z-stack imaging. A) Root epidermal cells imaged at the height of
the QC before and after z-stacks. B) Fluorescence decrease due to z-stack imaging. The first image
(Q) was taken at the position of the QC, after which the z-slices were taken starting from 8.5 mm
above the original focal plane down again to the same QC position. The curve shows the decrease in
fluorescent intensity in each z-stack. The * at position Q indicates the fluorescence intensity recorded
for a group of root epidermal cells before z-stack imaging. The * after position 17 represents the
remaining intensity at position Q after z-stack imaging.
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Figure S2. Calibration of the LSM 510 confocal microscope. A) The average fluorescence intensity
increases linearly with increased laser power and detector gain. B). Similar results were obtained
for the amplifier gain and measurements. Measurements were only performed at the midpoint of the
linear range. C) The average fluorescence intensity does not increase linearly with opening of the
pinhole. Therefore the pinhole setting was not changed after recording the calibration curve for each
set of experiments. D) The percentage decrease in fluorescence intensity due to bleaching.
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Figure S3. Semi-quantitative Western blotting of BRI1-GFP line 2. A) An amount of 100, 50 and

25 ng total root protein extract of 5 day old seedlings expressing BRI1-GFP line 2 are probed with
anti-GFP antiserum. Free GFP split from the BRI1-GFP proteins, visualised by the band at 25 kDa, is
included in the amount of BRI1-GFP protein. Only scans for which the intensity fell within the linear
part of the calibration curve were used for estimating the concentration of BRI1-GFP. B) The average
concentration of BRI1-GFP line 2 is 5.8 4 0.6 pmol gram-1 root material C) Semi quantitative
Western comparing the BRI1-GFP amount in the meristem with the maturation zone. Equal amounts
of total protein are loaded.
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Figure S4. Receptor density determined in meristem epidermal cells of 5 day old BRI1-GFP line 1
seedlings using two different confocal microscope systems and 3 day old seedlings. The Confocor2/
LSM510 is at the Microspectroscopy Centre, Wageningen University and the LSM510-META is the
instrument used at the Wageningen Light Microscopy Centre. Data evaluation for each measured
receptor density was done using a one-way ANOVA using Bonferroni test (a0 = 0.05), a indicates no
difference in receptor density measured at different the confocal microscope systems and between 5
day old and 3 day old seedlings.
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Figure S5. Relative amounts of fluorescence intensities compared to gene expression data. The gene
expression data was derived from Birnbaum et al. (2003) and Nawy et al. (2005). All values were
compared towards the lateral root cap cells. Measurements were performed on root meristem cells
expressing BRI1-GFP (A), SERK1-YFP (B) and SERK3-GFP (C).
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Figure S6. BRII overexpression in Arabidopsis roots. A) A reduction of the root length in BRI1-GFP
line 1 and BRI1-GFP line 2 is observed. B) The number of epidermal cells in the meristem is reduced
after stimulation with BL in wild type lines as well as in BRI1-GFP line 1 and BRI1-GFP line 2.
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Figure S7. Confirmation of the concentration of the GFP stock. Coomassie staining after SDS-PAGE
of GFP used to compare the band intensities of the GFP stock solution with 0.75-9 pg BSA.
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Figure S8. Cell size measurements in 5 day seedling roots. A) Images obtained using the Nomaski
light microscope, used for measuring the length of the epidermis cells in the maturation zone. B)
Number of cells and total length in the meristem, the white arrowhead indicates the end of the
meristem and beginning of the transition zone. (C-E) FM464 stained roots visualised using the
confocal microscope. Images were taken in the maturation zone (C), elongation zone (D) and root
meristem (E).
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Table S1. Number of cells in the cross section of a 5 day old Arabidopsis seedling

Table S2. Number of cells in the longitudinal section in roots of 5 day old
Arabidopsis seedlings
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Table S3. Number of cells per root
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ABSTRACT

Brassinosteroid signalling is essential for plant growth and development. In
Arabidopsis, brassinosteroids (BRs) are perceived by the BRI1 receptor. Root
growth and hypocotyl elongation are convenient downstream physiological outputs
of BR signalling. A computational approach was employed to predict root growth
solely on the basis of BRI1 receptor activity. The developed mathematical model
predicts that during normal root growth, few receptors are occupied with ligand.
The model faithfully predicts root growth as observed in bril loss-of-function
mutants. For roots it incorporates a stimulatory and two inhibitory modules, while
for hypocotyls a single inhibitory module is sufficient. Root growth as observed
when BRI1 is overexpressed can only be predicted assuming a decrease occurred
in the BRI1 half maximum response values. Root growth appears highly sensitive
to variation in BR concentration and much less to reduction in BRI1 receptor level,
suggesting that regulation occurs primarily by ligand availability and biochemical
activity.
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INTRODUCTION

Brassinosteroids (BRs) play a key role in plant growth and development. In
Arabidopsis BRs are perceived by the plasma membrane located receptor kinase
brassinosteroid insensitive 1 (BRI1). Detailed models (He et al., 2000; Wang et
al., 2006; Jaillais et al., 2011; Ye et al., 2011) of BR signalling describe the binding
of BR to the extracellular leucine-rich repeat (LRR) domain of BRI1 followed by
activation of the receptor through autophosphorylation (Wang and Chory, 2006).
Subsequently, BRI1 phosphorylates BRI1-kinase inhibitor 1 (BKI1) resulting in

the release of BKI1 from the intracellular BRI1 kinase domain (Jaillais et al.,
2011). BKI1 restricts association between BRI1 and another LRR-receptor like
kinase (LRR-RLK), the BRI1-associated kinase 1 (BAK1) (Li et al., 2002; Nam
and Li, 2002). The release of BKI1 from the kinase domain of BRI1 enables
transphosphorylation between BRI1 and BAK1 (Wang et al., 2008) initiating

a phosphorylation and dephosphorylation cascade mediated by cytoplasmic

BR signalling kinases (BSKs) (Kim et al., 2009). This cascade results in the
transcriptional regulation of BR-responsive genes (Sun et al., 2010; Wu et al.,
2011; Yu et al., 2011) mediated by the BZR1 and BES1/BZR2 transcriptional
regulators (Wang et al., 2002; Yin et al., 2002). The protein phosphatase 2A
(PP2A) regulates at least two different steps in the BRI1 signalling pathway,
dephosphorylation and degradation of BRI1 after activation (Wu et al., 2011) and
dephosphorylation of BKI1 thereby promoting its translocation to the nucleus
(Tang et al., 2011). Thus, both negative (BKI1, PP2A) and positive (BAK1 and
BSK) regulators exist in the pathway (Supplemental Fig.S1). Disruption of BR
signalling results in complex phenotypes such as extreme dwarfed stature,
impaired photomorphogenesis, fertility defects and impaired root growth (Clouse,
1996; Wang et al., 2001). BRs stimulate root growth at low ligand concentrations
and are strongly inhibitory at high ligand concentrations (Mussig et al., 2003).
Overexpression of BRI1, a reduction of BRI1 activity by mutation, or exogenously
applied ligands all result in an arrest in cell cycle progression in the root meristem
(Gonzalez-Garcia et al., 2011). Hence, BRI1 mediated brassinosteroid signalling
may not only affect root growth by promoting cell elongation (Szekeres et al., 1996;
Mussig et al., 2003) but also by affecting cell division. In Arabidopsis roots, the
meristem and elongation zone are very sensitive to changes in BR concentration,
with the epidermis playing a major role in translating the BR signal into a root
growth response (Hacham et al., 2011). Remarkably, BRI1 receptor density in wild
type roots remains almost constant in the meristematic region (Chapter 2). To help
understand the complex cellular responses to BRI1-mediated BR signalling, a
mathematical model is beneficial. Modelling was previously employed to describe
radial patterning of the vascular bundles in shoots, which is controlled by polar
auxin transport and BR signalling (Ibafies et al., 2009; Fabregas et al., 2010) and
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to help understand the role of the BREVIS RADIX (BRX) gene in BR and auxin
signalling (Sankar et al., 2011).

The aim of this work is to develop a mathematical model to link BRI1 receptor
activity directly to a downstream physiological response. Therefore, wild type
Arabidopsis root growth was used based on its reproducible and quantifiable
response to BR signalling activity. Sufficient biochemical parameters such as

the BRI1 dissociation constant (Wang et al., 2001) and the BRI1 concentration
(Chapter 2) are now available for this purpose. The developed model includes one
stimulatory and two inhibitory modules. For validation, roots were used in which
BRI1 receptor activity was either increased by expressing an extra BRI1 copy or
decreased by using strong and weak bril mutant alleles. Computer-generated
model simulations show that the growth behaviour of the bril mutant roots can
be faithfully predicted in terms of BRI1 receptor occupancy level. Interestingly a
model structure with only one inhibitory response faithfully predicts the hypocotyl
elongation response, previously reported to primarily rely on cell elongation
(Gendreau et al., 1997). We conclude that mathematical modelling of the BRI1
plant signalling pathway helps to explain complex physiological responses in both
roots and hypocotyls.
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RESULTS

BRI1 receptor occupancy

Receptor occupancy is a widely used estimated parameter to describe signalling
activity (Brent, 2009). To accurately predict BRI1 occupancy at physiological ligand
concentrations, a good estimate of BRI1 receptor and BR ligand concentration is
required. BRI1 is capable of binding the most active BR, 24-epibrassinolide (BL)
but also 22-homobrassinolide (HBL) and the bioactive precursor castasterone
(Wang et al., 2001), the latter two being approximately five-fold less active. The
endogenous level of castasterone is about 0.03-0.05 ng g' FW or 0.06-0.1 nM
assuming an equal distribution throughout the inside and outside of the cells.

In roots, only trace amounts of BL and HBL are detected (Bancos et al., 2002;
Shimada et al., 2003). It is not known where the natural pool of BRs exist; if this

is exclusively outside of the cells, it is reasonable to assume that physiological
levels can be about ten-fold higher i.e. up to approximately 1 nM. To accurately
predict BRI1 receptor occupancy at physiological ligand concentration, all root
growth experiments described here were performed using seedlings pre-cultured
in the presence of brassinazole (BRZ), a potent inhibitor of BR biosynthesis
(Asami et al., 2000). To ensure that the stimulatory and inhibitory effects of BRs
on root growth entirely depend on the exogenous supply of ligand, BRZ remained
present in the medium throughout the experiments. With this experimental setup
we were able to monitor a clear stimulatory effect of exogenously applied BL

on root growth with concentrations up to 1 nM (Fig. 1A). For comparison, the
stimulatory effect of BL is hardly visible when wild type roots are treated without the
presence of BRZ (Supplemental Fig. S2), confirming previous reports (Mussig et
al., 2003; Gonzalez-Garcia et al., 2011). To estimate BRI1 occupancy under these
physiological ligand concentrations, several assumptions had to be made based
on literature. First, the highest affinity ligand is BL (Wang et al., 2001). Therefore,
the model only considers BL binding to BRI1. Second, BL is bound at the island
domain of BRI1 (He et al., 2000) in a ratio of one molecule to one monomer
(Hothorn et al., 2011; She et al., 2011). Presently it is not clear whether monomers,
homodimers or heterodimers (Russinova et al., 2004) represent the active state.
The third assumption is that the affinity of BRI1 for BL does not change between
monomeric, homodimeric or heterodimeric state. For the BL dissociation constant,
values ranging between 7.4-15 nM (Wang et al., 2001) and 55 nM (Cafio-Delgado
et al., 2004) have been reported, so simulations were done at a comparable range
of values. Fourth, the BRI1 receptor concentration is estimated at 62 £ 4 nM in
wild type seedling roots (Chapter 2). The fifth assumption is that BRI1 receptor
concentration remains constant during receptor activation and as long as required
to record a downstream physiological effect (Geldner et al., 2007).
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With these assumptions, the concentration of ligand occupied BRI1 receptors can
be described as a steady state equilibrium between free receptor and free ligand.

[BRI1 BL] =w 0
d

In accordance with the first three assumptions this equilibrium is subject to the
mass balance:

[BRI1 BL] + [BRIfge] = [BRI%0t]

[BRI1 BL]+[BL, ]=[BL (2)
free] = [Bltot ]

By combining equation 1 and 2, and the condition that without ligand there is no
signalling, the number of BRI1 molecules occupied by ligand can be calculated
analytically as:

K + [BRItot ]+ [BLtot] - \/(Kd + [BRIiot]+ [BLtot])? — 4 » [BRIttot] * [BLiot] 3
2

[BRI1 BL] =

Here, [BRI1 BL] is the amount of BRI1 receptor occupied by ligand, Kd the
dissociation constant, [BRI1, ] the total amount of BRI1, and [BL ] the total amount
of BL. To calculate the BRI1 receptor occupancy, a concentration of 1 nM and 10
nM BL was used in the calculations, in line with the root growth stimulatory and
inhibitory modes (Fig. 1A). From equation 3 it follows that ligand occupancy of the
BRI1 receptor at physiological, stimulatory BL concentration is less than 1% and at
full inhibitory mode not more than 15% (Supplemental Fig. S3).

Relationship between BRI1 receptor occupancy and root growth

A model was developed to describe root growth in terms of ligand-dependent
receptor occupancy. The model structure with the best predictive power has one
stimulatory module and two inhibitory modules (Equation 4). Which biological
entities represent the inhibitory modules is presently not clear. As discussed in the
previous section, the receptor-ligand concentration is considered constant over
time, as are the half maximum response values in the pathway. However, BRI1
dependent and independent root growth are unknown functions of time. This gives
the following root growth model:

dR(BRIMot.BLiot.Y) o ¢, Smax(D*[BRITBL] ko k3 )
dt i kq+[BRIBL] k2 +[BRIBL] k3 +[BRI1BL]
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Figure 1. BRI receptor occupancy is linked to root growth. A) Visualisation of root promoting and
inhibitory effect of BL on root growth at 4, 6 and 8 days after germination (DAG). The medium

was supplemented with 1 uM BRZ, after which increasing amounts of BL were added. Error bars
represent = SEM, n > 30 roots per data point, measured in three independent replicates. The model is
able to fit the predicted root length with the experimental dataset. B) Model predictions of Emax and
R(0,0,t) at 4, 6 and 8 DAG. The model was fit to the measured root length of seedlings at 4, 6 and 8
DAG.

Here r(0,0,t) is the root growth at time t in the absence of BRI1 mediated signalling,
€, () the maximum possible root growth when no inhibitory mechanisms are

present, and k ,k, and k, are the half maximum response values (k values).
Integrating equation 4 over time gives the root length at time t:

R(BRIot,BLiot, ) =R(0,0,)+ cmax()e[BRIMBL] k3 ks (%)
k1 +[BRIBL] kg +[BRI1BL] k3 + [BRI1BL]

with:

t t

Emax(®) = [emax ()dz,  R(0,0,t)= [r(0,07)dz, (6)
0 0

in which 7 is the integration variable representing the time over which is

integrated, going from 0 to t. The model structure in equation 5 can be fitted

precisely to the biological data (Fig. 1A). E__ (t) and R(0,0,t) are regarded as free

parameters that are changed over time (Fig. 1B). According to the Akaike (AIC)

and Bayesian (BIC) information criteria (Klipp et al., 2009) several model structures

explain the data equally well. To select the best model, the predictive power with

respect to the bri-116 null mutant was also taken into account. Of all tested model

structures there was only one with a better prediction, however with higher AIC

and BIC scores (Supplemental File S1, Table S1, Fig. S4, S5 and S6). Models

with only one module, or with a single inhibitory module had significantly higher
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AIC and BIC scores, clearly indicating a minimal necessary model complexity (See
Supplemental File S1 and Table S1).

Plants treated with BRZ display similar phenotypes as deetiolated 2 (det2) mutants
(Nagata et al., 2000). The det2 mutant has been reported to contain less than 10%
of the wild type levels of BRs (Fujioka et al., 1997). Therefore, the model assumes
that there is still a small amount of endogenous BRs (0.1 nM in the extracellular
compartment) present despite the BRZ treatment. However, the stimulatory effect
of BL on root length is only observed in roots depleted from endogenous BL using
BRZ. The model can explain this observation by fitting the root length of seedlings
treated with BL only. Assuming a physiological BL level of 1 nM only the inhibitory
effect of BL on root growth is observed (Supplemental Fig. S7).

The model parameters RL(0,0,t), Emax (t) at discrete t, as well as k,,k, and k, were
calibrated with the actual measured root lengths in wild type plants after treatment
with BL in increasing amounts. Roots of different ages do not have the same
sensitivity to brassinosteroids. Therefore, calibration was done on root lengths

of wild type seedlings at 4, 6 and 8 days after germination (DAG). For this, a
controlled random search (CRS) parameter fitting procedure was conducted (Price
et al., 1976), that found the same minima as a hybrid algorithm consisting of two
runs of the MATLAB Genetic Algorithm, a global search algorithm, followed by the
MATLAB gradient based search algorithm Isgnonlin (Supplemental File 2, Table
S2).

Model validation reveals new insights into BRI1 mediated root growth

bril mutant roots typically exhibit enhanced resistance towards BL. For modelling
purposes this is considered as a reduced concentration of active BRI1. It

was therefore of interest to validate our model by varying the BRI1 receptor
concentration. The model was first calibrated based on the wild type root length
assays, after which the BRI1 receptor concentration was theoretically reduced
stepwise to 0 (Fig. 2A). The model predicts that a two-fold reduction will not have
a severe effect on root growth, neither at BL concentrations below 1 nM nor at
high BL concentration. This is obviously in line with the recessive nature of bril
loss-of-function alleles, corroborated here by the experimental evidence showing
no difference between wild type seedlings and a segregating population of the
bri1-116 mutant (Fig. 2B). Similar results were obtained for the bri1-201 mutant
(Supplemental Fig. S8). Further theoretical reduction in receptor concentration to 0
nM BRI1 yields roots that are predicted to become completely insensitive towards
BL (Fig. 2A). The model also predicts that the root length at 0 nM BRI1 will be
about 20% of wild type (Fig. 2A), which is exactly what is observed for real bri1-116
roots (Fig. 2B).
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Figure 2. Experimental validation of the mathematical model. A) Model predictions of the root
length when only the BRI1 receptor concentration and ligand concentrations are altered. At 62 nM,
the model predicts the wild type (Col-0) root length, 31 nM represents the heterozygous bril-116
line and the 2 and 0 nM represent respectively the bri1l-301 and the homozygous bril-116 lines. B).
Experimental verification of the model predictions using wild type, bril-116 heterozygotes, bril-116
homozygotes and bril-301 homozygotes. Error bars represent + SEM, n > 30 roots per data point,
measured in three independent replicates.

Interestingly, the model predicts that at an active BRI1 receptor level of about 1-3%
of wild type, there is a more severe effect on the inhibition of root growth when
compared to the stimulation of root growth. Although it requires much more ligand
to obtain the stimulatory effect, eventually such roots will exhibit the same growth
as wild type while at high ligand concentrations they exhibit insensitivity (Fig. 2A).
This pattern is experimentally demonstrated using the weak bri1-301 mutant. bril-
301 harbours a two-nucleotide change (GG-AT) resulting in a Gly989lle conversion
that causes reduced sensitivity towards BL (Xu et al., 2008). When bril-301 is
exposed to BL in the presence of BRZ there is a stimulatory effect on root growth
(Fig. 2B), while roots are insensitive to BL at higher BL concentrations. Assuming a
30-fold decrease in activity of the BRI1 receptor in bri1-301, the model output (Fig.
2A) agrees well with the experimental data (Fig. 2B). Similar results were obtained
when the root length of seedlings at 4 and 8 DAG was predicted (Supplemental
Fig. S9). A striking observation is that below 3 nM BL, wild type root growth is
highly sensitive to variation in BL concentration but not very sensitive to moderate
reduction in the amount of BRI1 receptor. This suggests that under physiological
conditions BR signalling activity depends on ligand availability rather than on
receptor density.

As a final validation of the model, the response of the roots towards the less
potent ligand HBL was simulated by decreasing the Kd between BRI1 and BL. The
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resulting predictions indicate that the slope of the root growth curves and the ligand
concentration at which maximum root growth is observed are altered, the eventual
root lengths are the same for both BL and HBL (Supplemental Fig. S10 A and B).
The model predictions were experimentally corroborated using HBL (Supplemental
Fig. S10 C and D).

Figure 3. The BRI1-GFP lines are more sensitive to BL. A) Model prediction for the behaviour of

a BRI1-GFP line. B) Root length assay of BRI1-GFP line 1 and 2 containing respectively 2 and 3
times more BRII. The effect of the additional BRII copy is more severe than what the model predicts.
All points in the graph are shown + SEM, n > 30 roots per data point measured in three independent
replicates. C) The model is able to fit the results of the BRI1- GFP lines. All parameters were fit to the
BRI1-GFP lines and wild type (Col-0) lines separately. The BRI1 concentrations used for modelling
are 62 nM for wild type, 120 nM for BRI1-GFP line 1 and 200 nM for BRI1-GFP line 2. D) The
behaviour of BRI1-GFP lines can only be modelled when k1, k2, and k3 are altered when compared
to the wild type lines. The following values for k1, k2, and k3 were used for modelling: 2 nM for wild
type, 0.5 nM BRI1-GFP line 1, 0.2 nM BRII-GFP line 2, and 15 nM for bril-301. The maximum root
length Emax, and the minimum root length R(0) were respectively 12 and 0.35 cm.
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BRI1 kinetics is altered in BRI1-GFP lines

According to the model prediction, an increase of BRI1 receptor should only have a
minor effect on root growth (Fig. 3A). To verify this, commonly used BRI1-GFP lines
in wild type were used. Surprisingly, actual root growth of BRI1-GFP line 1 and 2

is already inhibited at 0.4 nM and 0.1 nM BL respectively (Fig. 3B). These lines
have about two times (120 nM) and three times (200 nM) more BRI1 receptor when
compared to wild type line (Chapter 2). In particular for BRI1-GFP line 2, hardly
any stimulatory effect is seen while even in the presence of BRZ the roots indeed
grow faster than wild type (Geldner et al., 2007). Alternative model structures
(Supplemental File S2) were not able to explain the enhanced BL sensitivity
observed in the BRI1-GFP lines. These results suggest that there may be an
additional component in the pathway not detected in wild type seedling roots. Most
likely, upon introduction of another copy of the BRI1 receptor, a normally present
rate-limiting component is out-titrated, making these roots almost constitutively
sensitive to the ligand. In the model, this would result in a reduction of the k values.
To test this hypothesis, we ran the model (Equation 5) now calibrating the system
to the BRI1-GFP lines instead of wild type. A good fit was obtained between the
model and the actual data set (Fig. 3C). However, this is only obtained when k
values are decreased by at least a factor of 4 (Fig. 3D). Therefore, our model
unexpectedly reveals that BR signalling in the BRI1-GFP lines is altered in a way
that cannot simply be explained at the level of initial ligand-receptor interaction
(Supplemental File S3; Fig. S11). Interestingly, an increase in the k values to 15
nM results in a similar trend as observed in the bri1-301 line (Fig 2B, Fig. 3D).

This suggests that the 30-fold reduction of receptor activity predicted for the bril-
301 line (Fig. 2A and B) could also be due to a failure to interact with a positive
regulator. In modelling terms this is the same as a reduction in the total number of
functional BRI1 receptors.

Modelling of hypocotyl elongation

To determine if the developed model is generally applicable to other BRI1-related
developmental processes, hypocotyl elongation was used as an alternative
physiological read-out. In the presence of BRZ, a clear stimulatory effect of BL on
hypocotyl elongation can be observed while inhibition of hypocotyl elongation is
observed at 1 yM BL (Fig. 4A, Supplemental Fig. S12). Different model structures
(Supplemental File S2, Table S3, Fig. S13) were evaluated using the same criteria
as described for model comparison for the root growth.

Strikingly, only one inhibitory module was sufficient to explain the experimental
data, in contrast with the root where two are required. The following model
structure was selected, based on a low AIC and BIC score, as well as a good
prediction with respect to the bri-116 null mutant:
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Emax () *[BRI1BL] ko

H(BRIot,BLtot, ) = H(0,0,t .
(BRMtot Bltot, ) =H(0.0.0+ = "~ TBRMBL]  kp +[BRIBL] Ko

Here H(0,0,t) is the measured hypocotyl length at time t in the absence of BRI1
mediated signalling E__ (t) the maximum possible hypocotyl length when no
inhibitory mechanisms are present, k, ,k, and k, are the k values. Similar to the
root, the model parameters H(0,0,t), E__ (1), k .k, and k, were calibrated to the
measured hypocotyl lengths in wild type plants, under variation of the BL level. The
model was validated using homozygous bril-116 and bri1-301 mutants (Fig. 4B).
The BL concentration to which hypocotyls respond is about 10-fold higher when
compared to roots. This is in agreement with previous observations showing that
the endogenous BR concentration is higher in shoots (Shimada et al., 2003) and
requires more exogenous BL (Gou et al., 2012). This implies that in hypocotyls
BRI1 receptor occupancy is much higher or the Kd of BRI1 is much lower when
compared to the root. A good prediction of the hypocotyl length was only obtained
when the Kd was increased from 7.4 nM to almost 1 uM (Fig. 4B, Supplemental
Fig. S12) while a comparable BRI1 receptor density was found in leaf epidermal
cells (Chapter 2). Thus, BRI1 has a much lower affinity for BL in the hypocotyl or
accessibility to exogenous BL is impaired.

Figure 4. BRI receptor occupancy linked to hypocotyl elongation. A) Hypocotyl lengths at different
BL concentrations when 1 pM BRZ is added to the medium. Seedlings were grown for 5 days in the
dark after which the hypocotyl length was measured. All points in the graph are shown + SEM, n >
15 hypocotyls per data point measured in three independent replicates. B) A good fit and prediction
of the model described in equation 7 was possible when assuming a Kd between 750 and 3000 nM, a
total BRI1 concentration of 62 nM for wild type (Col-0) and 0 nM for bril-116.Whereas in bril-301
roots a 30-fold reduction in BRI activity was predicted, bril-301 hypocotyls required only a 6-fold
reduction. The graphs show a fit at a Kd value of 7.4 and 1500 nM respectively.
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DISCUSSION

This work describes a mathematical approach in which BRI1 receptor activity,
expressed as receptor occupancy, is used to model root growth and hypocotyl
elongation in Arabidopsis. The model parameters employed were tuned on wild
type root growth and required a stimulatory and two inhibitory modules. The in
silico root growth predictions of bril mutants fitted well with the experimental data.
A good prediction of bril mutant hypocotyl elongation required a stimulatory and
only a single inhibitory module besides an approximately hundred-fold higher BRI1
dissociation constant. Impaired as well as enhanced BRI1 signalling results in
shorter roots and reduced hypocotyl elongation. For roots, it was recently proposed
that this effect is due to a decrease in meristem size via control of cell cycle
progression as well as a reduction in elongation (Gonzalez-Garcia et al., 2011).
This hypothesis is in line with our observation that the best fit and prediction of root
growth is obtained when incorporating one stimulatory module and two inhibitory
modules. It is attractive to propose that these two inhibitory modules reflect cell
expansion and cell division, but no evidence is presently available to support this
idea. Hypocotyl elongation is thought to be affected only through cell expansion .

It is therefore of interest to note that the use of a single inhibitory module gave the
best fit between BRI1-mediated BR signalling and hypocotyl elongation. Clearly,
our model is applicable to BR-controlled responses in general.

In Arabidopsis, there are various mathematical models that describe plant
architecture in terms of auxin signalling. These models are used to study the

effect of polarised auxin transport resulting in local auxin maxima to evaluate root
growth or auxin mediated signalling on the shoot apex (Grieneisen et al., 2007,
Laskowski et al., 2008; Vernoux et al., 2011). Kinetic models of auxin mediated
signal transduction have resulted in the identification of genes involved in auxin/
ethylene/cytokinin crosstalk and the effect of auxin/ cytokinin cross talk in cell fate
determination (Liu et al., 2010; Muraro et al., 2011). In case of brassinosteroid
signalling, mathematical modelling is applied to evaluate auxin/ brassinosteroid
cross talk (Ibafies et al., 2009; Sankar et al., 2011). Boolean logics have been used
to analyse auxin and brassinosteroid gene networks, which led to new insights in
the role of the BREVIX RADIX (BRX) gene in BR and auxin signalling (Sankar et
al., 2011). In shoots radial patterning of vascular bundles is controlled by auxin
polar transport and BR signalling. Ibafiez et al (2009) used mathematical modelling
combined with quantitative biological data. Their model uses the appearance of
DR5::GUS expression as readout for auxin maxima whereas detailed studies of
the vascular bundle patterning on various auxin transporter and bril mutants was
used to evaluate the effect on radial patterning. However, to our knowledge none of
the modelling studies in Arabidopsis so far completed have employed biochemical
activity of a key component as starting point. Therefore, the mathematical
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description of BRI1-mediated BR signalling in root growth as described here
represents a novel approach in plant modelling.

At physiological concentration, ligand availability rather than receptor concentration
apparently determines BRI1-mediated BR signalling activity in roots. In addition,
less than 1% of the total number of BRI1 receptors is occupied by ligand under
these conditions. This does not appear to be unusual, as it is reported for many
animal systems as well. Epidermal growth factor (EGF) binding to its receptor
(EGFR) triggers a full cellular response when less than 1% of the receptors is
occupied (Wiley et al., 1989; Uyemura et al., 2005; Teramura et al., 2006). In
EGFR mediated signalling, ligand-independent signal propagation is important
(Verveer et al., 2000) and thought to be occurring at increased receptor density
(Sawano et al., 2002). Clustering of receptors is important in autocrine signalling
(DeWitt et al., 2001), while the ratio between high and low affinity EGF receptors
in the plasma membrane also assumes a large number of non-ligand binding
receptors (Kuszynski et al., 1993). It has been proposed that EGFR affinity for
EGF is reduced due to negative cooperatively (Macdonald and Pike, 2008;
Alvarado et al., 2010) , resulting in more single occupied homodimers at low ligand
concentration, and double occupied homodimers at high ligand concentration
(Macdonald et al., 2008). EGFR is capable of regulating distinct biological
processes, depending on the ligand and its concentration (Krall et al., 2011). In this
model, the presence of a large number of unoccupied receptors could function as
a mechanism to differentiate between downstream pathways served in the hour-
glass model of EGF (Citri and Yarden, 2006; Warren and Landgraf, 2006). In the
case of BR signalling in Arabidopsis root cells, it is not clear whether unoccupied
BRI1 receptors contribute to a physiological response. It was therefore of interest
to find that the switch between activation and inhibition of root growth depends
on the BRI1 occupancy level. This implies that, like EGFR, BRI1 might function
as a core regulator capable of activating multiple target proteins resulting in the
activation of different genes dependent on the activated target.

Endocrine signalling pathways in animals often employ receptor availability in
target cells as a means to regulate responses. Given our previous observation
that BRI1 receptor density is kept constant throughout the root meristem (Chapter
2), it is unlikely that differential receptor density is an important mechanism in BR
signalling. Our modelling suggests that at least a 10-30 fold reduction in BRI1
concentration is required to markedly change the BR signalling output. Taken
together, ligand availability appears to be a more restrictive factor. In this respect
it is of interest to note that brassinosteroids appear to be largely immobile. This

is based on the observation that cell type specific expression in epidermal cells
of BR synthesis can rescue the stature phenotype, while expression in vascular
cells does not (Savaldi-Goldstein et al., 2007). A similar scenario was developed
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for the root meristem, where again the importance of the epidermis was noted as
an important source of BR signalling activity (Hacham et al., 2011). Because all of
the cells in shoots and in roots have BRI1 receptors, it was suggested that other
diffusible BR pathway related signals exist (Savaldi-Goldstein et al., 2007).
Unexpectedly, simulation experiments revealed that the properties of BR signalling
are altered in commonly used BRI1-GFP reporter lines. The extra copy of the BRI1
gene results in a higher ligand sensitivity of the roots than predicted. To explain
this, we propose that a negative regulator is out-titrated rendering the roots almost
constitutively sensitive to BRs. Alternatively, the GFP tag on the C-terminal end

of BRI1 may interfere with the interaction with downstream targets, similar to

what has been demonstrated for BAK1 (SERK3), one of the BRI1 co-receptors
(Ntoukakis et al., 2011). In modelling terms both mechanisms would result in a
change in half maximum response values. Interestingly, this is corroborated by
the mathematical model that demonstrates that these values are indeed altered

in the BRI1-GFP reporter lines. The bril-301 mutant has a reduced sensitivity
towards BRs (Xu et al., 2008), and is unable to transphosphorylate BAK1 (Kang
et al., 2010). This indicates that the bri1-301 protein is hampered in its interaction
with a positive regulator of the BRI1 signalling pathway, as predicted by our model.
Recently, it has been reported that the early events in BRI1 signalling almost
completely depend on the activity of the SERK co-receptor family (Gou et al.,
2012). The model of BRI1 mediated BR signalling presented here is a starting point
for more extended mathematical models to fit existing and new components of the
BRI1 signalling pathway in a precise cellular context.
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EXPERIMENTAL PRODCEDURES

Plant lines and growth conditions

Arabidopsis thaliana plants (ecotype Columbia (Col-0)) were used in all growth
assays for calibrating the mathematical model. The bril null mutants bril-116 (Li
and Chory, 1997) and bri1-201 (Bouquin et al., 2001), the weak allele bri1-301

(Xu et al., 2008) and two transgenic BRI1-GFP lines (Friedrichsen et al., 2000;
Geldner et al., 2007) were used to verify the mathematical model. For more details
on the plant lines used and genotyping information see Supplemental File S4.
Freshly harvested seeds were surface-sterilised for 10 minutes in 10% (v/v) bleach
in ethanol after which the seeds were washed 3 times with ethanol and dried
before plating. The seedlings were grown vertically under fluorescent light with
16-h-light/8-h-dark photoperiods on half strength Murashige and Skoog medium
(Duchefa, Haarlem, the Netherlands) supplemented with 1% Sucrose (Sigma-
Aldrich chemie, Steinheim, Germany), 0,1% MES (Sigma-Aldrich) and 0,8% agar.
To equalise germination, the plates were kept in the dark at 4°C for two days before
they were placed into the light. For the root growth assays the germinating medium
was supplemented with 1 yM or 5 yM BRZ (ICT) and various concentrations of
24-BL (Sigma-Aldrich) or HBL (Sigma-Aldrich). For wild type lines, no significant
difference between 1 yM and 5 yM BRZ was observed (Supplemental Fig.11).

For the hypocotyl assays, the germinating medium was supplemented with 1 yM
BRZ and supplemented with various concentrations of BL. Hypocotyl lengths were
measured after 5 days growth in the dark. For all assays, at least 3 independent
replicates were performed measuring 5-10 roots or hypocotyls per assay (n = 15
roots or hypocotyls in total). All values are shown + the standard error of mean
(SEM), error bars indicate SEM.

Software and modelling

The model was programmed in MATLAB, version 7.8 (MathWorks). The model
parameters RL(0,0,t), E__ (1), k;,k, and k, were calibrated on wild type root length
of seedlings at 4, 6 and 8 DAG under varying BL concentrations. E__ and R(0,0,t)
are two functions of time. Per time point t they are regarded as free parameters.
More details on the parameter estimation method can be found in Supplemental
file S1. AKd value of 7.4 nM (Wang et al., 2001) was used for all modelling
experiments. To obtain an optimal fit between the mathematical model and the
biological data set several models were explored. More details about the different
models tested and the criteria for model selection can be found in Supplemental
File S1 and S2. Estimates of endogenous BRI1 and BL levels are discussed in
Supplemental File S4.
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SUPPLEMENTAL FILES
Supplemental file 1

Model structures

The model part that describes the relation between receptor activity and growth is
largely phenomenological. In order to see what complexity is needed to describe
this pathway, the following model structures were compared with respect to model
complexity, data fit and predictive power:
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Here R (0,0,1) is the root length at time point t without BR signalling, E__ (t) is

the maximum root length at time point t, [BRI1 BL] is the concentration of BRI1
occupied by ligand and k ,k, k, k, k; and k, are the half maximum response values.
For all models it was assumed that there is still a small amount (0.1 nM of total
BRs, simplified to BL only) present in the roots after addition of BRZ.
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The different model structures were compared using the Akaike information
criterion (AIC) and the Bayesian information criterion (BIC).

AIC = $(0)+2p+2P(P+D (S1)
n-p-1
BIC = S(8)+ plog(n) (S2)

These two error criteria are based on the weighted residual sum of squares S(&)
obtained from the parameter estimation (Supplemental File S2), the total number
of parameters to be estimated (p) and the number of data points (n). The main
difference between the AIC and BIC criterion is that the BIC penalises the number
of free parameters p more (Klipp et al., 2009).

In the roots, models with only one module (models 5 and 6), or with less than

two inhibitory modules (models 3, 4 and 11) have a significantly higher AIC

and BIC scores, as well as a higher fitting error, clearly indicating a minimal
necessary model complexity (Supplemental Table S1). Incorporation of at least
one stimulatory module and two inhibitory modules is optimal for modelling the
effect of BL on root growth. Incorporation of more than 2 stimulatory or more than
2 inhibitory modules (models 7, 8 and 9) can give similar AIC and BIC numbers as
models 1 and 2. To make a well-founded model selection, the predictive power with
respect to the bri-116 null mutant was also taken into account. From the models 1,
2, 7,8 and 9, model 1 gives the best prediction and was therefore selected.

In the hypocotyl, only one inhibitory module is required for a good fit (Supplemental
Table S3). Models with one module in total still have significantly higher AIC and
BIC scores. Similar to the situation in roots, the predictive power was taken into
account for model selection. The differences between the models are smaller than
for the models tested for the root data. However, since model 4 has the second
lowest AIC score and the best prediction, this model was selected.
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Supplemental File 2

Parameter estimation

The unknown parameters R (0,0,t), E__ (t), and the k values are estimated using

a controlled random search algorithm (CRS; Price et al., 1976) and a hybrid
algorithm consisting of two runs of the MATLAB global search algorithm called
Genetic Algorithm, followed by the MATLAB gradient based search algorithm
Isgnonlin. Both algorithms yielded similar parameter estimates (Table S2). Here the
object function and the CRS method are discussed.

The maximum likelihood estimate in equation [4] is obtained by minimising the
object function:

R(BRI o1 , BLoy (),1.0) — R; (S3)

gj

SO =2
i

where i is the index over the BL concentrations, R(BRI1,, BL_(i),t,@) the
predicted root lengths at time t for concentrations , BL, (i) based on the initial
parameter vector &, Ri the measured root lengths, and o the standard deviation
of assumed normally distributed noise on the data points. The main idea behind
this algorithm is that, starting with an initial collection of parameter vectors, CRS
repeatedly draws a new parameter vector that replaces a vector in the collection if
its corresponding data fit is better. The CRS method starts by taking a random set
of Ny, parameter vectors inside a search domain D and continues by computing
the corresponding values of the object function. The bounds of D represent the a
priori limits for the parameters. From this list of n_ vectors, a new vector is chosen
using the rule

Onew = 20rand — Orand (S4)
where 6, is a random vector from the list, and Grand is the average of a random
subset of p vectors in the list. To ensure that the new vectors are selected with
equal preference over the logarithmic space, [S4] is modified element wise to

S(0new) < max(S(6)) (S4)

If S(0y0w) <max(S(0)), and bhew € D, the parameter vector with the maximum
object function is replaced by the new one:

01{S(0) = max(S(0))} — Onew
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By repeating this, the worst fitting parameter vectors are removed continuously and
replaced by ones with a better fit. Eventually, the points will form a cloud that gets
denser and denser. The algorithm stops when

max(S(d) <sc -min(S() (S5)
with s_ the stop criterion. So the worst fit has an at most 100(sc =) % larger S

value than that of the best fit. We used the following values: s = 1.0001, n,= 800,
and D = [103,10%] for each parameter.
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Supplemental File 3

The k values are altered in BRI1-GFP reporter lines.

The model is not able to predict the behaviour of the BRI1-GFP reporter lines.
Only a decrease in the half maximum response values can explain the increased
sensitivity of these lines. There are two possible causes for an altered half
maximum response value. First, a rate limiting component can be out titrated,
thereby making these lines hypersensitive to the ligand. Second, there can

be a higher residual BL concentration after BRZ treatment in the BRI1-GFP
reporter lines, when compared to the wild type lines. The latter will result in a
stronger response of the lines towards exogenously applied BL. To ensure that
this is not due to a higher level of leftover endogenous BL after BRZ treatment,
measurements were repeated with a BRZ concentration of 5 uM instead of 1 uM
(Fig. S11). Although this further reduced the root length of the BRI1-GFP reporter
lines, the model was still not able to predict the behaviour of the BRI1-GFP reporter
lines. Therefore, predicted decrease in k value in these lines is likely due to
shortage of a negative regulator.
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Supplemental File 4
Supplemental Materials and Methods

Plant lines and growth conditions

In the root growth assays, the homozygous bril-116 and bri1-201 lines

were scored on the cabbage phenotype on 20-day-old seedlings. To
evaluate if there was a difference between wild type and the heterozygous
pool of bril1-116 and bri1-201, only the non-cabbaged plants were taken

into account. As proof of principle, individual plants (n = 25 plants) were
genotyped to confirm the plant was homozygous or heterozygous for the
mutation. Genotyping was performed by PCR using the following primer
combinations: bri1-201 mutant forward (TCAAGCTTCTGTAACAA) or
bri1-201 wild type forward (GCTTCTTTCTCTCTGTAAC)/ BRI1-LRR
reversed (GGAGATTGATTCGCAGAAAGATCCAG). Genotyping of the
bri1-116 line was done by PCR amplification using the following primer
combination: forward (CGAATCACTCGCGTTGTCGAGTAACAAC)/ reversed
(CCAACTCCGCCTCTTTCTTTCTCC) followed by a cleaved amplified
polymorphism (CAP) marker digest of the PCR fragment using Pmel (New England
Biolabs).

Approximation of endogenous BL levels

In wild type Arabidopsis the endogenous castasterone concentration has been
reported to be 0.03-0.05 ng g fresh weight in roots (Bancos et al., 2002; Shimada
et al., 2003). To correlate these values to a BR concentration in mol I'' the following
data were used; a root of a 5-day-old seedling cut just below the hypocotyl weighs
0.18 £ 0.3 (SEM) mg (Chapter 2), and contains 95.7 + 0.3 (SEM)% moisture. For
determination of the moisture content in 5 day old seedling roots, fresh roots were
weighted on pre-dried and weighted aluminium dishes (Sartorius microbalance).
The samples were dried for at least 15 hours in a pre-warmed oven at 100-110 °C.
To ensure that the roots did not absorb moisture after drying, roots were cooled
down in a desiccator for 1 hour at room temperature. The weight of the dried roots
was determined immediately after removal from the desiccator. At least 300 roots
were used for each measurement (n = 5). Assuming that the ligand concentrations
in a seedling root are within the same range as published (Bancos et al., 2002;
Shimada et al., 2003), it was estimated that a wild type root of an Arabidopsis
seedling contains 0.06-0.1 nM BL.
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BRI1 receptor availability in Arabidopsis roots

Recently it has been reported that the BRI1-GFP receptor density in BRI1 reporter
line 1 is 12 receptors um2(Chapter 2). The BRI1-GFP reporter line contains
exactly the same amount of BRI1-GFP as native BRI1 as has been demonstrated
by Western blot analysis (Geldner et al., 2007). Thus, this line contains in total

24 receptors um2, when the amount of wild type receptor present is taken

into account. Using this data, three different lines with three different receptor
concentrations are available, the wild type line containing 12 receptors um=2, BRI1-
GFP line 1 with 24 receptors um2, and BRI1-GFP line 2 containing 44 receptors
um2. This corresponds to a concentration of respectively 62 nM, 120 and 200

nM BRI1, taking into account BRI1 receptors at the plasma membrane and in the
endosomal vesicles close to the plasma membrane. It was assumed that the total
BRI1 concentration in the hypocotyl is similar to that in the root.
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SUPPLEMENTAL FIGURES AND TABLES

Figure S1. Schematic representation of BRI mediated BR signalling. Binding of BR to the BRI1
receptor results in the dissociation of BKI. Subsequently, BRI1 phosphorylates and activates BAK1
resulting in phosphorylation of downstream targets such as BSKs, Arabidopsis TGF-  receptor-
interacting protein-1 (TRIP-1) and transthyretin-like protein (TTL). The phosphorylated BSKs
enable interaction with BSU1, which inhibits BIN2 kinase while PP2A dephosphorylates BZR1 and
possibly BES1. This cascade results in the accumulation of dephosphorylated BES1/BZR1 in the
nucleus, where they can interact with other transcriptional regulators (e.g. BES1-interacting Myc-like
1; BIM1) to regulate the expression of various BR responsive genes. Model according to Ye et al.,

(2011).
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Figure S2. Root length assay on wild type lines in the absence of BRZ. A) Difference in growth

in days after germination (DAG) of wild type seedlings after application of various concentrations
BL. The stimulatory effect of BL is hard to visualise when BRZ, a biosynthetic inhibitor for BRs,

is not added to the medium. B) Seedlings treated with BL (left panel) or BL and BRZ (right panel).
Representative roots are shown at 8 DAG. After application of BRZ, a clear stimulatory effect of BL
on root growth is observed.

Figure S3. BRI receptor occupancy levels at physiological ligand concentration. At root growth
stimulatory ligand concentrations around 1 nM the BRI receptor occupancy is less than 1%
(indicated by the red arrow). The root growth is completely inhibited at a BL level of 10 nM. At this
concentration around 14% of the total number of BRI1 receptors is occupied (green arrow).
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Figure S4. Model fit and predictions model number 1 and 2. Fit of model 1 (A) and 2 (C) to the root
length of seedlings at 4, 6 and 8 days after germination. Model 1 consists of one stimulatory module
and two inhibitory modules, model 2 has two stimulatory modules and one inhibitory module (B and
D). Model 1 (B) gives a reliable prediction of the root length at 8 DAG of bril-116 null mutants and
bril-116 heterozygous lines whereas model 2 (D) predicts a slightly higher value.
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Figure S5. Model fit and predictions model number 3 and 4. Fit of model 3 (A) and 4 (C) to the root
length of seedlings at 4, 6 and 8 days after germination Model 3 consist of two stimulatory modules
and one inhibitory module, model 4 has one stimulatory module and one inhibitory module. Models
3 (B) and 4 (D) give a reliable prediction of the root length at 8 DAG of bril-116 heterozygous lines.
The root length of bril-116 null mutants at 8 DAG could not be predicted with models 3 and 4.
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Figure S6. Modelling stimulation as well as inhibition is essential for a good fit and prediction of root
length. A) Fit of models 5 and 6 to the root length of seedlings at 4, 6 and 8 days after germination
(DAG). Model 5 consists of one stimulatory module, model 6 has one inhibitory module. B) Neither
model 5 nor model 6 was able to predict the root length of wild type (Col-0), bril-116 null mutants
and bril-116 heterozygous lines. C) Akaike information criterion (AIC) and the Bayesian information
criterion (BIC) values when models 1-4 and 7-11 are fitted to root length of seedlings at 4,6 and 8
DAG.
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Figure S7. Fit between model 1 and wild type after BL stimulation in the absence of BRZ. Fit
between the model and experimental data set assuming an endogenous BR level of 1 nM BL. Error
bars = SEM; n > 15 root measured in three independent replicates.

Figure S8. Root length assays on heterozygous and homozygous bril-201 null mutants.
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Figure S9. Root length of bri1-301 at 4 and 6 and 8 days after germination. A) Model predictions
versus experimental data at 4, 6 and 8 days after germination. The model is calibrated on wild
type (Col-0) lines. Prediction of the bril-301 line is done by assuming that the total number of
BRI1 receptors actively signalling is 2 nM. B) Similar results as in (A) are obtained when the half
maximum response values, k1, k2 and k3 are increased to 15 nM.
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Figure S10. Model predicts root growth in response towards less potent ligand. A and B) The root
growth of 8-day old wild type (Col-0; A) and bril-301 (B) seedlings when stimulated with a less
potent ligand as predicted by in silico experiments. The Kd is altered from 7.4 till 100 nM. (C and D)
Actual root growth when wild type (C) or bri1-301 (D) roots are grown on the less potent ligand HBL
compared to root growth on BL. Error bars + SEM, n > 20 roots per data point, measured in three

independent replicates.
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Figure S11. Root growth assays on BRI1-GFP reporter lines in presence of 5 uM BRZ. A) BRI1-GFP
reporter lines are less sensitive towards BRZ when compared to wild type (Col-0). B) In the presence
of 5 uM BRZ the BRI1-GFP reporter lines remain hypersensitive to BL, causing a rapid increase in
root length at 0.04 nM BL (BRI1-GFP line 1) and 0.01 nM BL (BRI1-GFP line 2) after which the
effect of BL on the root length is strongly inhibitory. C and D) Fit of the model on the BRI1-GFP
reporter lines when the assay is performed on 1 uM BRZ (C) and 5 uM BRZ (D).
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Figure S12. Hypocotyl length assay using wild type when there is no BRZ in the medium. A)
Difference in hypocotyl length after application of various concentrations BL. Seedlings were
grown for 5 days in the dark. Error bars = SEM, n > 15 hypocotyls per data point, measured in three
independent replicates. B) Seedlings treated with BL (top panel) or BL and BRZ (bottom panel).
Representative hypocotyls are shown at 5 days growth in the dark. After application of BRZ, a clear
stimulatory effect of BL on hypocotyl growth is observed.
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Figure S13. Model fit and predictions on hypocotyl length. A and B) Akaike information criterion (A)
and the Bayesian information criterion (B) when model structures 1-4 are fitted on hypocotyl length.
The best fit is obtained for model structures 3 and 4 when increasing the Kd to at least 750 nM. (C
and D) Fits of model 3 (C) and 4 (D) under varying Kd values.
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Table S1. Comparison between different model structures using root length as
readout.

Calibration was done on root length of seedlings at 4, 6 and 8 days after germination (DAG).
Prediction of the root length of bri1-116 null mutant was done for roots at 8 DAG. The actual
root length of a bri1-116 null mutant at 8 DAG is 0.45+0.05 cm (n = 15 roots, value + SEM).
AIC = Akaike information criterion

BIC = Bayesian information criterion

S(0*) = least sum of squared errors
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Table S2. Comparison between CRS and MATLAB genetic algorithm (GA)
combined with Isgnonlin.

Values +STDEV, n = 5 runs

E,.. = the maximum possible root length when no inhibitory mechanisms are present
R(0,0,t) = the root length at time 0 in the absence of BRI1 mediated signalling
k,.k,and k, are the half maximum response values

CRS = controlled random search

GA + Isgnonlin = MATLAB genetic algorithm followed by Isgnonlin
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Table S3. Comparison between different model structures using hypocotyl length
as readout.

Calibration was done on hypocotyl length of seedlings grown for 5 days in the dark. The
actual hypocotyl length of a bri1-116 null mutant grown for 5 days in the dark is 0.14+0.01
cm (n = 15 hypocotyls, value + SEM).

AIC = Akaike information criterion

BIC = Bayesian information criterion

S(0*) = least sum of squared errors
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This addendum discusses five points that might be less clear to the reader of this
paper. These points comprise the general choice of model structure in equation
(4), the equality of parameters k, k,, and k;, the choice of regarding R(0,0,t) as a
parameter, model validation by using the bri1-301 mutant, and the axes labels in
Figure 1B. In addition, an erratum is provided.

Model structure

Equation (4) states that BRI1 mediated root growth is the product of two functions,
one depending only on time, and one depending only on BRI1 mediated signaling.
The BRI1 signal transduction cascade is an intricate network of interacting
processes, each with a different timing. Therefore the separation of timing and
BRI1 mediated signal into two different functions implicates a simplification that can
be a posterori justified by the quality of the data fit and the validation results. This
was not explicitly mentioned in the paper.

Parameter values

Parameters k,, k, and k,were all found to be equal to 1.98 (a.u.).It is therefore
tempting to conclude that the model complexity can be reduced a priori by
assuming that k, =k, = k,. Moreover, one might think that this may be seen from the
data set, or that different values will result in a multimodal response curve. This is

however not the case. To illustrate this, we simulated the response function

k,[BRI1 BL] k, k,
k, +[BRI1 BL] k, +[BRI1 BL] k, +[BRI1 BL]

Response =

for the case in which k, =k, = k,=1, and for the case in which this is not true (Fig.
Al). The response curves have very similar forms that cannot be distinguished
based on the data set in Fig. 1A (main manuscript), and are both unimodal.
Therefore, this model simplification can in principle only be made after fitting the
data. Employing three k values instead of one provides more flexibility in future
analyses, and might lead to a better fit of the data.
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Figure Al. Response curves for k =k, =k, =1 (A), and for k =0.6, k,=1.2, and k,=1.8 (B).

R(0,0,t) as a parameter

From Fig. 1Ain van Esse et al. (2012) it appears that BRI1-independent root
length, R(0,0,t), can be directly observed from the data set, namely by the root
length at BL=0. This would alleviate the need of regarding it as a fitting parameter
(Fig 1B). However, it was pointed out in the text that even after BRZ treatment a
small endogenous level of BL is assumed to be present. This means that the root
lengths displayed at BL=0 in Fig 1A are larger than R(0,0,t) due to residual BRI1
signalling. How much larger depends on the fitting parameters E__ (1), k;, k,, and
k,. Therefore, R(0,0,t) cannot be inferred directly from the data, and was therefore
retrieved via data fitting for t=4 DAG, 6 DAG, and 8 DAG. The three discrete
values of R(0,0,t) obtained this way were used for all BL concentrations and further
predictions.

Validation

The validation of the bri-301 weak allelic mutant in Fig. 3D is incomplete, since the
reduced receptor activity was modeled by assuming a concentration of 2 nM of
active receptors. The bri1-301 protein has no or very little residual kinase activity,
is fully insensitive towards BL but has only a weak morphological phenotype
suggesting partial kinase-independant biological activity (Xu et al. 2008). However,
the exact number remains unknown. Although the model clearly captures the
typical features of the measured response curve, a complete validation would
require quantitative determination of residual kinase activity of the bri1-301 mutant
receptor.
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Figure 1B

Figure 1B in the main manuscript showed ‘predicted root length’ on the vertical
axes. This can be confusing for two reasons. First, the values are estimated by
data fitting, and second, ‘root length’ here refers to length as a dimension rather
than the model output R(BRI, BL,t). Therefore, Fig 1B is revised (Fig A1B), by
displaying the time on the horizontal axes, and the parameters on the vertical axes.

Figure A1B. Revision of Fig. 1B in the main manuscript.

Erratum

The figure legends in the main manuscript mention that SE is based on 30 roots.
However, this is only the case for wild type at 8 DAG. For the other experiments,
all root growth assays were measured in three independent biological replicas of
5-10 roots per experiment, giving a n = 15 roots. This was reported correctly in the
Materials and Methods section but not in the figure legends.

We thank prof.dr. Bela Mulder, AMOLF Amsterdam and Wageningen University for
pointing out the unclarities in our paper.
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ABSTRACT

Brassinosteroids (BRs) are key regulators in plant growth and development.

The main BR perceiving receptor in Arabidopsis is Brassinosteroid Insensitive 1
(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 co-receptors 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 co-
receptors 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 signalling at physiological ligand concentration. Finally, when
calibrated with single mutants, the model predicts that roots of the serklserk3
double mutant are almost completely BL-insensitive, while the double mutant
hypocotyls remain sensitive. This points to residual BRI1 signalling or to a different
co-receptor requirement in shoots.
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INTRODUCTION

The classic biochemical model for the transduction of an extracellular signal
involves ligand binding by a receptor after which the signal is transduced to a
downstream target. The main ligand binding receptors often employ co-receptors
that can enhance endocytosis (Sorkin and von Zastrow, 2002; Molfetta et al.,
2010), interactions 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 defence, development
and programmed cell death employ co-receptors to transduce an extracellular
signal (Li, 2010; Calderon Villalobos et al., 2012). An important class of signalling
hormones involved in growth and development are brassinosteroids (BRs), plant
steroid hormones with structural similarity to animal steroid hormones (Bajguz
and Tretyn, 2003). In Arabidopsis, the main ligand perceiving receptor for BRs

is the Brassinosteroid Insensitive 1 (BRI1) receptor. Impaired BR signalling

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, fertility defects, and impaired root growth (Clouse, 1996;
Wang et al., 2001). For its signalling activity, BRI1 interacts with members of the
Somatic Embryogenesis Receptor-like Kinase (SERK) family that function as non-
ligand binding co-receptors (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 signalling pathways

via their interaction with different ligand binding Receptor-like Kinases (RLKs).
SERKZ1 is known to be involved in male sporogenesis together with SERK2 and in
brassinosteroid (BR) signalling together with SERK3 (also known as BAK1) and
SERK4 (also known as BKK1) (Albrecht et al., 2008). SERK3 functions in defence
(Chinchilla et al., 2007; Heese et al., 2007)and together with SERK4 in a BR
independent cell death pathway (He et al., 2007) and defence (Roux et al., 2011).
While the SERK co-receptors serve both BR dependent and independent signalling
pathways, BRI1 mediated BR signalling was recently shown to be completely
dependent on three of the SERK co-receptors, SERK1, 3 and 4 (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 serk1-1serk3-1serk4-1 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 how individual SERK proteins quantitatively affect
the output of one specific signalling pathway, and consequently the resulting
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change in the physiological response, is important to help elucidate the role of
these receptors. Here, we use a mathematical modelling approach in combination
with experimental validation focussing on the role of SERK1 and SERKS in the
BRI1 signalling pathway. BR signalling is one of the best-understood signal
transduction cascades in Arabidopsis with respect to biochemical interactions

and downstream responses (Ye et al., 2011; van Esse et al., 2013) (Fig. 1). In
addition, quantitative information on BRI1-BL binding affinity, and BRI1 and SERK
receptor concentrations are available (Wang et al., 2001; Chapter 2), which is
essential for modelling. 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 (Chapter
3).

In this work the model is extended to include the contribution of the co-receptors
SERK1 and SERKS to BL dependent BRI1 activity (Fig. 1). For this, 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 either SERK1, SERKS or both while in the hypocotyl BRI1 signalling
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 signalling output
(Wang et al., 2008). The model presented here correctly reflects this observation
by predicting that the prime activity of the SERK co-receptors is to increase the
physiological output.
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Figure 1. Modelling oligomeric receptor complexes. In the left hand panel a brief scheme of the
BRI pathway is shown (redrawn after Ye et al., 2011). In the absence of BL, the kinase activity

of unbound BRI receptor is restricted by negative regulators such as the BRI1 kinase inhibitor 1
(BKI1). BL binding to BRI results in transphosphorylation between BRI1 and SERKs which leads to
the phosphorylation of BR signalling kinases (BSKs) and constitutive differential growth 1 (CDG1).
The phosphorylated BSKs, CDG1 subsequently interact with BRI1 Suppressor 1 (BSU1) phosphatase
promoting its interaction with BIN2. Inactivation of BIN2 by BSUI1 results in the dephosphorylation
and activation of the BR transcriptional regulators brassinazole-resistant] (BZR1) and BRI1-EMS
suppressor 1 (BES1). The middle and right hand panels summarise the modelling approach. The
biochemical model describes BL dependent BRI1 activation (Chapter 3). Using genetically identified
components the model is now extended using mutated SERK1 and SERK3 co-receptors as an
example. This way, the input data from the biochemical model, modified by the co-receptors and
combined into a growth model are linked to the physiological readout in the form of root growth and
hypocotyl elongation.
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RESULTS

Mathematical model

The mathematical model consists of a biochemical and a root growth part. The
growth model is largely based on phenomenological considerations and couples
the output of BRI1 signalling to root growth. To determine the contribution of the
SERK1 and SERKS co-receptors to overall BRI1 mediated BR signalling, the
stimulatory and inhibitory effect of BL on root growth of the serk1-3 and serk3-2
single and double mutants was measured (Fig. 2). To highlight the stimulatory
effect of exogenous BL, the BR biosynthesis inhibitor brazzinazole (BRZ) was used
throughout. The serk1-3serk3-2 mutant has only a minor stimulatory response
towards 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 towards BL. The biochemical model (Supplemental File S1A) describes
three types of receptor combinations responsible for BRI1 mediated signalling in
roots i.e. [BRI1], [BRI1 SERK1] and [BRI1 SERKS]. 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 signalling (Chapter 3) 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 SERK3 (30 nM) in wild type seedling roots Chapter 2) remain constant
over time. The third assumption concerns the amount of SERK3 and SERK1
interacting with BRI1 at saturating ligand levels. While the precise stoichiometry is
unknown, a 2:1:1 ratio is assumed between BRI1, SERK1 and SERKS in functional
complexes (Supplemental File S1). In wild type seedlings no more than 10 % of the
total number of SERK3 co-receptors is required in brassinosteroid signalling at a
saturating ligand concentration (Albrecht et al., 2012), so at most 3 nM of SERKS3,
3 nM of SERK1 and 6 nM of BRI1 are simultaneously active in signalling. Fourth,
the affinity of BRI1 for BL remains unaltered in serk mutants. This is based on the
findings of Kinoshita et al. (2005) reporting that the Kd between BRI1 and BL of
7.4 nM (Wang et al., 2001) remains unaltered in the absence of BAK1 (SERK3).
Finally, although Arabidopsis plasma membrane localised proteins are relatively
immobile (Martiniére et al., 2012), spatial inhomogeneity is not explicitly modelled.
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Figure 2. Root length of serk mutants in response to BL. A) Root length of wild type seedlings,
serk1-3 and serk3-2 single and double mutants at 0 nM BL (top panel), 1 nM BL (middle panel) and
10 nM BL (bottom panel). All assays were performed in the presence of 1 pM brassinazole (BRZ).

B) Root growth assays of the serk1-3 and serk3-2 single and double mutants compared to wild type

at different BL concentrations. Root lengths are measured 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 is almost completely unresponsive towards BL. C) Root lengths relative to
the BRZ treated control at 4 DAG. For all measurements n > 15 roots, error bars + SEM.

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 (o) induced by BL binding to BRI1 is modelled as:

@)

Here C2, C2 and C.* denote [BRI1], [BRI1 SERK1], and [BRI1 SERK3]. The term
C,2 represents all responses towards exogenously applied BL not covered by
SERK1 and SERKS. Parameters a,, a,, and a, are proportionality constants that
reflect the contribution of the different complexes to the signal strength of BRI1.
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Due to the inclusion of the co-receptors the growth model is now modelled as a
combination of two separate mechanisms

@)

with R(o,t) the root length at time t (days after germination, DAG), f(o,t) the root
length as a result of BRI mediated signalling, and R (t) the root length independent
of BRI1 mediated signalling or response towards BRs. Scaling of R (o,t) gives the
root length due to BRI1 signalling relative to the root length independent of BRI1
signalling. 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:

©)

where y(0,t) is the increase in root length as 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:

(4)

Here E(t) is a time dependent growth factor, followed by a module that represents
the stimulatory effects of BR signalling on root growth and a second module for
the inhibitory effects. The half maximum response values for the growth model

(k values) are denoted as a,, a,and a,. The form of function E(t) is unknown and
is therefore regarded as a free parameter which is allowed to change between
different time points. The unknown model parameters such as the k values (a,,
a,, a,) and E(t) were estimated by minimizing the fitting error between the model
output and measured root length data. Different structures of f(o,t) were compared
using the Akaike (AIC) and Bayesian (BIC) information criteria and a four-fold
cross validation. The first two reflect the trade-off between a good fit with the data
and complexity, and the third one measures the prediction error that is possibly
due to over- or under-fitting (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 inhibiting modules and all relevant combinations in between.
Model structure 1 (one activating and 2 inhibiting modules) scored best with
respect to root growth (Supplemental Table S1) as well as hypocotyl elongation
(Supplemental Table S2) and was therefore selected.

The response to BL treatment is minor at 4 DAG when compared to 6 and 8 DAG
(Fig. 2B and C). For this reason, the model cannot fit the relative root growth
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response curves at 4, 6 and 8 simultaneously (Supplemental Fig. S2). However,
growth at 4 DAG can be computed separately (Supplemental Fig. S3). Therefore,
only the difference between 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.

Figure 3. Model fit and prediction of relative root growth response for wild type and serk mutants.
All measured root lengths are plotted relative to the BRZ treated control. A-C) Model calibration on
the relative root length of the wild type, serk1-3 and serk3-2 mutant at 6 and 8 days after germination
(DAG). Only results of 8 DAG are shown. D) The model is now validated by predicting the relative
root growth response of serk1-3serk3-2 double mutant seedlings at 8 DAG. E-F) Model predictions
for the relative root length of the serk1-1 and serk3-1 single (E) and serk1-1serk3-1 double mutants
(F). For all experiments n > 15 roots measured in three independent replicates, error bars + SEM,
assays were performed in the presence of 1 pM BRZ.
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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 wild type
and the serk1-3 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 response of the serk1-3serk3-2 double mutant
(Fig. 3D). This could be due to a minor contribution of SERK2 or SERK4 in BR
signalling only occurring in the absence of SERK3 (Jeong et al., 2010; Du et al.,
2012) or to trace signalling mediated by the BRI1 receptors alone. Leave-one-out
cross-validation consisting of calibration on relative root growth of the single serk
mutants and 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 serk1-1 and serk3-1 single and serk1-1serk3-1 double mutant towards BL was
simulated. The serk3-1 mutant is a weak mutant which still harbours low levels of
SERKS3 transcript (Gou et al., 2012). Small prediction errors were obtained when
assuming that there is between 10 and 20% SERKS3 activity left in the serk3-1
mutant background (Supplemental Fig. S5). Under this assumption, the model
accurately predicts the behaviour of the serk1-1serk3-1 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, serk1-3 and serk3-2 single and the serk1-3serk3-2 double mutant were
predicted correctly for all cross-validations (Fig. 4, Supplemental Fig. S6). The
model correctly predicts that in the hypocotyl there is still a marked response of
the serk1-3serk3-2 double mutant towards BL. This suggests that there is either

a difference in co-receptor usage by BRI1 between the roots and hypocotyl or a
substantial contribution by BRI1 alone.
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Figure 4. Model fit and prediction of relative hypocotyl elongation for wild type and serk mutants.
All measured hypocotyl lengths are plotted relative to the BRZ treated control. A-C) Calibration on
the hypocotyl elongation of the serk1-3serk3-2 double mutant. All hypocotyl lengths were measured
at 5 DAG, seedlings were grown in the dark. B) The model is validated by predicting the relative
hypocotyl elongation of the serk1-3serk3-2 double mutant. Error bars + SEM, n >30 hypocotyls
measured in three independent replicates.

Co-receptors act by changing the maximum output of BR signalling

Next, the model was used to address the question how the co-receptors affect
the signal (o) after BL binding to BRI1. We focussed on the absence of SERK3
because the serk1-3serk3-2 strong loss-of-function mutants are less informative
due to the almost complete absence of signalling activity. Simulations predict that
one possible explanation for the reduced o is a reduction in the concentration

of BRI1 (Supplemental Fig. S7A). For example, the amount of BRI1 receptor
should be about 30-fold less in the serk3-2 mutant background when compared
to 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 demonstrate that the amount of BRI1-GFP in the PM is hardly
changed in the serk3-2 background (Supplemental Fig. S7B-C) suggesting that
reduction of the total number of BRI1 receptors molecules is not a mechanism

by which co-receptors attenuate the signal. It has been postulated that SERK3
acts by increasing the activity of the BRI1 receptor to achieve full signalling output
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(Wang et al., 2008), and therefore we tested whether our model could reflect this
possibility. Indeed, predicting the behaviour 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). Therefore, we propose that in wild type roots, SERKs primarily act
by increasing the o, of BRIL, in line with the experiments shown by Wang et al.
(2008).

— Col-0 --- serk3-2
- serk1-3 — serk1-3serk3-2

2R e
o N b

signal (o) in arbitrary units (a.u.)

o N B OO

0 200 400 600 800 1000

BL (nM)
Figure 5. Prediction of BRI signalling output in the absence of SERK co-receptors. The signal
intensity of BRI, o is predicted in the presence or absence of SERK1 and SERK3. The signal
transduced in serk3-2 and serk1-3 mutants is computed by plotting o.,C,*(c SERK3) and 0,C,* (o

SERK1). For the signal in the serk1-3serk3-2 mutant the term o, C,* was computed, representing the
residual responses to BL.

BRI1 signalling operates with only a minor amount of co-receptors

SERK1 and SERKS function as co-receptors in various signalling 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 amongst
them. For this reason, it is of interest to know how co-receptor dosage affects BRI1
mediated BR signalling. Therefore this possibility was incorporated into the model
by the mass balance equation (2) in Supplemental File S1A. Based on the amount
of SERK3 co-immunoprecipitated by BRI1 at saturating ligand level (assumption

3 in Results section), the model predicts that only about 0.05 nM of SERK1 and
SERKS (0.04 and 0.16% of the total amount respectively) is used in BR signalling
at a physiological ligand concentration of 1 nM BL (Supplemental File 1 and
Supplemental Table S3). Even after increasing the percentage of both SERK1

and SERKS3 used by other pathways to 85% the model is still able to predict BRI1
mediated root growth (Table 1). This corroborates the finding that FLS2 mediated
flg22 signalling uses up to 70% of SERKS3 without affecting BR signalling (Albrecht
et al. 2012).
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Table 1. Effect on model prediction of changing the amount of SERK1 and SERK3
employed by non BRI1-related pathways

Amount of SERK in other pathways Prediction Error*
Root

10 % 63

85 % 64
Hypocotyl

10 % 175

85 % 174

In normal conditions, it is assumed that 10% of the SERK1 and SERK3 co-receptors

is employed in non BRI1-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.

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

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 RLKs

in mammalian systems (Gadella and Jovin, 1995; Lemmon and Schlessinger,
2010). Alternative mechanisms, where BRI1 binds BL before recruiting SERK3
co-receptors 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 2). Next, differences in the stoichiometry were tested.

A model in which the complexes consist of heterodimers (1 molecule of BRI1 and
1 of SERK) results in a lower prediction error when compared to a model with
tetrameric complexes with 2 BRI1 molecules and 2 SERKSs (Table 2). Changing
the ratio between BRI1:and SERK 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 low predictive value for biochemical models.
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Table 2. Comparison of different biochemical model structures using root length as
readout

Stoichiometry

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

Biochemical model 1 assumes a pre-assembly between BRI1, SERK1 and SERKS in
absence of ligand while biochemical model 2 assumes only an interaction in presence of
ligand (Supplemental File S1A). The Table shows the prediction errors of biochemical model
1, biochemical model 2 and the effect of changing the stoichiometry between BRI1, SERK1
and SERKS3. A deviation of 10 % in prediction error from the optimal value is considered to
be significantly different.

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

In this work we have extended a model for BR signalling mediated by the ligand-
binding BRI1 receptors with the associated non ligand-binding co-receptors of

the SERK family. The resulting model can be used to incorporate downstream
components of the main pathway identified by forward genetics or biochemical
means. As an example the reduced root growth and increased ligand insensitivity
observed in single serk mutants was linked to the signalling output of a biochemical
receptor model. The model accurately predicts 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
offers the opportunity to include quantitative elements in an otherwise genetic
model.

The identification of members of the SERK family that act redundantly in different
signalling pathways (He et al., 2007; Li, 2010; Du et al., 2012; Gou et al., 2012;
Kim et al., 2013) has underscored the importance of a class of non-ligand binding
receptors in plant signalling pathways. In BRI1-mediated BR signalling, there is

no evidence that SERKS3 indeed directly influences the ligand-binding properties
(Kinoshita et al., 2005), a finding that seems to rule out a role as a classical
co-receptor as used in comparable animal signalling 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 signalling (Wang et al.,
2005). Regardless of the precise biochemical mechanism, this would qualify them
as true co-receptors. Recently, it was shown that SERKS, also functioning as a co-
receptor for the flagellin-triggered Flagellin sensitive 2 (FLS2) signalling pathway
is not rate-limiting between both BR and flg22 pathways and in fact most of the
SERKS3 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 immunity 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 phenotype 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.
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This property in some cases can be traced back to individual residues in the
SERKS protein (Schwessinger et al., 2011). For these reasons, we decided to
develop a more mathematical approach to provide a better quantitative insight into
the role of the SERK family.

In the complete absence of the co-receptors the maximal signal transduced

by BRI1 is significantly reduced. The most obvious explanation for this effect

is therefore 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 signalling in vivo (Wang et al., 2008). In FLS2 mediated signalling,
SERKS3 enhances the signal by interacting with Botrytis Induced Kinase 1

(BIK1), a member of the Receptor Like Cytoplasmic Kinase (RLCK) superfamily
and downstream target of FLS2. In the absence of SERKS3, FLS2 is unable to
phosphorylate BIK1 (Lu et al., 2010). Similarly, BRI1 Substrate Kinases (BSKSs),
that are also members of the RLCK superfamily, 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 mechanism by which SERK3 enhances BRI1 signalling via
specific phosphorylation of BSKs is not likely.

BRI1 signalling is regulated by the presence of positive (BSKs) and negative
(BRI1 associated kinase 1, BKI1) regulators. The protein phosphatase 2A
(PP2A), stimulates BRI1 signalling by dephosphorylating the downstream BRI1
transcriptional regulator brassinazole-resistant 1 (BRZ1) but is also required for
the degradation of BRI1 via dephosphorylation of the activated receptor (Di Rubbo
et al., 2011; Tang et al., 2011; Wu et al., 2011). Attenuation of the BRI1 signal is
regulated by phosphorylation of specific serine and threonine residues (Oh et al.,
2012). Thus, there appears evidence for a role of the SERKs as amplifiers of the
entire signalling pathway, rather than having a specific effect on only one element.
The modelling presented here is indeed able to predict the alterations described
for the role of the SERK receptors in BR signalling. Although not addressed in

the present study, the model could also be useful for other pathways that use
different main ligand-perceiving receptors employing 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 absence of SERK1 and SERK3 the model predicts correctly that
there is still a significant BL induced increase in hypocotyl elongation. This
implies that in the hypocotyl there is either a larger contribution of BRI1 alone,

or alternatively, another SERK member compensate for the loss of SERK1 and
SERKS3 in hypocotyl tissue. In Arabidopsis seedlings, signal transduction by BRI1
is completely abolished in absence of SERK1, SERK3 and SERK 4 (Gou et al.,
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2012), making that member a likely candidate. In that respect, the interaction of
BRI1 with different co-receptors might reflect a mechanism that regulates the
sensitivity of a cell or tissue for BRs depending on the family members present.
However, there are clearly limitations to what can be understood about the
underlying biochemical model predicted by the model based on physiological
readout. Our modelling results emphasise that one type of co-receptors can

be employed for various pathways simultaneously. This was based on the fact
that remarkably low numbers of the SERK proteins are needed to sustain BR
signalling. This predicts that a high level of separation 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 signalling (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 proteins
as direct mediators in receptor cross talk seems unlikely (Albrecht et al., 2012).

In general, there are several mechanisms by which co-receptors can alter the
activity of the main receptor. In mammalian systems for example, the T-Cell co-
receptors CDC4 and CDCS8 are positive regulators that enhance the interaction
between the T-cell receptor (TCR) and its ligand (Gao et al., 2002; Berg and
Sewell, 2011) whereas the non-ligand binding glucocorticoid receptor (GR) isoform
B is a dominant negative regulator of the ligand perceiving GRa (Kino et al., 2009).
Similar mechanisms have been reported for several other steroid receptors such
as the estrogen receptor 3 (ERB), peroxisome proliferator-activated receptor
(PPARa) and PPARYy and the thyroid hormone receptor a (TRa) and the epidermal
growth factor receptor (EGFR). In plants, co-receptors are also employed to alter
the signalling properties of the main ligand perceiving receptor. Recently, it has
been shown that efficient binding of the auxin receptor TIR1 to its ligand requires
co-receptors (Calderon Villalobos et al., 2012). In this respect, it is proposed

that combinations of TIR1 with different co-receptors 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
the auxin response (Calderon Villalobos et al., 2012). Similarly, overexpression

of ERBB2, the non-ligand binding co-receptor of EGFR, does not result in
receptor hyper-autophosphorylation. Instead, ERBB2 regulates the ubiquitin
ligase c-Cbl through altering the phosphorylation patterns on the EGFR-HER2
heterodimer thereby protecting the heterodimer form ligand induced ubiquitination
and degradation (Hartman et al., 2012). As a consequence, the EGFR-ERBB2
heterodimer is stabilised, resulting in sustained signalling.

In line with these animal receptor models, we propose that the action of the SERK
co-receptors in BRI1-mediated BR signalling is to transiently stabilise ligand-
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induced active receptor complexes as a means to increase signalling strength.
Whether this same action applies to other SERK-employing pathways remains to
be determined. We believe that the modelling approach as described here can help
to distinguish between the action of SERK members in the various pathways and
to provide a more comprehensive framework of the multitude of signalling occurring
simultaneously in plant cells.
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EXPERIMENTAL PRODCEDURES

Plant lines and growth conditions

Arabidopsis thaliana wild type plants (ecotype Columbia (Col-0)), serk1-3 (GABI-
KAT line 448E10) and serk3-2 or bak1-4 (SALK _116202) single and the serk1-
3serk3-2 double mutants, all in the wild type background, were used in all growth
assays. For model validation, the serk1-1 (SALK_544330), serk3-1 or bak1-3
(SALK _034523) single and double mutant were used. For fluorescent microscopy,
wild type seedlings expressing BRI1-GFP under its own promoter (Geldner et al.,
2007) were crossed with the serk3-2 mutant. Root growth and hypocotyl elongation
assays were performed as described previously (Chapter 3).

Software and modelling

All computational and modelling procedures were performed within the MATLAB®

environment (see Supplemental File S1 and Chapter 3. Out of the different models
tested, throughout the manuscript 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 fluorescence distribution of BRI1-GFP in wild type versus serk3-2
background

Roots of 3 to 5 day old seedlings containing BRI1-GFP in wild type or serk3-2
background were imaged using a CONFOCOR2/LSM510 confocal microscope
(Zeiss, Jena, Germany) equipped with a 40x water objective (NA 1.2) and an
Argon ion laser. Imaging was performed as described previously Chapter 2.
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,

the pinhole diameter was adjusted to a slice thickness of ~ 0.9 ym. All images
were taken within 45 seconds from the moment the root was exposed to the laser
to limit bleaching effects. Images were analysed using Image-Pro Plus software
(MediaCybernetics, http://www.mediacy.com). The mean intensities of about 7
roots measuring 5 cells per roots were measured in two independent replicates.
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SUPPLEMENTAL FILES

File S1. Mathematical model description

The mathematical model consists of two parts, a biochemical model and a growth
model. The biochemical model incorporates actual ligand, BRI1 receptor and
SERK1 and SERKS co-receptor concentrations. To simulate the effect of altering
the ligand, BRI1, SERK1 or SERK3 concentrations on organ growth the outcome of
the biochemical model is coupled to organ growth using a phenomenological model
structure. The mathematical equations and details on the modelling are described
in this supplemental file.

BRI1 receptor and SERK co-receptor availability in Arabidopsis roots

The BRI1 receptor and the SERK1 and SERK3 co-receptor densities in root
epidermal cells of 5 day old Arabidopsis seedlings are respectively 12, 24 and
5 receptors um2 (Chapter 2). For BRI1, this corresponds to a concentration of
62 nM (Chapter 2). For SERK1 this amounts to 120 nM and for SERK3 30 nM.
It is assumed that in the hypocotyl the total BRI1, SERK1 and SERKS receptor
concentrations are similar to the ones in the root.

File S1A. Biochemical models

This section describes the details of the modelling approaches of different
biochemical hypotheses. In total, 3 different biochemical model structures are
tested. In all structures, BRI1 mediated signalling is induced when the ligand

BL binds to BRI1. The standard model (biochemical model 1) assumes that
BRI1, SERK1 and SERKS interact in a ratio of 2:1:1, and complex formation
between BRI1 and SERK1 or SERK3 can already occur in absence of the
ligand. Biochemical model 2 assumes that interaction between BRI1 and SERK3
only occurs after BL binding to the BRI1 receptor. In biochemical model 3 the
stoichiometry between BRI1, SERK1 and SERK3 is changed.

Biochemical model 1: Standard modelThe standard model represents the main
hypothesis that BRI1-SERK complexes are activated upon binding with BL. The
following notation is used: x, = BRI1, x, =BL, x,=SERKI, and x, = SERKS. The
model incorporates the possibility that x,and x,can also be part of other receptor
complexes. The following complexes are formed:
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1)

Here nis 1 (representing 1 SERK molecule and 1 BRI1 molecule) unless
otherwise specified, and the y ’s the binding affinities. The second right hand

terms represent the assumption that the complexes are formed via a mass action
law. Complexes C,, C, and C, are involved in BRI1 mediated signalling. BRI1-BL
binding occurs independently of BRI1-SERK binding. Therefore, BRI1-BL binding is
modelled separately, and x, is discarded for now. This gives the mass balance

@)

with x" the total concentrations. From mass balance (2) the concentrations of the
complexes can be predicted for plants in which x™ is changed (and known). For
this, y should be known. Since the y ’s represent the binding affinities which are
independent of X7, they have to be estimated for only one x™. The value of y is
estimated in two steps.

First, the following conditions are based on wild type measurements with x™= [62
10% 120 30] nM. At saturating ligand concentrations of 1 uM no more than 10 %

of the total amount of SERK3 co-receptor is associated with BRI1 (Albrecht et al.,
2012). This is around 5 % of the total number of available BRI1 resulting in:

C, =0.05x] =ax| 5% of BRIl is in complex with SERK1
C, =0.05x" =a,x] 5% of BRI is in complex with SERK 3
C,=0.1x! =a,x] 10% of SERK]1 is in complex with other factors

C,=0.1x] = a,x] 10% of SERK3 is in complex with other factors.
®)
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From this, x is solved. Inserting (3) into (2) results in the following equation for the
monomer concentrations:

X, a+a,-1 0 0 x;
X, = na, a,-1 0 X7
X, na, 0 a,-1)x 4)

In short, x = Ax™. Now that x is estimated, y is obtained by inserting (3) into (1).
When the y ’s are calculated, the concentrations of the complexes can now be
computed for plant lines with different x™ concentrations, by solving the mass
balance (2) for x, and insert x into (1), which gives the concentrations of the
complexes C. The complex concentrations were computed by solving the mass
balance using the Isqnonlin algorithm in Matlab.

Simulating growth response when SERK1 and SERK3 are employed in other
pathways

FLS2 mediated signalling can use up to 70% of the total amount of available SERK3
without affecting BR signalling (Albrecht et al., 2012). For this reason, C, and C,
were increased to 85 %. The following parameters were inserted into (3):

Under this condition, the model predicts the relative root growth response towards
BL accurately (Table 1).
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Binding of BL
Using the assumptions that BL only binds to BRI1, that BRI1-BL binding is

independent of the binding of SERK to BRI1 and the fraction of BRI1 that is bound
to BL can derived via the following mass balance

®)

It follows that the amount of BRI1 bound to BL is

(6)

The percentage of BRI1 receptors bound to BL is

@)

and hence the fractions of complexes bound to BL are

©)

Here C? are the concentrations of activated complexes that constitute signalling.

Biochemical model 2: BL binds to BRI1, after which BRI1 interacts with SERK

This model implies that the association between BRI1 and SERK depends on the
binding between BRI1 with BL. To account for the competition between SERK1 and
SERK3 to be in complex with BL, the mass balance (2) is extended with

)
Here [x x,]'denotes the free BRI1-BL complexes, and [x x,] the solution in (6). The

conditions (3) are adjusted. According to the model, complexes C, and C, only exist
in activated form. Therefore the conditions apply only to the activated complexes
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(10)
The binding of BRI1 with BL occurs independently of SERK, and is described by
(6) using mass balance (5). The mass balance for x,, x, , and x, becomes

(11)
From (11), x,, X, , and x,can be solved as follows:

12)
Thereafter, y, and y, are computed as before, via inserting C, and C, in (3) into
(1). To compute vy, and v, the condition (9) is inserted into (10) to eliminate the
unknown [x,x,]', which gives the following equations

(13)

with
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This can be solved analytically as

Biochemical model 3: BRI1-SERK form tetramer complexes

This model states that the main functional complexes are [BRI1 BRI1], [BRI1 BRI1
SERK1 SERK1] and [BRI1 BRI1 SERK3 SERK3], which signal when all two BRI1
are bound to BL. The functional complexes are

(16)

The mass balance then reads

17)

The conditions for C,, C, and C, now become

(18)
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The conditions for C,and C, remain the same as before. The mass balance (17) is
combined with (18) to compute x :

(19)

File S1B. Growth model

In this section, the signalling constituted by the activated BRI1-SERK complexes
is linked to organ growth via a growth model. Whereas the receptor activation
kinetics is modelled bottom up, based on specific biochemical suppositions, the
relation between receptor activation and phenotype development is modelled top
down, based on phenomenological considerations. The BRI1 mediated signal that
regulates organ growth consists of contributions from the three activated complexes

(20)
with o, free model parameters that have to be estimated. Root growth is modelled
as a combination of two separate mechanisms

(21)
with R(o, t) the root length on time t, f(o, t) the root length via regulation of BRI1
mediated signalling, and R (t) the root length of BRZ treated seedlings. Scaling of
(21) gives the root length due to application of BL relative to the root length of BRZ
treated seedlings:

(22)
The function f(o, t) that relates BRI1 signalling to root length is built up from two
types of modules, activating and inhibiting, e.g.,

(23)
Here E(t) is a time dependent growth factor, is an activating module, and
an inhibiting module, representing activating and inhibiting influences

of signalling on root growth. In total 13 functions f(o, t) were tested, ranging from
1 activating or inhibiting module to 3 activating and 3 inhibiting modules and all
relevant combinations in between.
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Data scaling

The scaling in (23) requires the data be scaled with R (t), which is the root length
corresponding to BL=0. However, in the BL response experiments there is always a
little amount of BL left after BRZ treatment, so the precise value of R (t) cannot be
measured directly. Therefore, R (t) is estimated with help of the model. The small
rest amount of BL corresponds to a small signal &, so

according to (21). Therefore, the data are not scaled with R (t) but with

(24)

The model output is scaled accordingly:

(25)
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File S1C. parameter optimization and model selection

Parameter optimization
The parameters are optimised in the same way as reported in Chapter 3. The
criterion

(26)
is minimised. Here y(6) denotes the model prediction, y, the measured data, o the
standard deviation of the measurement noise, and i ranges over measured data
points.

Model selection

The plausibility of the different models is tested by fitting them to experimental data,
and by assessing their predictive power with three different methods. In the first two
methods the model fits of the different model structures were compared using the
Akaike Information Criterion (AIC) and the Bayesian Information Criterion (BIC)

(27)
Here p is the number of parameters, and n the number of data points. The third

method consists of a four-fold cross-validation, with error criterion (26) defined as
the prediction error, averaged over the four predictions.
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SUPPLEMENTAL FIGURES AND TABLES

Figure S1. Root length assays of serk1-3 and serk3-2 mutants in absence of BRZ. In absence of
BRZ, roots of the serk1serk3 double mutant are completely insensitive to exogenously applied BL.
For all measurements n > 15 roots measured at 8 days after germination (DAG) in three independent

replicates, error bars £ SEM.
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Figure S2. Model calibration on relative root lengths of seedlings at 4, 6 and 8 DAG simultaneously.
The model can accurately fit with the relative root length at 6 and 8§ DAG simultaneously but not with
the relative root length at 4, 6 and 8 DAG. Figure shows fit and actual data set at 4, 6 and 8 DAG for
Col-0 wild type (A) and the serk1-3 (B) serk3-2 (C) and serk1-3serk3-2 (D) mutants. Error bars +
SEM, n > 15 measured in three independent replicates.
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Figure S3. Model calibration on relative root lengths of seedlings at 4 DAG. Figure shows fit of the
model on relative root length of seedlings at 4 days after germination (DAG). Error bars experimental
data set are = SEM, n > 15 measured in three independent replicates.
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Figure S4. Leave-one-out cross-validation for modelling root growth. (A) After calibration on the
serk1-3, serk3-2 and serk1-3serk3-2 double mutant root growth of wild type seedlings was predicted.
(B) Model calibration on wild type, serk3-2 and serk1-3serk3-2 while predicting root growth of the
serk1-3 mutant (C) Model calibration on wild type, serk1-3 and serk1-3serk3-2 while predicting

root growth of the serk3-2. All data shows root growth relative to BRZ treated control at 8 days after
germination. S(6*) denotes the prediction error.

Figure S5. The model is robust against alterations in the amount of SERK3 transcript in serk3-1
background. The % of SERK3 protein left in the serk3-1 mutant is plotted against the sum of squared
errors S(6*) that represents the error between the model predictions and actual data. S(6*) denotes

the prediction error, a lower S(0*) indicates a better resemblance between the model predictions and
experimental data. The model shows the best prediction when assuming that there is between 10-20 %
of SERK3 protein still present in the serk3-1 background.
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Figure S6. Leave-one-out cross-validation for modelling hypocotyl elongation. Figure shows
prediction and actual data sets of relative hypocotyl lengths for wild type (A), serk1-3 (B) and serk3-
2 (C) mutants. All predictions were done using a Kd of 1500 nM. S(6*) denotes the prediction error.
Error bars = SEM, n > 30 measured in three independent replicates.

143



Chapter 4

Figure S7. Trend observed in the serk3-2 mutant is not due to a reduced BRI level. A) Effect of
the active number of BRI1 receptors on root growth which is for modelling purposes considered

as a reduced concentration BRI1. Model calibration was done on wild type, serk1-3, serk3-2 and
serk1-3serk3-2 double mutant. Model predictions for a BRI concentration of 62 (wild type) and

2 nM are shown. The trend in the serk3-2 mutant is similar to the trend observed when the active
BRI concentration is 2 nM. B) Confocal images showing the BRI1-GFP expression in wild type
and serk3-2 background. Representative images are shown. C) Comparison of the BRI1-GFP
fluorescence intensity in wild type and serk3-2 background. The fluorescence intensity of BRI1-GFP
in the serk3-2 background is hardly changed when compared to the wild type background indicating
that the observed trend in (A) is due to a reduced BRI receptor activity rather than the total BRI1
concentration. For root length assays n > 30 roots measured in three independent replicates, values +
SEM. For fluorescence microscopy n > 7 roots # 5 Cells per root (35 cells in total) measured in two
independent replicates. PM= plasma membrane CP = cytoplasm.
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Table S1. Comparison of different growth model structures using root length as
readout

AIC = Akaike information criterion. For definitions see Supplemental File S1C

BIC = Bayesian information criterion. For definitions see Supplemental File S1C

PE = Prediction Error. The average weighted squared prediction error of four leave-one-out
cross-validations

Calibration was done using the relative root length of wild type, serk1-3 ,serk3-2 and serk1-
3serk3-2 seedlings at 6, and 8 days after germination (DAG) as training set. All criteria of the
growth model structures were computed using biochemical model structure 1 (Supplemental
File S1A).

*Model 1 was selected based on a low score of three criteria and having the simplest

model structure. Increasing the complexity by adding an extra inhibitory (models 8-10) or
stimulatory module (model 2,3, 7-9) does not considerably improve the score.
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Table S2. Comparison of different growth model structures using hypocotyl
elongation as readout

AIC= Akaike information criterion. For definitions see Supplemental File S1C

BIC= Bayesian information criterion. For definitions see Supplemental File S1C

PE= Prediction Error. The average weighted squared prediction error of four leave-one-out
cross-validations

Calibration was done using the relative root length of wild type, serk1-3 ,serk3-2 and serk1-
3serk3-2 seedlings at 6, and 8 days after germination (DAG) as training set. All criteria of the
growth model structures were computed using biochemical model structure 1 (Supplemental
File S1A).

*Model 1 was selected based on a low score of three criteria and having the simplest

model structure. Increasing the complexity by adding an extra inhibitory (models 8-10) or
stimulatory module (model 2,3, 7-9) does not considerably improve the score.
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Table S3. Predicted amount of ligand occupied BRI1 interacting with SERK in wild
type background

Biochemical model 1: BL binds to [BRI1 SERK]

Biochemical model 2: BL binds to BRI1, after which BRI1 interacts with SERK

Growth model 1 is used consisting of one stimulatory and two inhibitory modules

Model assumes that there is a still some BL left after BRZ treatment. The 0 nM BL in the
Table represents the amount of complex still present after BRZ treatment assuming that
there is 0.1 nM BL in a BRZ treated seedlings.
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ABSTRACT

Members of the Somatic Embryogenesis Receptor like Kinase (SERK) co-receptor
family associate with different ligand perceiving receptors such as brassinosteroid
insensitive 1 (BRI1) and flagellin sensitive 2 (FLS2). Current models suggest fast
recruitment of SERK co-receptors towards FLS2 or BRI1 upon ligand binding.
However, in plasma membranes (PM) lateral movement of proteins is often
restricted. How mobility of proteins is affected is of interest especially in signal
transduction cascades where receptor hetero-oligomerization at the PM often
forms a key point in activation of downstream targets. In plants, an additional
complexity is the presence of the cell wall that further restricts movement of PM
localised proteins. Therefore, the measurement of lateral protein movement in
protoplasts usually results in an overestimate of the diffusion coefficient. The aim of
this work is to determine the mobility of BRI1 and SERK3 employing fluorescence
recovery after photobleaching (FRAP) in Arabidopsis root cells active in BR
signalling. Results indicate that PM localised BRI1 and SERK3 have low diffusion
coefficients in root meristematic cells suggesting that the (lateral) mobility of BRI1
and SERKS is limited.
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INTRODUCTION

The association of proteins into complexes is an important step in cellular signal
transduction cascades (Chen et al., 2003). The cell in which the proteins reside
can be viewed as an enclosed area in which proteins can diffuse freely. However,
proteins are usually restricted to a certain cellular compartment and often move
inhomogeneously (Ritchie et al., 2005). In particular PM localised proteins can

be restricted in their movement due to e.g. the presence of lipid rafts, which

can compartmentalise proteins (Lingwood et al., 2009; Owen et al., 2012). As
protein interactions are essential to signal transduction, it is of interest to know

the mobility of proteins and how fast downstream target proteins can be reached.
In Arabidopsis, the lateral mobility of PM localised proteins is restricted by the
presence of the cell wall. This limitation in movement is not necessarily due to
direct interaction of the protein with cell wall components, but can also be due

to PM/cell wall constrains (Martiniére et al., 2012). BRI1 and SERK1, two PM
localised receptor like kinases, have a significant higher mobile fraction and
diffusion coefficient in planta compared to protoplasts (Kwaaitaal et al., 2011).
Current models of BR signalling propose a mechanism where ligand binding to
BRI1 induces the hetero-oligomerization between BRI1 and SERKS (Li et al., 2002;
Wang et al., 2005). SERKS (also referred to as BAK1) is employed as co-receptor
in different signalling pathways. For example, upon ligand binding the FLS2
receptor rapidly interacts with SERK3 inducing downstream phosphorylation events
(Chinchilla et al., 2007; Schulze et al., 2010). In hormone signalling, maximal
phosphorylation of SERKS is already observed within 60-120 seconds after BL
stimulation (Schulze et al., 2010). Co-immunoprecipitation experiments indicate
that there is a significant increase in amount of SERK3 associating with BRI1 at

10 and 90 minutes after ligand application (Albrecht et al., 2012). To enable a fast
response on a diffusion-based model, SERK3 and BRI1 should not be restricted

in their lateral mobility. This work aims to evaluate the mobility between BRI1 and
SERKS3 in planta using Fluorescence Recovery after Photobleaching (FRAP). The
diffusion coefficients of BRI1-GFP and SERK3-GFP in planta as measured here
are highly variable between 0.009 and 0.11 um?s™. These values are far below the
10 um?s™, which is the value for free lateral diffusion of PM receptors in mammalian
systems (Meissner and Haberlein, 2003; Bacia et al., 2006). This indicates that the
plant RLKs BRI1 and SERK3 are restricted in their movement in planta. For this
reason, we propose that BRI1 and SERK3 are already in close proximity at the PM,
possibly in plasma membrane domains, as pre-formed complexes or both.
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RESULTS AND DISCUSSION

BRI1-GFP and SERK3-GFP mobility in protoplasts

FRAP experiments were performed to determine the diffusion coefficients and
mobile fractions of BRI1-GFP and SERK3-GFP in protoplasts derived from
Arabidopsis mesophyll cells. After one minute a complete recovery of BRI1-GFP
at the plasma membrane (PM) was observed (Fig. 1). The diffusion coefficient and
the mobile fraction of BRI1-GFP in protoplast is respectively 0.38 + 0.08 um?s-' and
49 + 8%. This is significantly lower compared to the measured values for SERK3-
GFP, which has a diffusion coefficient of 0.55 + 0.07um?s™" and a mobile fraction
of 78 +5% (Table 1). The measured mobile fraction and diffusion of BRI1-GFP in
protoplast is within the same order of magnitude as previously reported (Ali et al.,
2007; Kwaaitaal et al., 2011).

Figure 1. Fluorescence recovery curves of BRI1-GFP and SERK3-GFP in protoplasts. The data of
BRI1-GFP (A) is an average of 9 independent experiments and the data of SERK3-GFP (B) is an
average of 4 independent experiments. Error bars indicate standard deviation.

BRI1-GFP and SERK3-GFP mobility in planta

Next, FRAP measurements were performed in meristem cells of 5-day old seedling
roots expressing BRI1-GFP. As a control KNOLLE-GFP was used. KNOLLE is a
protein that is involved in the formation of the cell plate during cell division and
showed a relative high mobility in planta (Boutte et al., 2010). The recovery of
KNOLLE-GFP at the cell plate was completely restored after 3 min while hardly any
recovery was measured at the PM of seedling roots expressing BRI1-GFP (Fig. 2A
and B). For BRI1-GFP in the root meristem a diffusion coefficient of 0.009 + 0.002
pum?2s and a mobile fraction of 28 + 2% was found. For SERK3-GFP a mobile
fraction of 78 + 3% with a diffusion coefficient of 0.009 + 0.002 uym?s-' was obtained.
Taken together, these data indicate that PM localised BRI1-GFP and SERK3-GFP
are less mobile in meristem epidermal cells when compared to elongating cells and
protoplasts (Table 1).
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Table 1. Mobile fractions and diffusion coefficients of BRI1 and SERK3

N = number of individual measurements.
Mf = mobile fraction

Dc = diffusion coefficients

Values are given +SEM

Figure 2. Bleach series of BRTI-GFP and KNOLLE-GFP in epidermal cells in root meristem. A)
After approximately 3 min the fluorescence intensity at the PM from KNOLLE-GFP was restored
while no such recovery was observed for BRI1-GFP even not after 400 seconds after the initially
bleaching at the PM. B) Recovery-curves of KNOLLE-GFP (blue line ) and BRI1-GFP (black line)
in epidermal cells in the root meristem. Several independent replicates (KNOLLE-GFP: n =7 and
for BRI1-GFP: n = 15), were performed. In the graph the error bars indicate standard error of means
(SEM).
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BRI1-GFP protein is localised at the PM as well as in pre-vacuolar compartments
and in early endosomes/ trans-Golgi network (Friedrichsen et al., 2000; Geldner
et al., 2007; Viotti et al., 2010). Due to limitations of the spatial resolution of

a confocal microscope it is not possible to discriminate between BRI1-GFP
molecules residing in the PM or in cytosolic compartments located close proximity
of the PM. Especially, in the root elongation zone it is hard to distinguish whether
the measured diffusion rate and mobile fraction in roots cells correlates to lateral
diffusion within the PM or to insertion from the ER/Golgi/TGN network localised

in close proximity of the PM. For this reason, we determined the fluorescence
intensity in the bleached area using Gaussian fits of the intensities measured in
axial PM of meristem epidermal cells (Fig. 3). These cells were chosen because
of their small vacuoles, making it possible to separately measure fluorescence of
the cytoplasm. Surprisingly, in these cells the mobility of BRI1-GFP was reduced
about a hundred-fold compared to cells within the elongation zone. This suggests
that lateral mobility as well as insertion into the PM of fluorescent receptors is
virtually non-existing. Assuming a comparable PM structure, this could imply that
in elongating meristem cells the observed mobility is largely due to replenishment
of receptors from within the cell. For SERK3-GFP insufficient measurements were
done in order to confirm this trend.
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Figure 3. Gaussian fits drawn of fluorescent intensity over the anticlinal cell wall before and after
photobleaching. The 0 is the middle point of two plasma membranes in a confocal image, between
1-0.5 pm is the fluorescence intensity in the cytoplasm next to the plasma membrane. A) Fluorescence
intensity of BRI1-GFP at the bleached area (left) compared to the intensity at a non-bleached area of
the PM (right). After 400 seconds, the fluorescence intensity at the non-bleached area (right panel)
was reduced significantly due to scan bleaching, which occurs when the image is recorded. B) Same
as in A, now for SERK3-GFP. n = 5 different roots measuring 20 fits per image (n >100 data points).

Here we observed that a significant difference can occur in the diffusion coefficients
of the same BRI1-GFP receptor in different cells of the root. Whereas relative
immobility of PM located proteins was noted in a number of studies (Martiniére

et al. 2012) this work did not take into consideration possible differences due to
cellular identity or location within a tissue. Epidermal cells of the meristematic
zone of the root as well as elongating cells are reported to be active in BR
signalling (Hacham et al. 2011; Gonzalez-Garciaet al. 2011). At present it is

not possibly to correlate the difference in mobility of BRI1-GFP to enhanced
signalling activity. Potential caveats of using FRAP are the spatial limitation of the
confocal microscope, so no definite answer is possible to the question whether
lateral diffusion or insertion into the PM from the ER is the cause of the observed
fluorescence recovery in elongating cells. In addition, technical difficulties such
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as scan bleaching, low receptor fluorescence intensity at physiological relevant
receptor level may result in an overestimate of the diffusion coefficient.

In conclusion, the observation of low BRI1 receptor mobility in meristematic root
cells is in line with a model where a relatively small number of preformed BRI1-
SERKS3 receptor hetero-oligomers exist in the PM in the absence of the activating
ligand. Clearly, other techniques such as single-molecule imaging are required to
provide more definite evidence.
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EXPERIMENTAL PRODCEDURES

Plant lines

Arabidopsis thaliana ecotype Columbia-0 (Col-0) was used as wild type plant.

For all FRAP experiments BRI1 (At4G39400), SERK3 (At4G33430) and KNOLLE
(At1G08560) fused to green fluorescent protein (GFP) were used. All constructs
were expressed under their own promoter in wild type background. The BRI1-
GFP line was provided by J. Chory (Friedrichsen et al., 2000). KNOLLE-GFP was
used as a positive control for the FRAP experiment based on the data of Boutté
et al. (2010). Seed sterilization and plants growth was performed as described in
Chapter 2. Protoplast isolation and transfection was done as described previously
(Bucherl et al., 2010).

Confocal microscopy and FRAP measurements

Roots of Arabidopsis seedlings expressing BRI1-GFP, SERK3-GFP or KNOLLE-
GFP and the protoplasts were imaged with a CONFOCOR2/LSM510 confocal
microscope (Zeiss) equipped with a 40x water objective (numerical aperture 1.2)
and an argon ion laser. The argon laser was used for excitation of GFP at 488 nm
(laser output was set at 6.1 A), emission was detected with a band-pass filter at
505 to 550 nm. The measurement of BRI1-GFP and SERK3-GFP in protoplasts
was performed in an 8-chamber slide containing 300 pL of the protoplast solution in
a single chamber. For the bleach procedure 15 pulse iterations at 50% laser power
at 488 nm was used. Images were taken up to 53 s after the bleach pulse.

Roots were immobilised in 1x PBS (8 g NaCl, 0.2 g KCl, 1.44 g Na,HPO,, 0.24

g KH,PO, in 1 L distilled H,O) in a 2-chamber slide (pre-incubated with 0.1%
poly-L-lysine for at least 1 hour) covered with a coverglass and a weight on top.
KNOLLE-GFP was measured in the cell-plate of dividing cells in the root meristem
of 5-day old A. thaliana plants. The bleach pulse was given with 20 iterations at
75% transmission at 488 nm, the recovery was followed up to 260 s. For BRI1-GFP
and SERK3-GFP the excitation laser power was respectively 5% and 9 % at 488
nm. The images were taken with a 6x zoom, a scan time of 15.73 s and a cycle
delay of 5 s. A fixed rectangular area of 60x15 pixels (4.5x1.1 um) was bleached

on the plasma membrane with 50 iterations at 45% transmission at 488 nm for both
proteins. The recovery of the fluorescent signal was followed up to 499 s and 436
s, respectively for BRI1-GFP and SERK3-GFP. For FRAP measurements in the
elongation zone the excitation laser power was set to 1% at 488 nm to reduce the
scan bleaching. The images were taken with a 4x zoom and a scan time of 6.29 s.
The bleach pulse was given with 15 iterations at 50% transmission at 488 nm for
both proteins.
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FRAP data analysis

Analysis of the FRAP data was done essentially as described previously (van
Royen et al., 2009; Kwaaitaal et al., 2011). All fluorescence intensities were
recorded in arbitrary units (a.u.) and corrected for autofluorescence in the wild type

control according to:
It—Thackground

i =
t . .
meTm, (It scanbleach—Thackgro und ) (Inscanbieach—Io.b ad{grnﬂnuﬂ'

where | is the normalized fluorescence intensity at time t, | is total intensity at
time t, | ,oune 1S the intensity in the wild type control, I, ..., is the fluorescence
intensity of an area with the same size as the bleached area for measuring the
contribution of scan-bleaching, I, ... is the average fluorescence signal of the
scan-bleaching before the bleaching procedure and onbackgmund is the average signal
of the background before bleaching. The normalised fluorescence intensities are

calculated according to:
_ normet—form.blzach

formo—norm.bieach

fdrz ta,norm

where I . ... IS the calculated normalised intensity, |
intensity just after the bleach, and |
bleaching.

normbleach 1S the normalised
is the average normalised intensity before

norm,0

The mobile fraction is defined as:

fno rend —Ino rm.bileach
E, =

Inormo—Inorm.bizach

where | is the normalised intensity after full recovery. The recovery data is

norm,end

fitted to a model describing two-dimensional diffusion according to the next formula:
I(t) = B, (1—e*t)

where K is the recovery constant, which is related to the half-time of recovery as
follows:

ty2 = In(2) fk

For unrestricted two-dimensional diffusion, the diffusion coefficient (D_ ) is related

to the half-time of recovery (t,,,) as follows:

A 7
= mes
€ 4xr._l.-z“

1

where A is the area of the bleached region. Note that the diffusion of ‘out of focus’
fluorescent molecules into the bleached area is not taken into account. This
assumption only holds for membranes or very thin layers (Kwaaitaal et al., 2011).
Curve fitting was performed using Microsoft Excel.
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ABSTRACT

Somatic embryogenesis receptor like kinases (SERK) are non-ligand binding
co-receptors, that are able to combine with different ligand perceiving receptors
such as Brassinosteroid Insensitive 1 (BRI1) and Flagellin Sensitive 2 (FLS2).
Phenotypical analysis of serk single mutants is not straightforward because
multiple pathways can be affected, while redundancy is observed for a single
phenotype. For example, serklserk3 double mutant roots are insensitive towards
brassinosteroids but have a phenotype different from bril mutant roots. To decipher
these effects, 4 day old Arabidopsis roots were studied using microarray analysis.
698 genes, involved in multiple biological processes, were found to be differentially
regulated in serk1-3serk3-2 double mutants. About half of these are related to BR
signalling. The remainder appears to be unlinked to BRs and related to primary
and secondary metabolism. In particular, it appears that suberin biosynthesis
genes are down-regulated, suggesting a novel role of SERK-mediated pathways in
secondary cell wall modification. The results show that the gene expression pattern
of the serk3-2 mutant is similar to that of serk1-3serk3-2 roots. This confirms the
existence of partial redundancy between SERK3 and SERK1 as well as the activity
of a single co-receptor in multiple simultaneously active pathways.
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INTRODUCTION

The five Somatic Embryogenesis Receptor Kinase (SERK) receptors in Arabidopsis
are leucine rich repeat receptor like kinases (LRR-RLK) that are involved in various
cellular processes (Hecht et al., 2001; Albrecht et al., 2008). No ligands have been
reported to bind to the extracellular domain of the SERK receptors; current models
assume they function as non-ligand binding co-receptors by heterodimerising

with different ligand perceiving receptors (Chinchilla et al., 2009). SERK1, SERK3
(BAK1) and SERK4 (BKKI1) function as co-receptor of BRI1, which is the main
ligand perceiving receptor for brassinosteroids (BRs) in Arabidopsis (Wang et al.,
2001; Li et al., 2002; Karlova et al., 2006; He et al., 2007). BRs are a class of plant
specific steroid hormones involved in cell elongation, division and differentiation,
photosynthesis, stress responses and senescence (Clouse and Sasse, 1998).
Mutants that are unable to synthesise or perceive BRs have a dwarfed stature,
impaired photomorphogenesis and fertility defects (Chory et al., 1991; Clouse et
al., 1996; Clouse and Sasse, 1998). Recently, it was shown that BRI1 mediated
BR signalling completely depends on its interaction with SERKs. However,

with the exception of SERKS, single serk mutants do not give a morphological
phenotype. Severe BR related phenotypes are only observed in double or triple
mutants of different SERK combinations indicating that they act redundantly in

BR signalling (Albrecht et al., 2008; Gou et al., 2012). An added complexity is

that several members of the SERK family also serve in other signalling pathways
such as plant immunity (Chinchilla et al., 2007; Heese et al., 2007; Roux et al.,
2011), male fertility (Albrecht et al., 2005), BR independent cell death (He et al.,
2007), abscission (Lewis et al., 2010) and root development (Du et al., 2012). This
complicates the phenotypical analysis of serk mutants, especially in double and
triple mutant combinations. Most studies performed so far are based on genetic
and proteomic approaches. For example, a suppressor screen of the nevershed
(nev) mutant, which does not show floral organ abscission, demonstrated that
SERK1 functions as negative regulator of abscission (Lewis et al., 2010). SERK3
has been identified as co-receptor of BRI1 in a genetic screen for suppressors

of a weak bril phenotype and in a yeast two-hybrid screen (Nam and Li, 2002).
SERK?2 can also interact with BRI1, however exogenous application of BR only
enhanced SERK2 phosphorylation activity but not the amount of SERK2 interacting
with BRI1. This suggests that SERK2 may have a less pronounced role in BR
signalling only revealed in unnatural situation such as over expression of SERK2 or
exogenous application of BRs (Gou et al., 2012).

The BR related phenotype of serk3 can be enhanced by serkl (Albrecht et al.,
2008; Gou et al., 2012; Du et al., 2012) while serk4 enhances the defence and cell
death related phenotype of serk3 (Roux et al., 2011, Chinchilla et al., 2007; Heese
et al., 2007). Several genes involved in cell cycle and root meristem differentiation,
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endodermis development and auxin transport were found to be repressed in serk
mutants. Because the root phenotype in double and triple serk mutants was found
to be different from that in strong bril mutant alleles, it was concluded that so far
unknown BR-independent pathways requiring the SERK proteins were affected (Du
et al., 2012).

Profiling of the global transcriptional changes in bril null mutants have revealed

a complex regulatory network integrating brassinosteroid and light signalling
pathways and showing multiple targets in the control of (root) development and
cell elongation (Luo et al., 2010; Sun et al., 2010). This is in line with the proposed
functions attributed to the BR signalling pathways.

To determine which BR-related and BR-unrelated processes are disturbed in

serk mutants transcriptional analysis was applied. To simplify the interpretation,
only serkl and serk3 single and serklserk3 double mutants were used and the
analysis restricted to roots rather than entire seedlings. Results show that a
significant number of BR related genes are differentially regulated in the serk1-
3serk3-2 double mutant. In addition, transcriptional reprogramming occurred

in the double mutants that appears to be unrelated to BR signalling and affects
metabolic processes such as glycolipid and fatty acid metabolism. In particular,
genes involved in suberin biosynthesis are down-regulated while glucosinolate
biosynthesis genes are up-regulated in the serk1-3serk3-2 double mutant.
Hierarchical cluster analysis (HCL) showed that in serk3-2 a similar but less
pronounced regulation occurred which was not detected in serk1-3. Apparently,
SERKS affects metabolic processes in a BR dependent and BR-independent
fashion, which suggests that this single co-receptor serves even more pathways in
a partially redundant mode together with other SERK proteins.
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RESULTS

Magnitude of differential gene expression reflects serk mutant root
phenotype

To determine which genes are differentially regulated in the serkl and serk3 mutant
lines RNA isolated from roots of wild type, serk1-3 and serk3-2 single and double
mutant seedlings was hybridised to an Affymetrix GeneChip array (Hennig et al.,
2003). In our initial analyses only genes differentially regulated more than two-fold
with False Discovery Rate (FDR) of 1 % significance were considered. RNA was
isolated from roots cut just below the hypocotyl at 4 days after germination (DAG),
because at this time-point roots of the serk3-2 single mutant already showed a
reduction in root length (Fig. 1A and B). The phenotypes of the serk mutants have
been described previously; serk1-3serk3-2 has a severe reduction in root growth,
which is minor in serk3-2 and absent in serk1-3 (Fig. 1 A and B, Supplemental

Fig. S1 and S2) corroborating data previously presented (Du et al., 2012; Gou et
al., 2012). Out of >26,000 genes analysed, only 4 and 42 genes were found to
change expression in serk1-3 and serk3-2 mutant roots respectively (Supplemental
Table S1 and S2). In serk1-3serk3-2 roots 698 genes are differentially regulated
(Supplemental Table S3) of which 29 are also differentially regulated over 2 fold

in the serk3-2 single mutant (Fig. 1C, Table 1). The majority of the 42 genes
differentially regulated in the serk3-2 single mutant display the same expression
profile as in the serk1-3serk3-2 double mutant (Fig. 1D). To assess whether any

of the other 698 genes are also affected in single mutants an hierarchical cluster
analysis (Eisen et al., 1998) was done. Interestingly, the expression profile of
serk3-2 is very similar to the serk1-3serk3-2 double mutant and only differs in
magnitude (Fig. 1E). In contrast, the serk1-3 mutant does not display this profile,
suggesting that in root development also on the transcriptional level loss of SERK1
only has a measurable effect in the absence of SERK3.
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Figure 1. Morphological phenotype in serk mutants matches the magnitude of transcriptional
response. A) Root length of serk1-3, serk3-2 and serk1-3serk3-2 mutants compared to wild type (Col-
0) at 8 days after germination (DAG). B) Statistical evaluation of the root length of serk1-3, serk3-

2 and serk1-3serk3-2 mutants at 4, 6 and 8 DAG. a, b, and ¢ indicate statistical differences. Data
evaluation was done with a one-way ANOVA using a Bonniferoni test (a = 0.05). C) Venn diagram
showing the overlap in significantly differentially regulated genes between the serk1-3serk3-2 double
mutant and the serk1-3 and serk3-2 single mutants. D) Heat map comparing genes differentially
regulated in the serk3-2 and serk1-3serk3-2 mutant. E). Hieratical cluster (HCL) analysis of all genes
differentially regulated in the serk1-3, serk3-2 single and serk1-3serk3-2 double mutant. For all root
length measurements error bars + SEM, n > 20 roots were measured in three independent replicates.
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Table 1. Genes differentially regulated in the serk3-2 single and serk1-3serk3-2
double mutants

AGI = Arabidopsis Genome Initiative gene identification number
Other name = common abbreviation for genes
FC = Fold change in the microarray experiment
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Genes that are differentially regulated in serk3-2 and serk1-3serk3-2
Expression of all SERK genes was followed in serk3-2 and serk1-3serk3-2 mutant
roots. The serk1-3 mutant carries a T-DNA insertion in the coding sequence of

the SERK1 gene and therefore does not block the formation of the transcript.
Surprisingly, SERK1 transcripts are significantly higher in the serk1-3serk3-2
mutant (2.4 FC, FDR <0.01) and to a lesser extent SERK4 transcripts (1.6 FC,
FDR 0.05). This possibly represents a compensatory mechanism for the loss of
active SERK1 and SERK3 protein.

Genes differentially regulated in the serk3-2 mutant are involved in various
cellular processes such as photosynthesis, transport and protein degradation
(Supplemental Table S2). To assess if these genes are part of a certain biochemical
pathway an over-representation analysis (ORA) was performed (Backes et al.,
2007). In the serk3-2 mutant overrepresentation of photosynthesis and metabolic
pathways was noted amongst the up-regulated genes whereas none was found

in the down-regulated categories. In the double mutant, additional categories
were found to be overrepresented, mainly involved in energy metabolism and

in glucosinolate biosynthesis. In addition, down-regulated genes were found to

be involved in secondary metabolite biosynthesis (Table 2). This suggests a link
between SERK activity, BR signalling and chloroplast development. Light-grown
roots have the capacity to develop chloroplasts (Kobayashi et al., 2012). BR
signalling is correlated with the response to light; in the BR biosynthesis mutant
de-etiolated 2 (det2) for example, increased expression of light responsive genes
was observed (Chory et al., 1991; Song et al., 2009). Furthermore, BR induced
transcriptional activation of BZR1 and BES1/BZR2 represses the expression of
positive regulators of light signalling and induces expression of negative ones (Luo
et al., 2010; Sun et al., 2010; Wang et al., 2012). Hence, reduced BR signalling
could result in an increased expression of genes involved in photosynthesis.
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Table 2. Over-representation analysis of differentially regulated genes in serk1-
3serk3-2 and serk3-2 mutants

Next, the genes differentially regulated in serk3-2 and serk1-3serk3-2 were
compared with published datasets on (putative) targets of BZR1/BES1 and
differentially regulated genes in the BRI1 null mutant bril-116 (Sun et al., 2010;
Yu et al., 2011) (Fig. 2A, Supplemental Fig. S3, Table S4, File S1). In total, 345
differentially regulated BR-related genes were observed in the serk1-3serk3-2
mutant. This is a significantly higher number than would be expected by chance
alone (119 genes) and indicates that the BR signalling process is significantly
affected in roots of the serk1-3serk3-2 mutants. The majority of the up-regulated
photosynthesis related genes identified in the ORA are also BR related while

a number of BR related metabolic processes appear to be significantly down-
regulated (Table 3, Supplemental Table S5). The non-BR related up-regulated
metabolic pathways mainly relate to genes involved in biosynthesis of secondary
metabolites, glucosinolate biosynthesis, and glyoxylate and dicarboxylate
metabolism (Table 4).
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Table 3. Over-representation analysis of BR related genes differentially regulated
in serk1-3serk3-2 double mutant

Table 4. Over-representation analysis of the non-BRI1 related genes up-regulated
in serk1-3serk3-2 double mutant
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Genes differentially regulated in the weak allelic bri1-301 mutant
Macroscopically, bri1-301 has a phenotype comparable to that of wild type
seedlings while showing a reduced insensitivity towards exogenously applied BRs
(Xu et al., 2008; Chapter 3). It is less evident whether roots of the bril-301 mutant
already have a transcriptional phenotype at physiological ligand concentrations.
Therefore, genes differentially regulated in the bri1-301 mutant were compared

to those affected in the bril-116 mutant and the serkl, serk3 single and double
mutants. In bri1-301 roots only 4 genes are differentially regulated. This is
significantly less when compared to the dataset available for the strong bril-116
mutant where 3531 genes (1.5 fold cutoff and FDR < 0.01) are affected (Sun et
al., 2010). The bri1-116 dataset obtained from literature was constructed using a
lower cutoff and FDR value than use in our analyses. The rationale behind this
was that BR regulated genes do not show extensive transcriptional responses
(Deng et al., 2007). However, using a cutoff value of 1.5 fold change (FDR 0.01)
did not increase the number of differentially regulated genes found in bri1-301 in
two independent experiments (Supplemental Table S6). HCL analysis using bril-
301 and serk3-2 and serk1-3serk3-2 did not show a clear correlation due to the
absence of a clear transcriptional profile in the bri1-301 mutant (Fig. 2B). This is
corroborated by HCL analysis at lower cut off values (1.5 fold FDR<0.01) and the
HCL analysis between the differentially regulated genes in the bri1-116 and bri-301
mutant which exhibit no clear correlation (Supplemental Fig. S4). In conclusion,
although bri1-301 roots are BR insensitive, hardly any effect in transcriptional
response is observed.
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Figure 2. Comparison of differentially regulated genes in the serk1-3serk3-2 mutant with BR-related
genes. A) Venn diagram showing genes differentially regulated in the bril-116 mutant and known
BR-related BES1 and BZR1 target genes compared to differential regulated genes in the serkl-
3serk3-2 double mutant. B) HCL analysis comparing genes differentially regulated in the bril-116
and bril-301 mutants with differentially regulated genes in the serk3-2 and serk1-3serk3-2 mutant.
The two different arrays performed on bril-301 roots cluster together. Red = up-regulated, green =
down-regulated. Data on BR-related BES1/ BZR1 target genes and genes differentially regulated in
the bril-116 mutant was derived from Yu et al. (2011) and Sun et al. (2010).
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Global transcriptional analyses of other SERK1 and SERK3 affected
processes

SERK1 and SERKS3 are important components in processes other than

BR1 mediated signalling such as abscission, cell death and defence. Since

these processes have been well studied, readily available data sets of global
transcriptional changes are available in the Gene Expression Omnibus (GEO),
The Arabidopsis Information Resource (TAIR) databases and current literature
(Edgar et al., 2002; Zipfel et al., 2004; Denoux et al., 2008; Boudsocq et al., 2010;
Lamesch et al., 2012; Niederhuth et al., 2013). Transcriptional changes due to the
absence of functional Haesa (HAE) and Haesa-like (HSL2) receptor-like kinases
and known abscission related genes derived from the TAIR data base were used
as reference set for abscission related genes (Patterson, 2001; Sun and van
Nocker, 2010; Gonzalez-Carranza et al., 2012; Niederhuth et al., 2013). haehsl|2
mutants fail to abscise their floral organs (Jinn et al., 2000; Cho et al., 2008;
Stenvik et al., 2008). The defence related gene set consists mainly of genes that
are differentially regulated upon flg22 treatment (Zipfel et al., 2004; Boudsocq et
al., 2010; Denoux et al., 2008). Known cell death related genes were obtained
from the TAIR database (Lamesch et al., 2012). This list was extended using
differentially regulated genes in a constitutive expresser of PR genes 5 (cprb)
mutant downloaded from the GEO data base (Edgar et al., 2002). CPR5 mutants
have several phenotypes including spontaneous cell death, defects in cell division,
cell expansion and cell wall biogenesis (Bowling et al., 1997; Kirik et al., 2001; Gao
et al., 2011). Although none of these processes are described to occur in roots, the
corresponding genes may nonetheless be differentially regulated. As previously
mentioned serk1-3serk3-2 has a reduced root length and fewer meristematic cells
(Gou et al., 2012, Du et al., 2012, Supplemental Fig. S2). One possible cause for
the meristem phenotype of serk1-3serk3-2 is reduced cell cycle progression in the
root meristem cells, similar to what has been postulated for the bril-116 mutant
(Gonzalez-Garciaet al., 2011). In addition, it has been proposed that SERKs affect
cell cycle and division via BR-independent processes (Du et al., 2012). Therefore,
we also included previously described core cell cycle/ cell differentiation genes as
well as known cell cycle and cell differentiation related genes in the TAIR database
in our analysis (Vandepoele et al., 2002).
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Table 5. Over-representation analysis on (known) SERK1 and SERKS3 related
processes

observed is the number of genes identified in the specified category (m); refset is number
of genes in reference set (k); expected is the of genes theoretically can be found by chance
based on the size of the reference set, the number of differentially regulated genes (698 in
serk1-3serk3-2) and the number of genes on the gene chip (27827), p values are calculated
using a cumulative hypergeometric distribution

The reference sets obtained were compared to the transcriptional changes
monitored in root tissue of the serk1-3serk3-2 double mutant (For p-values see
Table 5). Subsequently, it was determined whether previously unidentified, distinct
biological processes are present in the overlapping differential gene sets shown in
Figure 3. From the 209 core cell cycle genes in the reference sets, 5 genes were
differentially regulated in absence of SERK1 and SERKS (Fig. 3), indicating that
cell cycle genes are not significantly affected in roots of the serk1-3serk3-2 double
mutant (Table 5). The cell cycle and cell differentiation related genes CYCLIN

D1;1 (CYCD1;1), AT1G67270 are differentially up-regulated and, CLAVATA3/ESR-
related 44 (CLE44), ERECTA-LIKE 2 (ERL2) and AT2G42220 are differentially
down-regulated. CYCD1;1, which is in a wild type situation up-regulated at the start
of cell division, is involved in the onset of cell proliferation during seed germination,
resulting in a delayed germination in the cycdl;1 mutants (Masubelele et al.,
2005). In the serk1-3serk3-2 mutant CYCD1;1 is down-regulated suggesting that
the onset of cell division may be impaired. Altogether the analyses suggest that if
cell division and cell differentiation is affected in absence of SERK1 and SERKS3,
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this is a rather subtle effect on a small number of core cell cycle genes. Similarly,
only a small overlap was observed between genes involved in abscission, cell
death and defence, and the differentially regulated genes in the serk1-3serk3-2
double mutant (Fig. 3). For abscission and cell death related genes, no significant
categories were identified in the ORA using GeneTrail. Comparison between the
differentially regulated genes in serk1-3serk3-2 root tissue with flagellin responsive
genes suggested that there was a significant up-regulation of this biological
process (Table 5). However, when performing an ORA using GeneTrail software
on the 44 genes overlapping between these data sets it appears that they are
mainly involved in secondary metabolism rather than a core defence processes.
Noteworthy, a number of acetyl transferases were identified in the comparison
between the abscission related data set and the differentially regulated genes

in serk1-3serk3-2 roots. For example, glycerol-3-phosphate-3-phosphate sn-2-
acyltransferase (GPAT) 5 and fatty acid reductase (FAR) 4 and FARS5 are acetyl
transferases essential for the biosynthesis of suberin (Beisson et al., 2007;
Domergue et al., 2010). Together, these data corroborate the ORA on the gene
set that is differentially regulated in the serk1-3serk3-2 double mutant, where the
non-BR related differentially regulated genes are mainly involved in secondary
metabolism (Supplemental File S1, Table S5).
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Figure 3. Global transcriptional analysis of known processes involving SERK1 and SERK3.
Comparison of the global transcriptional responses during abscission, cell cycle and differentiation,
cell death and defence with differentially regulated genes in the serk1-3serk3-2 double mutant. Data
on genes involved in abscission, cell cycle, cell death and defence was derived from literature or
reference data set available in the GEO and TAIR database.

The suberin biosynthetic pathway is differentially regulated in serk3 mutants
Based on both the ORA and study of known SERKS3 related processes we propose
that a small number of secondary metabolic pathways are affected in serk3-2

and serk1-3serk3-2 mutant roots. Interestingly, a number of genes found in the
previous analyses point to a differential regulation of suberin biosynthesis. Suberin
in roots and cutin in leaves are secondary wall modifications that help make plant
organs “waterproof”’. A comprehensive review on the current state of the art of

both processes is available (Beisson et al., 2012). All other genes besides GPAT5
(AT3G11430) (Li et al., 2007; Beisson et al., 2012) known to be involved in suberin
and cutin biosynthesis were therefore checked. Remarkably, 16 out of the 30 genes
reported were differentially regulated in serk1-3serk3-2 roots from which 11 were
significantly down-regulated. The 14 genes that were not differentially regulated
comprised mainly the genes known to be involved only in cutin biosynthesis (Fig.
4). This suggests that mainly suberin biosynthesis is affected in serk mutant
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roots. Importantly, of the 11 genes known to be involved in suberin biosynthesis

all but two are differentially regulated 2 fold (FDR < 0.01), indicating that suberin
synthesis is significantly disrupted (Table 5). In total, 8 suberin biosynthesis

genes are significantly down-regulated while one fatty acid reductase and one
ABC transporter gene were significantly up-regulated. Altogether, these data
suggest that suberin content may be reduced in roots of the serk1-3serk3-2 double
mutant. Although not initially reported as differentially regulated biological process
in the bril-116 mutant (Sun et al., 2010) we also compared cutin and suberin
biosynthesis genes to differentially regulated genes in the bril-116 mutant. In total,
5 suberin and 6 cutin biosynthesis genes are significantly down-regulated and one
cutin biosynthesis genes is up-regulated in the bril-116 mutant (Supplemental
Table S7). Apparently, cutin and suberin biosynthesis related genes are only mildly
reduced in the bril-116 mutant but much more extensively in the serk1-3serk3-2
double mutant. Altogether, suberin biosynthesis is affected when SERKS is
disrupted and this process is further affected when SERK1 is absent. However, to
verify this hypothesis it is paramount that biological experiments are performed that
corroborate the transcriptional data.
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Figure 4. Suberin biosynthesis genes are differentially regulated in the serk1-3serk3-2 mutant.

A) Biosynthesis pathway of suberin and cutin derived from the KEGG data base. B) Suberin and
cutin biosynthesis related genes, table modified from Beisson et al. (2012). A and B) Expression

of genes in indicated in the squares next to the Arabidopsis genome Arabidopsis Genome Initiative
(AG]I) identification number from left to right: first square is in the serk1-3 mutant, middle square
serk3-2 mutant, and right square serk1-3serk3-2 mutant. Red indicates up-regulated genes, green
down-regulated on a scale of 5 fold differentially regulated. Star (*) indicates genes more than 2 fold
differentially regulated in the serk1-3serk3-2 double mutant (FDR<0.01).
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DISCUSSION

In this study we employed a transcriptional analysis using microarrays to identify
biological processes involving SERK1 and SERK3. This approach resulted in

the identification of known BR related genes, indicating the robustness of the
analysis. In addition, serk1 and serk3 mutants are impaired in secondary metabolic
processes such as suberin biosynthesis, glyoxylate and dicarboxylate metabolism
and glucosinolate metabolism. One major challenge in studying gene regulation

of receptor mutants is that the effects may be indirectly caused by differential
regulation of transcription factors downstream of the receptor. This is even further
complicated by the interaction of SERK co-receptors with different main ligand
perceiving receptors, thereby affecting multiple signalling pathways. It also raises
the question if signal transduction mediated by SERK co-receptors can truly be
separated using genetic approaches only.

Phenotypically, only serk3 single mutants show a reduced root growth phenotype
whereas serk1 roots do not. In contrast, serklserk3 double mutants have a severe
root growth phenotype (Du et al., 2012; Gou et al., 2012). Using microarray
analysis only serk3 and serklserk3 mutants display distinct transcriptional
changes. Remarkably, the transcriptional profile of serk1serk3 roots emulates

the profile of the serk3 mutant but displays transcriptional changes of a higher
magnitude. Therefore, both on a phenotypic and transcriptional level, loss of
SERK1 only affects root growth in the absence of SERK3. The presence of
SERKZ1 does provide a certain robustness to the system since it can partially
rescue a SERK3 mutant phenotype and ameliorate the transcriptional changes in
this mutant. Similarly, in other tissues other combinations of SERKs may display
similar profiles. Indeed, the rosette phenotype of the serklserk3 double mutant is
more severe when compared to the serk3 single mutant (Gou et al., 2012) and the
defence phenotype of serk3 is enhanced by serk4 while the serk4 single mutant
does not have a phenotype (Chinchilla et al., 2007; Heese et al., 2007; Roux et al.,
2011).

Preventing the production of functional SERK proteins resulted in increased
transcription or reduced degradation of corresponding truncated mRNAs or

in one case increased transcription of another member of the family. A similar
phenomenon has been noted previously in the analysis of the SERK family (Jeong
et al., 2010) and may suggest a form of feedback control.

From the root growth and BL insensitivity phenotype it is evident that roots of the
serk1-3serk3-2 double mutant exhibit a BR related phenotype. A significant number
of photosynthesis related genes, differentially regulated in absence of SERK1

and SERKS, are also affected in bril or a known target of BES1/BZR1. This is

in line with the negative regulation of light responsive genes by BRI1 mediated

BR signalling (Luo et al., 2010; Sun et al., 2010; Wang et al., 2012). BRI1 is also
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known to be involved in cell cycle progression and cell differentiation in the root
meristem (Gonzalez-Garcia et al., 2011; Hacham et al., 2011). Whether the strong
root phenotype in serklserk3 is the result of aberrant cell cycle progression is

not clear yet (Du et al., 2012). Few cell cycle genes were found to be altered in
expression in serklserk3 suggesting that either the cell cycle and/or differentiation
is not affected or is through a subtle effect on a small number of core cell cycle
genes.

Genes that are neither listed as direct targets of BZR1/BES1 nor are affected

in the bril-116 mutant (Sun et al., 2010) are classified as non-BR related in

the present study. These genes are involved in metabolic processes such as
biosynthesis of secondary metabolites, glucosinolate biosynthesis and glyoxylate
and dicarboxylate metabolism. Disrupted glucosinolate biosynthesis is known

to correlate to severe growth and developmental phenotypes and a disrupted
hormone homeostasis (Bak and Feyereisen, 2001; Bak et al., 2001; Smolen and
Bender, 2002; Tantikanjana et al., 2004). Although transcriptomics did not reveal
a connection between brassinosteroids and glucosinolates, recently it has been
postulated that BR signalling inhibits glucosinolate biosynthesis. The BR-deficient
mutant cpd has an increased glucosinolate content while plants overexpressing the
BR biosynthesis gene DWF4 exhibit a decrease in glucosinolate level. In addition,
several glucosinolate biosynthesis genes are significantly down-regulated in the
gain of BR function mutants bes1-D, 35sBZR1/bzr1-1D (Guo et al., 2013). The
same set of genes are affected upon defence responses (van de Mortel et al.,
2012), down-regulated upon cytokinin treatment (Brenner et al., 2005) and involved
in general hormone homeostasis (Chen et al., 2012). Therefore, the link between
disrupted BRI1 mediated signalling in the serk1-3serk3-2 double mutant and the
up-regulation of glucosinolate biosynthesis genes cannot be excluded or verified
based on these data.

BRI1 is also involved in cell elongation and differentiation. A number of genes
found here appear related to BR-related cell wall modifications (Wolf et al., 2012),
others, such as GPAT5, FAR4 and FARS, are abscission related. These genes
are essential for suberin biosynthesis, a process required in order to protect the
abscission zone with a layer of suberin and lignin (Roberts et al., 2000). Suberin
does not only function as protective barrier in abscission zones but also in root
tissues (Beisson et al., 2012). Suberin, a cutin-like fatty acid and glycerol based
polymer, forms part of the protective barrier against pathogens and the transport
of water and solutes form the extracellular environment (Hofer et al., 2008; Baxter
et al., 2009). To support this hypothesis all known suberin and cutin biosynthesis
genes (Beisson et al., 2012) were investigated. Most are significantly down-
regulated in roots of the serk1-3serk3-2 double mutant. Whether indeed suberin
content is affected in serk3 and serklserk3 mutants remains to be elucidated.
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To summarise, our transcriptional analysis has clearly revealed a role in aspects of
BRI1-mediated BR signalling as well as pointing to an additional role of the SERK
co-receptors in metabolic control.

181



Chapter 6

EXPERIMENTAL PRODCEDURES

Plant growth conditions

Arabidopsis thaliana ecotype Columbia (Col-0) was used as wild type reference.
The serk1-3 (GABI-KAT line 448E10) and serk3-2 or bak1-4 (SALK_116202) single
and the serk1-3serk3-2 double mutants, all in the wild type background, were used
throughout this study. Seeds were surface sterilised using ethanol/ bleach (4:1

v/v) and germinated on half strength Murashige and Skoog medium (Duchefa,
Haarlem, the Netherlands) supplemented with 1% Sucrose (Sigma-Aldrich chemie,
Steinheim, Germany), 0.1 % MES (Sigma-Aldrich) and 0.8 % Daishin Agar (Sigma-
Aldrich). Seedlings grown for RNA isolation were germinated on growth medium
containing 1.2 % Daishin Agar. To equalise germination, the plates were kept in

the dark at 4°C for two days after which the seedlings were grown vertically under
fluorescent light at 22 °C, with 16-h-light/8-h-dark photoperiods. For the root growth
assays each measurement consisted of = 20 roots measured in three independent
replicates. For the meristematic phenotype characterization n = 10, for cell size
measurements n = 10 measuring at least 3 cells per root all data was obtained in
at least two independent replicates. All images of FM4-64 stained root meristems
were taken using a CONFOCORZ2/LSM510 (Zeiss, Jena, Germany) equipped with
a 40x water objective (NA 1.2) and an Argon ion laser. A He/Ne laser was used to
excite FM4-64 at 543 nm.

RNA isolation and sample preparation

Roots of 4-day old Arabidopsis seedlings were cut just below the hypocotyl and
grounded in liquid nitrogen. Approximately 100 mg of grounded material was
dissolved in 1 ml TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and incubated for
5 minutes at room temperature. Next, 200 pl of chloroform was added, the sample
was homogenised, incubated for 2 minutes and centrifuged for 15 minutes at 4 °C.
After phase separation isopropanol was added to the aqueous phase, which was
subsequently incubated for 10 minutes at room temperature and further purified
using an RNA easy Mini Kit (Qiagen, Venlo, the Netherlands). Before hybridization
on the microarray, the RNA quality was tested using a bio analyzer. All samples
used for microarray analysis were replicated three times in independent biological
experiments and each replication consisted of = 3000 seedlings.

Software for data analysis

The scanned Affymetrix arrays were analysed using Bioconductor packages (www.
bioconductor.org; (Gentleman et al., 2004) integrated in the automated on-line
MADMAX pipeline (https://madmax.bioinformatics.nl) (Lin et al., 2011). A quantile
normalization was used to normalise the array data, expression estimates were
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compiled with the RMA method using the empirical Bayes approach (Wu et al.,
2004). The arrays were considered as sufficient high quality if: (1) the density

and RNA degradation plots are not deviating, (2) the fitPLM images have < 10%
of specks, (3) box plots representing the relative long expression (RLA) and
normalised un-scaled standard errors (NURSE) should not deviate between the
arrays. Probe sets which are differentially expressed were identified with linear
models, using moderated t-statistics and empirical Bayes regularization for
implementation of the standard errors (Smyth, 2004). Given the morphological
differences between the serklserk3 double mutant and the wild type seedlings
further analysis was done on genes which were 2 fold differentially regulated
when compared to the wild type lines using a false discovery rate (FDR) of 1%.
For comparison of the differentially regulated genes in the bri1-301 line with
differentially regulated genes in the bril-116 line (Sun et al., 2010) the same
stringency values as used by Sun et al. (2010) were applied (FDR 1%, 1.5 FC).
Gene trail software (Keller et al., 2008) was employed for the overrepresentation
analysis of genes using a minimum of 3 genes identified per category and a FDR of
5% for correction of multiple testing (Benjamini and Hochberg, 1995). Differentially
regulated genes were binned in different cellular processes using MAPMAN
analysis (Thimm et al., 2004). HCL clustering was done with the TM4 microarray
software suite (http://www.tm4.org/mev/) using default settings which apply a
Pearson correlation as distance measure and an average linkage for clustering.
For differentially regulated genes in the bril-116 lines data was derived from Sun
et al. (2010) and downloaded from the GEO2R database, using the following

GEO accession numbers GSE25134 using GSM 617578-617580 for wild type
reference set, GSM 617575-617577 for bril-116. For differentially regulated genes
in the cpr5 mutant GEO accession number GSE40322 was downloaded, using
GSM991297-GSM991299 for wild type and GSM9912 94-GSM991296 for the cpr5
mutant. Values for differentially regulated genes were derived from GEO2R using
a Benjamin & Hochberg adjustment for multiple testing (False discovery rate) for
calculation of the adjusted p-values (FDR values).
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The p-values when comparing genes differentially regulated in the serk1-3serk3-2
double mutant with known processes related to SERK1 and SERK3 were
calculated using a cumulative hypergeometric distribution:

)= Z Iix]'[[;]l

x=0 i

where N denotes the number of probes on the Affymetrix Gene Chip

(27827), k is the size of the reference set, n is the number differentially regulated
genes, m is the number of genes overlapping between the groups k and n. The
hypergeometric distribution was computed using R version 3.0 (http://www.R-
project.org/). The number of genes that can be expected to be identified by chance
alone were calculated via:

kxmn
Nemerred = N
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Transcriptional analysis of serk1 and serk3 mutants

SUPPLEMENTAL FILES

Supplemental file 1. Genes differentially regulated in serk1-3serk3-2 compared to
known BRI1 related genes

Calculation BR related genes in the serk1-3serk3-2 double mutant

Genes differentially regulated in the bril-116 mutant and BES1/BZR1 target genes
were derived from Sun et al. (2010) and Yu et al. (2010). Identified BZR1 binding
regions were linked to the nearest neighboring genes using two independent
statistical methods Tiling Analysis Software and TileMap. From this analysis, high
and low confidence (stringency) BZR1 targets were defined i.e. high stringency
BZR1 targets (3410 genes in total) are genes identified with two different statistical
methods while low stringency BZR1 targets (4800 genes in total) are only identified
by one.

In total, 3531 genes are differentially regulated in the bril-116 mutant, 955 genes
are BR regulated high stringency BZR1 targets and 250 genes are BR regulated
BES1 targets (Sun et al., 2010; Yu et al., 2011). From the 698 genes differentially
regulated in the serk1-3serk3-2 double mutant 290 are a known BR related
BES1/BZR1 target or differentially regulated in the bril-116 mutant. Hence, 42

% of the genes differentially regulated in the serk1-3serk3-2 double mutant is

also differentially regulated in the bril-116 mutant or a known BR related BZR1/
BES1 target. In addition, 112 genes which are differentially regulated in the serk1-
3serk3-2 double mutant are known as a non-BR regulated BZR1/BES1 target (48
genes in total) or as low stringency BZR1 target (64 genes in total). This is about
16% of the total number of genes differentially regulated in the serk1-3serk3-2
double mutant. To assess which biological categories are BR related and non-BR
related genes differentially regulated in the serk1-3serk3-2 double mutant were
divided into four different groups (Also indicated in Supplemental Table S4 and S5):
Group 1: BR responsiveBES1/BSR1 target genes and differentially regulated in the
bril-116 mutant

Group 2: non-BR regulated BES1/BSR1 target genes

Group 3: low stringency BZR1 targets

Group 4: genes not differentially regulated in bril-116 or known as BZR1/BES1
related

To assess which biological processes are differentially regulated in these groups an
over representation analysis was done.
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Group 1 (290 genes in total

ORA on known BR responsive BES1/BZR1 taget genes and genes differentially
regulated in the bril-116 mutant and serk1-3serk3-2 indicates that photosynthesis,
photosynthesis of antenna proteins, metabolism, poryphyrin and chlorophyll
metabolism and carbonfixation in photosynthetic organisms are differentially
regulated biological processes. Genes related to metabolism are also identified

in the category photosynthesis indicating that these genes are related to
photosynthesis rather than a general metabolic process.

Group 2 (48 genes in total

ORA on genes differentially regulated in the serk1-3serk3-2 double mutant and
known BZR1/BES1 target genes which are not regulated by BR. In this group
glycerol lipid metabolism, glycerolphospholipid metabolism and metabolic
pathways are identified as differentially regulated biological processes.

Group 3 (64 genes in total)
Low stringency BZR1 targets. No differential biological processes are identifies.

Group 4 (296 genes in total

ORA on genes differentially regulated in the serk1-3serk3-2 mutant but not in the
bril-116 mutant or identified as BZR1/BES1 target. In this group genes related

to glucosynolate biosynthesis, metabolic pathways, glyoxylate and dicarboxylate
metabolism, carbonfixation in photosynthetic organisms, biosynthesis of secondary
metabolites and fatty acid metabolsism are differentially regulated.

The photo synthesis related genes identified in the ORA are mainly found in in
group 1. Therefore, we conclude that the photosynthesis genes identified in the
ORA of differentially up-regulated genes in the serk1-3serk3-2 double mutant
(Table 1 in main text) are BR related. In addition, non BR related genes in groups
2 and 4 are metabolic processes such glycerolipid and fatty acid metabolism

are identified as biological categories. Hence, metabolism and biosynthesis of
secondary metabolites may be due to SERK1 and SERK3 related processes other
than BR signalling.
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SUPPLEMENTAL FIGURES AND TABLES

Figure S1. Root length of serk mutants compared to bril-mutants. A) Root length phenotype of the
serk1-3, serk3-2, serk1-3serk3-2 compared to the wild type, bril-301 and bril-116 mutants. Letters a,
b, and c indicate statistical differences, determined with a one-way ANOVA using an Bonniferoni test
(0.=0.05). B) Comparison of the daily root growth of serk1-3, serk3-2 and serk1-3serk3-2 mutants
with the bril-116 mutant and wild type. For (A) and (B) Error bars = SEM, n > 20 roots measured in
three independent replicates.
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Figure S2. Phenotypical analysis of the serk1-3serk3-2 double mutant. Data presented in this figure
corroborates data previously presented by Du et al. (2012) who showed a similar trend for the serkl1-
8bak1-4 (serk1-8serk3-2) combination. A-B) Meristem size and width of the serk1-3serk3-2 double
mutant compared to wild type serk1-3 and serk3-2 single and bril-116 mutants. The meristem size
and cortical cell number is significantly reduced in the serk1-3serk3-2 double mutant. Images of the
meristem were made using a Confocor-LSM510 microscope after staining of the roots for 5 minutes
with FM4-64. The serk1-3serk3-2 double mutant exhibits a increased root width (C) and epidermal
cell width (D) while the epidermal cell length is slightly reduced (E) when compared to the wild type
lines. The cell length in the maturation zone of the serk1-3serk3-2 mutant is reduced when compared
to the wild type lines but still longer compared to the bril-116 mutant. This may explain why the
roots of the serk1-3serk3-2 double mutants are longer when compared to the bril-116 mutant while
the meristem size is reduced to the same extend. For all measurements n >10 roots measured in two
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independent replicates. All values are shown = SEM. Statistical analysis was done with a one way
ANOVA, using a Bonniferoni test with a significance level a of 0.0

Figure S3. Comparison of genes differentially regulated in serk1-3serk3-2 and BES1/BSR1 target
genes. In total, 290 genes are differentially regulated in the serk1-3serk3-2 double mutant and known
as BR related BES1/BZR1 target genes or differentially regulated in the bril-116 mutant. The Venn
diagram compares genes differentially regulated in the serk1-3serk3-2 double mutant with non-BR
related BZR1/BESI target genes and low stringency BZR1 target genes. Overlap between bril-116
and non-BR related BZR1/BES] targets and low stringency BZR1 target genes is not taken into
account but can be found in Sun et al. (210) and Yu et al. (2010). Data on BZR1/BESI target genes
and genes differentially regulated in the bril-116 mutant is derived from literature (Sun et al., 2010;

Yu et al., 2010).
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Figure S4. HCL analysis of the bril-301 mutant versus the bril-116 mutant line. In total, 4 genes
are differentially regulated in the bril-301 mutant and 3531 in the bril-116 mutant. An HCL analysis
was performed to assess if genes in the bril-301 mutant have the same transcriptional profile when

compared to the bril-116 mutant. Results show that there is no clear correlation between these lines.

Table S1. Genes differentially regulated in the serk1-3 mutant analysed using
MAPMAN

AGI = Arabidopsis Genome Initiative gene identification number.
Other name(s) = abbreviated common names for genes

FC = fold change compared to the wild type gene expression
*Cellular functions are derived using MAPMAN
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Table S2. Genes differentially regulated in the serk3-2 mutant analysed using
MAPMAN

AGI = Arabidopsis Genome Initative gene identification number.
Other name(s) = abbreviated common names for genes
FC = fold change compared to the wild type gene expression

Genes marked in grey are identified in multiple cellular functions/functions in according to
MAPMAN

*Cellular functions are derived using MAPMAN
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Table S2. continued

AGI = Arabidopsis Genome Initative gene identification number.
Other name(s) = abbreviated common names for genes
FC = fold change compared to the wild type gene expression

Genes marked in grey are identified in multiple cellular functions/functions in according to
MAPMAN

*Cellular functions are derived using MAPMAN
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Table S3. Genes differentially regulated in the serk1-3serk3-2 double mutant

AGI = Arabidopsis Genome Initiative gene identification number.
FC = fold change compared to the wild type gene expression
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Table S3. continued

194



Supplemental Files

Table S3. continued
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Table S3. continued
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Table S3. continued
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Table S4. BR related and non-BR related genes differentially regulated in serk1-
3serk3-2

198



Supplemental Files

Table S4. continued
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Table S4. continued
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Table S4. continued
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Table S4. continued
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Table S4. continued
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Table S4. continued
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Table S4. continued
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Table S4. continued
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Table S5. Over representation analysis of genes differentially regulate in the serk1-
3serk3-2 double mutant
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Table S5. continued
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Table S5. continued
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Table S5. continued
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Table S5. continued

Table S6. Genes differentially regulated in the bri1-301 mutant

AGI = Arabidopsis Genome Initative gene identification number.
Other name(s) = abbreviated common names for genes

FC = fold change compared to the wild type gene expression
*Cellular functions are derived using MAPMAN

**FDR 1 %, 1.5 fold change.
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Table S7. Cutin and suberin biosynthesis genes differentially regulated in serk1-3,
serk3-2 and bril-116 mutants

*bril-116/ Col-o ratio derived from Sun et al. (2010) FC valued downloaded from the GEO2R
data base
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Chapter 7

Cells respond to the external environment via a limited set of signalling pathways
using plasma membrane (PM) localised receptors as antennas for ligand
perception and signal transduction. In general, the response of a cell to an external
stimulus depends on the ligand as well as the receptor availability. The resulting
signal transduction cascade is often complicated, including various proteins and
activated targets. Some ligand perceiving receptors are capable of regulating
different biological processes, depending on the ligand and its concentration (Krall
et al., 2011). Moreover, distinct activation profiles of the same set of signalling
proteins can result in activation of different target genes while the specificity of the
signal transduction can be determined by the spatial and temporal dynamics of
downstream targets of the main ligand perceiving receptor (Kholodenko, 2006).
Different approaches can be employed in modelling, depending on the purpose of
the model. For example, the use of Boolean logics that are based on the principle
of bivalence i.e. any statement is either true or false. In case of network models
each component is represented by a node. Different nodes are connected through
a direct relationship attributed by a binary value of 1 (activating) or O (inhibitory).
This approach gives a qualitative view on the network and does not allow
intermediate situations. Hence, no information about the quantitative contribution of
different nodes or detailed special and temporal dynamics is obtained. Another is to
use phenomenological considerations combined with temporal dynamics described
using chemical kinetics (also referred to as Ordinary Differential Equations; ODEs).
The computation of pathway intermediates is of interest as the output of the signal
transduction cascade is dependent on the amount and sub-cellular localization of
proteins activated rather than an on/ off state.

To illustrate the importance of a combination of modelling and experimental
approaches, we first present an example of animal signalling. In Epidermal Growth
Factor Receptor (EGFR) mediated signalling, computational modelling was
employed to elucidate the crosstalk between EGF and insulin pathways. EGFR
and insulin receptor (IR) activate the Extracellular signal-Regulated Kinase (ERK)
and phosphatidylinositol 3-kinase (PI3K/ AKT) pathways through different signalling
cascades. At low EGF level insulin amplifies ERK activation thereby affecting
mitogenic signalling. The crosstalk nodes of EGFR and IR signalling cascades
were studied using a model that comprises all pathway components including the
positive and negative feedback loops. The temporal dynamics were described
using ODEs. The model uses dynamic data such as EGFR or insulin induced
Ras-GTP, ERK, AKT and Grb2-associated binder 1 (GAB1) phosphorylation

status as training (or calibration) data for model validation and in silico prediction
of the unknown parameters. From this it was predicted, and subsequently verified
experimentally that the crosstalk between EGF and insulin signalling is regulated
at the level of protein adaptors such as GAB1, insulin receptor substrate (IRS) and
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the small membrane anchored GTPase, Ras (Borisov et al., 2009). Other EGFR
modelling studies addressed receptor (hetero)-oligomerisation and activation (Klein
et al., 2004), non-linear signal amplification (Schoeberl et al., 2002) and endosomal
or PM localization of the EGFR (Resat et al., 2003). Therefore, it is of interest

to see whether such a combined approach of modelling and experiments when
applied to plant signalling would also result in the prediction of key components of
receptor trafficking or crosstalk.

In plants, the use of mathematical models has steadily increased over the past
few years. For example, modelling studies have been used to address plant
architecture in terms of auxin signalling and transport (Grieneisen et al., 2007;
Laskowski et al., 2008; Vernoux et al., 2011), crosstalk (Ibafies et al., 2009; Liu

et al., 2010; Sankar et al., 2011) and vascular trafficking (Kato et al., 2010).
However, mechanistic models of signal transduction cascades using actual protein
concentration and activity of the different components are to date rarely used in
plant systems biology. The construction of mechanistic and kinetic models is not
only essential to address protein dynamics but can also provide insight into how
signalling is regulated by a few core regulators while some of their interacting
proteins are shared between different signalling cascades. Biochemical kinetics is
based on mass action laws, hence the affinity between the different components
in a pathway as well as their concentration is important for the reaction rate and
thus the signalling output. To this end, quantification of the pathway components
and their effect on the output of the signalling cascade is necessary. Often,
accurate data sets for model calibration and validation are unavailable, and can
be extremely challenging to obtain (Kholodenko, 2006). The relationship between
different signalling components and the control of gene expression can be studied
by techniques such as microarray analysis and deep sequencing (Ruffel et al.,
2010). The control of signalling at the protein level can be evaluated by the use

of protein arrays (Popescu et al., 2007; Popescu et al., 2007) and LC-MS/MS
based methodologies (Petricka et al., 2012). These approaches enable protein
detection and quantification in specific cell types but do not provide the cellular
resolution that is obtained by fluorescence based microscopy methods (Verveer
and Bastiaens, 2008; Harter et al., 2012).

After identification and quantification of various components in a signal
transduction cascade a kinetic model that gives insight into the protein activities
and signalling output can be constructed. After that, the challenge is to couple the
output of the kinetic model to physiological readouts such as plant growth and
developmental processes as cell division, elongation and organ architecture but
also to immunity and stress responses. This thesis described SERK mediated BRI1
signalling using such a mathematical model approach. For this, the modulatory
effect of SERK co-receptors on BR signalling was incorporated in a mathematical
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model that describes root growth and hypocotyl elongation based on BRI1 receptor
activity. In this chapter the results obtained by this more quantitative analysis of BR
signalling will be discussed.

In vivo quantification of proteins using fluorescence microscopy

To obtain more knowledge about the quantitative contribution of protein in a

signal transduction cascade a good insight in to the amount and sub-cellular
localization is essential. Microscopy techniques such as Fluorescence Correlation
Spectroscopy (FCS), Fluorescence Recovery After Photobleaching (FRAP) and
Fluorescence Lifetime Imaging Microscopy (FLIM) to detect Férster Resonance
Energy Transfer (FRET) are suitable for quantitative studies of protein dynamics
and interactions in vivo (Ries et al., 2009; van Royen et al., 2009; Bucherl et al.,
2010).

Confocal imaging provides a high cellular resolution, which enables detection

of fluorescently tagged proteins in the plant membrane, nucleolus and cytosol
(Mathur, 2007; Berg and Beachy, 2008). When applying imaging for quantitation
purposes, a number of problems associated with the technique need to be
considered. Auto fluorescence of the cell wall and chloroplast, the properties of the
fluorophore such as the extinction coefficient, quantum yield, photo bleaching rate,
applied level of laser power and pH sensitivity of the fluorophore can influence the
outcome of the experiments (reviewed in North, 2006). Quantification of proteins
using confocal microscopy is used in animal systems (Sugiyama et al., 2005) and
more recently also in planta (Van Esse et al., 2011). In principle, the method can
be applied on any confocal microscope taking into account the linearity, gain and
offset of the detector. It was found to be essential to establish calibration curves
using a standard solution of GFP. The laser intensity might fluctuate during the day
or between days, and require that the calibration curves are taken along with each
measurement. To obtain spatial resolution, one can record z-stack images using
Nyquist sampling. However, this approach results in severe loss of fluorescence
intensity due to photo bleaching rendering it largely unsuitable for quantification
purposes. An alternative approach was applied by Van Esse et al. (2011). In that
work, two-dimensional confocal images of BRI1-GFP in roots were obtained in

a single scan to minimise photo bleaching. Next, a number of calculation steps
(Fig. 1) were made to obtain a parameter described as the BRI1 receptor density
(i.e. number of BRI1-GFP molecules per pm? of PM) from which the number of
BRI1 receptors per cell could be derived using an averaged cell dimension model.
The fluorescence intensity at the PM was then compared with the fluorescence
intensity of the calibration curve to obtain the concentration of BRI1. Since this
value is derived from a two-dimensional image, it is referred to as the apparent
concentration (Capp). Next, the volume of 1 um? of PM (referred to as apparent
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volume; Vapp) was calculated by multiplying the surface area of the region of
interest (ROI) by the slice thickness (z). The resolution of the confocal microscope
does not allow visualization of one single PM. Therefore, for PM-located proteins,
the calculation needs to take into account that, except for the externally facing
membrane of epidermal cells, the imaged area around the PM contains two
adjacent membranes and vesicles in close proximity of the PM. All calculations
were done assuming an equal distribution of BRI1 between the two PM. Using
the BRI1 receptor density at the PM and in the cytoplasm and the cell size the
number of BRI1 receptors per cell can be estimated. With the exception of the
quiescent centre (QC), all fluorescence intensity measurements were performed
at the anticlinal cell wall. However, when there appears to be a large difference in
fluorescence intensity between adjacent cells, it is advisable to choose another
joined wall or to adjust the calculations.

The number of BRI1 molecules in a root epidermal cell is about 22,000 in the
meristem and 80,000 in the maturation zone. Taking into account the size
difference between cells, the receptor density remains more or less constant
throughout the root meristem and becomes reduced in the maturation zone. This
raised the question whether the total number of BRI1 receptors per cell or the
receptor density determines the sensitivity for BRs. It is of this interest to note that
the root meristem cells are most active in BR signalling (Gonzalez-Garcia et al.,
2011; Hacham et al., 2011) suggesting that receptor density is important for BRI1
mediated BR signalling. However, it is not easy to design an experiment to test this
directly in plant cells.
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Figure 1. Quantification of the BRI1 receptor in planta using confocal microscopy. The fluorescence
intensity is measured at the plasma membrane (PM) and cytoplasma (Cyto) separately. Next the
apparent concentration (Capp) of GFP in the selected region of interest (ROI) is determined using a
calibration curve consisting of GFP in solution. The volume of the ROI is defined by the length (1),
thickness (d) and slice thickness (z) of the imaged area. The receptor density at the PM (R,,,,/ PM)
can be calculated by multiplying the apparent volume (Vapp) with Capp and Avogadro’s constant
(N,)- The calculated number of BRI receptors is divided by two to correct for the fact that the
imaged area consist of two PM and multiplied by the fraction of BRI1 that is estimated to reside on
the PM in the selected ROI (IOO-BRHCym). The latter is approximated by ratio imaging where the
fluorescence intensity (I) in the cytoplasm (I(,ym) is compared to the intensity at the PM (I, ,) after
subtraction of the auto florescence (I ). The number BRI receptors in the cytoplasm is calculated by
multiplying the amount of BRI1-GFP molecules in the ROI (Capp*Vapp* N, ) by the number of ROIs
in the cytoplasm (volume cyto/ Vapp)

Modelling BRI1 mediated signalling using BL as the starting point

BRI1 mediated signalling is one of the few systems in plant biology where the
ligand and receptor concentrations can be used as a starting point for modelling
(van Esse et al., 2012). The model consists of two parts, a biochemical and a
phenomenological model (Fig. 2). The biochemical model is based on mass

action laws and employs BRI1 receptor and BL ligand concentration as input to
calculate the BRI1 receptor occupancy. The biochemical pathway that is activated
by the BRI1 signal is considered as a “black box” and not explicitly modelled. The
phenomenological model is used to couple the estimated concentration of activated
BRI1 molecules (i.e. BRI1 receptor occupancy) to a physiological readout such
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as root growth or hypocotyl elongation. At present there is no technique available
to reliably determine BRI1 receptor occupancy at physiological level during active
signalling. Therefore, BRI1 occupancy was estimated by describing the steady
state equilibrium between free BRI1 and free BL (Van Esse et al., 2012) using
several assumptions such as ambient endogenous BL level and the dissociation
constant (Kd) between BRI1 and BL (Wang et al., 2001; Cafo-Delgado et al.,
2004). The number of BRI1 receptors occupied by BL ([BRI1 BL]) determined in
the biochemical model was used as input for the phenomenological model. Model
parameters such as the length in absence of BR signalling RL(0,0,t), the maximum
growth in absence of inhibition Emax (t) at discrete time points, the half maximum
response values (k values) were calibrated with the actual measured root lengths
in wild type plants in response to increasing amounts of BL. Since the exact
structure of the phenomenological model is unknown, different model structures
had to be tested and compared based on the Akaike (AIC) and Bayesian (BIC)
error criterion. The model with the best fit to wild type root growth and the best
predictive power was selected. Experimental verification was done by comparing
the model predictions with actual measurements of root length of bril mutant lines.
The model shows that, similar to animal systems, about 1% of the total number of
BRI1 receptors is occupied by ligand at BR concentrations that are stimulatory to
root growth. The emerging picture from that work is that ligand availability rather
than BRI1 receptor density is an important parameter for sensitivity essential

for proper signal transduction. In BRI1 mediated signalling, it is unknown if the
unoccupied receptors contribute to the signal by e.g. lateral signal propagation.
This concept stems from EGFR signalling experiments where it was observed
that receptor activation was possible in the absence of directly activating ligand
(Verveer et al., 2000). Another possible explanation for these “spare receptors”

is that there is one common downstream target which “guards” the signalling
output. Whenever a single or a limited number of the receptors is activated, the
downstream target will also be activated. This would result in a sensitive and
centralised signal transduction cascade. The concept of “spare receptors” has been
proposed previously for the elongation factor Tu (EF-TU) receptor in Arabidopsis
(Albert et al., 2010).

Interestingly, the switch between activation and reduction of root growth depends
on the BRI1 occupancy levels. When the BRI1 receptor level is reduced in silico,
the root continues to grow until the maximum occupancy level is reached, while
inhibition of root growth is completely absent. In other words, the signal of the
BRI1 receptor never reaches the level that is necessary to induce the switch from
ligand dependent stimulation to inhibition of root growth. In reality, such behaviour
is observed for weak bril mutant alleles. The recessive nature of bril null
mutants indicates that high BRI1 receptor density does provide a certain level of
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robustness. This enables the plant to still respond to high and low ligand stimulus

even under extreme conditions. Altogether, BRI1 may be, similar to EGFR, a core

regulator capable of inducing different signals based on its occupancy level and/or
complex composition.

Figure 2. Schematic overview of combining a biochemical and phenomenological model. For the
biochemical model, the BRI1 receptor and BL ligand concentrations as well as the dissociation
constant (Kd) between BRI1 and BL is used. The amount of BRI1 in complex with BL [BRI1 BL]
can be calculated. The phenomenological model couples the amount of BRI1 occupied with BL to a
physiological readout such as root growth. The half maximum response values (k1, k2 and k3), the
maximum root growth (Emax ) and the root growth in absence of BR signalling (R, ) are unknown
parameters which are estimated by calibrating the model to root growth of wild type lines. The model
predicts the effect of an altered BRI1 receptor concentration at different ligand concentration. In
addition, the BRI1 occupancy levels at different BL concentrations are calculated.
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Modelling of SERK mediated BRI1 signalling

Using mathematical modelling, the effect of SERK1 and SERKS3 on the signal
transduced by ligand occupied BRI1 receptor was simulated. Growth assays

of serkl, serk3 and serklserk3 mutants were used to train the model on the
modulating effects of SERK1 and SERKS3 on BRI1 mediated signalling. A leave-
one-out cross-validation was done to authenticate the model. Interestingly, when
calibrated on the wild type, serkl, and serk3 single mutants the model predicts that
roots of the serklserk3 double will be completely insensitivity towards BL while
the hypocotyl remains BR responsive. Experimental root growth and hypocotyl
elongation measurements corroborate these model predictions and point towards a
role for BRI1 alone or a difference in co-receptor usage between root and shoot.

In this respect, different co-receptor usage may be a mechanism by which the
sensitivity of a cell for BR is regulated. The model also shows that SERKs mainly
affect the magnitude of the signal transduced by BRI1. This is in line with previous
reports by Wang et al. (2008) which showed that activation of SERK3 by BRI1
upon BL application results in the reciprocal transphosphorylation of BRI1, thereby
enhancing the signalling output. One question arising from this observation is how
SERKs mechanistically enhances the BRI1 output. One possibility is that they
transiently stabilise actively signalling BRI1 receptor complexes. This concept
stems from the animal field where EGFR mediated signalling is prolonged in
presence of its non-ligand binding co-receptor ERBB2. EGFR signalling is
attenuated by ubiquitination and degradation of the activated EGFR complex.
ERBB2 prevents this by altering the phosphorylation pattern on the EGFR kinase
domain thereby regulating the ubiquitin ligases resulting in a stabilization of the
EGFR-ERBB2 heterodimer (Hartman et al., 2012). In this context it is of interest to
note that attenuation of BRI1 mediated signalling is regulated via phosphorylation
of specific residues (Oh et al., 2012). However, whether or not SERK co-receptors
stabilise active BRI1 receptor complexes remains to be elucidated.
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Crosstalk between BR signalling and other signalling pathways

Similar to animal systems, plant RLK mediated signalling pathways influence
other pathways. BRI1 mediated signalling has been reported to modulate

several hormonal pathways mediated by for example auxin (Hardtke, 2007),
gibberellins (Wang et al., 2009; Jaillais and Vert, 2012) and ethylene (De Grauwe
et al., 2005; Nemhauser et al., 2006; Santner et al., 2009). Different signalling
pathways can have an indirect effect on each other or directly by sharing the
same components (Vert and Chory, 2011). The BR-regulated BIN2 kinase, for
example, phosphorylates the transcriptional repressor auxin response factor 2
(ARF2), resulting a loss of ARF2 DNA binding (Nemhauser and Chory, 2004;
Nemhauser et al., 2004; Vert et al., 2008). A more indirect form of crosstalk is
represented by the BR transcriptional regulators BES1 and BZR1 which are
capable of binding to promoters of genes involved in light perception, abscisic
acid (ABA), cytokinin, gibberellins, jasmonic acid and defence signalling (Sun et
al., 2010; Yu et al., 2011). Because SERKS is a co-receptor that is both involved
in development in association with BRI1 and in defence with Flagellin Sensitive

2 (FLS2), it has been implicated as a potential crosstalk point between the BRI1
and FLS2 mediated signalling pathways (Chinchilla et al., 2007; Chinchilla et al.,
2009; Vert and Chory, 2011). However, the restriction of FLS2-mediated signalling
by BR appears unidirectional and independent of SERK3 activation (Albrecht et
al., 2012). In a different study, it was concluded that BR signalling affects defence
both in a SERK3 dependent as well as in an independent fashion (Belkhadir

et al., 2012). Simulations show that BRI1 signalling is able to operate while the
majority of the SERK co-receptors are used by other signalling pathways thereby
favouring a model where there is no limited SERK3 availability. This points towards
a mechanism where different pathways are separated i.e. there are different pools
of SERK co-receptors assigned to a main ligand perceiving receptor which are not
freely interchangeable (Albrecht et al., 2012; Fig. 3).

Modelling helps to elucidate how BRI1 mediated signalling modulates other
pathways. For example, the gene Brevis Radix X (BRX) has been identified as
crosstalk point between auxin and BR signalling pathways using microarray
analysis (Mouchel et al., 2006). brx mutants have a severe reduction in root length
due to a reduced meristem and cell size (Mouchel et al., 2004). Expression of
BRX is induced by high auxin levels and reduced at high BR levels while presence
of BRX itself is essential for proper CPD expression (Mouchel et al., 2006). This
led to the conclusion that BRX connects a feedback loop between auxin and BR
signalling. Boolean logics were used to elucidate where the gene BRX should

be placed in the BR and auxin signalling cascades and how BRX contributes

to establishment of different cell fates (Sankar et al., 2011). To overcome the
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limitations associated with a shortage in quantitative data, a combination of
Boolean (discrete) and ODE based modelling was used by applying a Standardized
Qualitative Dynamical Systems methodology (Mendoza and Xenarios, 2006; Di
Cara et al., 2007). The resulting hybrid model converts networks of auxin and BR
signalling into a continual system where the activity of pathway components in
time is represented by arbitrary values. For the ODEs, default kinetic parameters
were used that can be replaced when the actual values become available. The
auxin and BR pathways were connected via BRX, ARF2 and NGATHA (NGAT,

a transcription factor downstream of BRX). Different models were constructed in
which it was tested whether BRX activates or inhibits NGA1. Some of the model
variants assumed a direct influence of BRX on auxin responsive gene expression.
For validation, the genetic interaction between ARF2 and BRX was studied using
arf2brx double mutant lines by measuring root length and/or cell elongation. The
model validation does not include time dependent activation status of the pathway
components by e.g. measuring the phosphorylation at different time points. Instead,
validation relies on the correlation between the model predictions represented in
arbitrary units and the observed phenotype.

Phenomenological considerations have demonstrated that polar auxin transport
and BR signalling control radial patterning of vascular bundles in Arabidopsis
(Ibafies et al., 2009). In that study, slices of the vascular bundle were imaged

using light microscopy. The model uses the stem diameter, the number of cells and
intervascular bundles as quantitative parameters together with the appearance of
DR5-GUS expression as readout for auxin maxima. The resulting mathematical
model incorporates the auxin flux across the vascular ring of proliferating cells,
polar auxin transport between cells and the apoplast and passive diffusion across
the apoplast. As model validation auxin maxima were predicted in wild type but
also in various mutant lines with defective auxin transport or auxin overproducing
mutants. The potential of combining modelling and experimental data was nicely
demonstrated when the same model was employed to compute the phenotypical
behaviour of mutants defective in BR signalling which also show an altered number
of vascular bundles. From this work the authors concluded that the coordinated
action of BRs and auxin is essential in establishing the periodic arrangement of
vascular bundles in the shoot (Ibafies et al., 2009). Simulations were done by
using as initial condition an almost homogenous distribution of auxin across a ring
consisting of vascular cells. The model is neither dependent on the initial auxin
concentration nor on the mechanistics of the signal transduction pathway, thereby
differing from the models for BRI1 mediated signalling established in this thesis.
Interestingly, in both cases, model predictions were based on phenomenological
considerations.
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Current models for BR mediated signalling propose a ligand induced recruitment
of SERK co-receptors towards BRI1 (Li et al., 2002; Wang et al., 2005). However,
such a mechanism is not in line with the low mobility of BRI1 in the PM of root
meristem epidermal cells and points to a mechanism where BRI1-SERK hetero-
oligomers exist as PM located preformed complexes. Mixed populations of
monomers and dimers formed via a dynamic equilibrium between transiently
dimerising monomers has been observed for several receptors in mammalian
systems such as the G coupled protein receptor (GPCR) and the EGFR (Chung
et al., 2010; Lemmon and Schlessinger, 2010; Calebiro et al., 2013). Clearly,
additional experimental verification using single molecule imaging techniques
will be essential to determine if such a mechanism also applies to BRI1-SERK
oligomerisation.

Figure 3. Limited movement of PM localised receptors. The cartoon illustrates how
compartmentalization of SERK related processes can help to prevent crosstalk of the signals at the
receptor level. PM localised receptors cannot freely diffuse; instead movement is restricted which
results in different pools of SERK that are not freely interchangeable. A possible mechanism to active
this is by preformation of the hetero-oligomers.

224



General discussion

FUTURE CHALLENGES

Until now, current models for BRI1 mediated signalling have helped explaining
complex physiological responses. Imaging has been a useful tool in these studies
to quantify the amount of receptors or the number of cells in the vasculature tissue,
but has not been used directly as data to be included directly in the models. The
challenge will be to extend the modelling and imaging tools towards the cellular
level to describe local protein interactions, protein quantity, and activity in terms of
read-out of signalling activity. The mathematical modelling approach presented in
this thesis provides a starting point to extend the genetic model based on Boolean
logics with downstream components of the BRI1 signal transduction cascade in a
more quantitative matter. Quantitative imaging data such as FRET-FLIM analysis
can be employed to improve the modelling parameters and verify predictions of
activity and interaction status.

One example, where to go, is the recent study describing a fast BRI1-dependent
BR response pathway in the plasma membrane of Arabidopsis thaliana (Elgass et
al., 2009; Elgass et al., 2010; Caesar et al., 2011; Witthoft et al., 2011). The authors
used a combination of quantitative wavelength-specific fluorescence imaging,
one-chromophore fluorescence lifetime microscopy (ocFLM), fluorescence
intensity decay shape analysis microscopy (FIDSAM) (Schleifenbaum et al., 2010)
combined with FRET (FRET-FIDSAM) and FRET-FLIM to characterise initial
subcellular events of BRI1-GFP function at the cytoplasm-plasma membrane-
apoplast interface (Fig. 4). The quantitative physiological readouts in this study
were the dynamic change in the plasma membrane potential determined by ocFLS
of BRI1-GFP and in the dimension of the cell wall as indicator for insetting cell
elongation. By this approach not only the kinetics of BRI1(-GFP) action could be
followed in vivo at high spatio-temporal resolution but also the competence of
specific Arabidopsis cells to respond to BR could be determined (Elgass et al.,
2010). In addition, the physical interaction of BRI1-GFP with the P-type ATPase
was found and a dynamic alteration of both proteins within the membrane

complex in response to BR observed by FRET-FIDSAM. In combination with the
quantification of ligand-bound BRI1, possible other components of the BRI1-P-
ATPase complex, these quantitative data of a relative simple BR response pathway
offer the possibility of future computational modelling.
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Figure 4. Combining fluorescence microscopy techniques. Combining FIDSAM (top panel) with
FLIM (FLIM-FIDSAM), FRET-FLIM (middle panel) and ocFLM (bottom panel) can provide a more
complete view of intracellular dynamics, cell specific physiological responses and interactions. Top
panel: FIDSAM enables imaging of two single isolated plasma membranes (PMs), which normally
would appear as one. The Gaussian curves indicate the distribution of fluorescence intensity before
and after FIDSAM. FIDSAM is based on the difference in fluorescence intensity decay patterns
between the autofluorescence background and fluorophore. Middle panel: Fluorescence Lifetime
Imaging Microscopy (FLIM) to detect Forster Resonance Energy Transfer (FRET) is used to measure
protein-protein interaction. The decrease in fluorescence lifetime is used as measure for interaction
between the fluorophores. Bottom panel: One-Chromophore Fluorescence Lifetime Microscopy
(ocFLM). The white bar in the confocal image provides an example of the area where the full

width half maximum (FWHM) of the Gaussian curve over the PM and fluorescent lifetime (FLT) is
measured. The graph illustrates the readout e.g. the FWHM and FLT after application of BL at time
points 0 and 30 minutes. With ocFLM signal induced physiological responses such as change in the
plasma membrane potential and cell wall expansion is determined by measuring respectively the FLT
and FWHM.
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In general, these kinds of experiments need to be designed in a way that data

can be incorporated directly into the modelling cycle by e.g. determination of the
maximum and minimum values of the tested model parameters. For example, at
this moment it is unknown how many downstream targets of BRI1 are activated

by BR at physiological ligand concentrations. It is likely that a rather limited set of
targets is active in any given cell type and perhaps only at precise moments during
the cell cycle. So far, imaging of the BRI1 receptors is not capable of resolving

the ligand-occupied ones. Inclusion of probes or methods to do this would directly
enable verification of model predictions by quantitative image analysis (Fig. 5).
Modelling can also be helpful to explain imaging data, especially for events that
take place in small numbers in precise locations. Finally, the combination of
quantitative imaging and modelling may elucidate how receptors can be shared by
different pathways within the same cell without affecting other pathways.

Figure 5. Future challenges in combining imaging data with mathematical models. The left image

is a real confocal image of the BRI1-GFP protein, clearly showing localization at the PM and in
intracellular membrane compartments. This represents the current status of imaging applications. On
the right a fictional picture of BRI is shown describing the number of active receptors as predicted
by the model. PM localised receptors not active in signalling are presented as green dots, active ones
as red dots. Ideally this would be coupled to activation of downstream targets and transcriptional
regulators in order to model the dynamics of the signalling cascade. At the moment the transport
and routing of active BRI1 and its downstream targets is unknown and not indicated in the figure.
Abbreviations: ocFLM stands for one-chromophore fluorescence lifetime microscopy
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SUMMARY

Being sessile by nature plants are continuously challenged by biotic and abiotic
stress factors. At the cellular level, different stimuli are perceived and translated to
the desired response. In order to achieve this, signal transduction cascades have
to be interlinked. Complex networks of downstream targets as well as positive and
negative regulatory elements are essential for proper signal transduction. This
often complicates analysis of signal transduction cascades via genetic approaches
as a mutation in one gene results in a pleiotropic phenotype. Pathway components
can be placed in the signal transduction cascade based on genetics as well as
biochemical interactions between proteins. This results in a signal transduction
network which is based on Boolean logics; either the gene is there and is functional
(on) or it's mutated and not functional (off). In such a genetic scheme, intermediate
conditions and the effect of concentration on pathway components is not taken

into account. Also, the effect of intermediate or transient activation states on

signal transduction pathways is rarely included. In principle all proteins in a signal
transduction network obey mass action laws suggesting that reaction rate and

as a consequence the output of the signal depends on the concentration of the
reactants. In addition, signals can be subjected to negative feedback thereby
resulting in a signal that attenuates itself to maintain cellular homeostasis, or only
responds to a stimulus temporarily and only when required. At the cellular level, the
cell has to decipher all stimuli to enable the desired integrated cellular response.

In this respect, concentration or amplitudes matter very much as the plant must
not respond to background noise. Hence a cellular response will only be induced
when a signal is above a certain threshold resulting in “switch like” behaviour of the
system. Mathematical modelling can help to visualise and explain the temporal and
concentration effects of pathway components on the output of signal transduction
cascades. In order to do so, the signal transduction cascade needs to be well
described with a clear and measurable response. Obviously, to know how receptor
concentration affects the signalling output one has to know its numbers, and this
was the starting point of the work described in this thesis. The final challenge was
to describe the modulatory effect of SERK co-receptors on BR signalling. For

this, SERK mediated BRI1 signalling was incorporated in a mathematical model
that describes root growth and hypocotyl elongation based on the BRI1 receptor
activity.
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In Chapter 1 the brassinosteroid signalling pathway as well as the role of SERK
co-receptors on BRI1 mediated signalling is described. BRs are perceived by the
plasma membrane localised Brassinosteroid insensitive 1 (BRI1) receptor. For its
signalling, BRI1 completely depends on the presence of non-ligand binding co-
receptors of the somatic embryogenesis receptor like kinase (SERK) co-receptor
family. An added complexity is that SERK co-receptors associate with different
main ligand perceiving receptors thereby affecting multiple signalling pathways
simultaneously. Therefore, it is important to know how SERK co-receptors
modulate the output of the main ligand perceiving receptor and how SERK co-
receptors are distributed between the signal transduction cascades. The BRI1
signal transduction pathway is one of the best understood signal transduction
cascades in Arabidopsis with clearly described ligands and associated phenotypes.
For this reason, the focus of this study was on how SERK co-receptors affect BRI1
mediated signalling quantitatively using a mathematical modelling approach. This
requires knowledge on the concentration of the main ligand perceiving receptor,
SERK co-receptor and ligand levels. Since the BRI1 and SERK co-receptor
concentration was unknown we set out to quantify the number of receptors in a
cell. In Chapter 2 a confocal microscopy based method is described that enables
quantification of BRI1, SERK1 and SERKS in planta. The number of BRI1 receptor
molecules in root epidermal cells ranges from 22,000 in the meristem to 80,000 in
the maturation zone. However, when taking into account differences in cell size,
the root meristem cells have the same receptor density which reduces significantly
in the maturation zone. The root meristem cells are thought to be most active in
BR signalling, suggesting that receptor density rather than total number of BRI1
receptors affects the sensitivity of a cell for BRs.

The next question is, how the physiological response of the cell depends on

both ligand stimulation of the receptor and on ligand concentration. To address
this, a mathematical modelling approach was employed where the receptor -
ligand concentrations were coupled to root growth and hypocotyl elongation as

a downstream physiological readout for BR signalling (Chapter 3). Based on the
BRI1 receptor activity the model faithfully predicts root growth as observed in bril
loss-of-function mutants. The model also predicts that a rather low number of
receptor molecules are needed to initiate a physiological response. Interestingly,
the “switch” between activation and inhibition of root growth depends on the

BRI1 occupancy level. This suggests that BRI1 may be a core regulator based

on activating different targets based on its occupancy level. Root growth is

robust against reduction in the BRI1 receptor level but not to variation in the BR
concentration. This indicates that BR signalling is mainly regulated via ligand
availability and biochemical activity. Since BRI1 signalling is highly dependent on
the presence of SERK co-receptors, it is important to determine how these co-
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receptors affect the signalling output. Therefore, in Chapter 4, the BRI1 receptor
model was extended with two co-receptors, SERK1 and SERKS3. The model

also takes into account BRI1 signalling independent of SERK1 and SERKS.

This may occur due the activity of BRI1 alone, or due to interaction of BRI1 with
another co-receptor, for example SERK4. It appears that roots of the serklserk3
double mutant are almost completely irresponsive for BRs while the hypocotyl

is not, suggesting either a difference in co-receptor usage or a higher activity of
BRI1 alone in the hypocotyl. The usage of different co-receptors may reflect a
mechanism by which the sensitivity of a cell for BRs is regulated. It appears that
co-receptors mainly act by increasing the magnitude of the response. In addition,
in silico simulations confirm that BRI1 signalling is not impaired when the majority
of SERK co-receptors operate in other signalling pathways. The presented model
provides a starting point to incorporate the effect of other modulators of the BRI1
signal transduction cascade on a complex physiological response.

Current models for BRI1 mediated signalling postulate that SERKS is recruited
upon ligand binding. However, Fluorescence Recovery After Photo bleaching
(FRAP) measurements described in Chapter 5, indicate that BRI1 receptors
located in root meristem cells have a relatively low mobility. This suggests that
BRI1 and SERK already form complexes in the absence of ligand.

It has been repeatedly reported that SERK co-receptors are involved in various
biological processes and signal transduction networks. In Chapter 6, the changes
in gene expression in absence of functional SERK1 and SERK3 are studied using
transcriptional analysis. Microarrays were performed on RNA isolated from roots of
4-day-old seedlings of serkl, serk3 and serklserk3 mutants.

Hierarchical cluster analysis indicated that serk3 mutant roots have the same
transcriptional pattern when compared to roots of the serklserk3 double mutant
but to a lower magnitude. More than half of the genes differentially regulated in the
serklserk3 double mutant relate to BRI1 mediated signalling. In addition, a number
of BR dependent and independent metabolic processes are affected in absence of
SERKS indicating that this co-receptor may have an additional function in metabolic
control. Performing microarray analysis on receptor mutants is complicated as
effects on gene transcripts may be indirect and due to differential regulation of
downstream transcriptional regulators. This complexity is further enhanced in

the SERK co-receptor mutants as multiple signalling pathways are affected. This
raises the question if it is truly possible to correlate alterations in gene expression
due to the absence of functional SERK co-receptors to one particular signal
transduction pathway. In Chapter 7, the general discussion, it is described how
modelling of BRI1 signalling in this thesis has contributed to new insights into

the brassinosteroid signalling. Microscopy has been an important tool to quantify
the number of receptors in a cell or the number of cells in a tissue. What is still
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needed is a clear link between a signalling activity, and, therefore, the physiological
response of the cell, to local and intracellular protein-protein interactions and
protein concentrations. Further expanding the available microscopic techniques
and mathematical models to the cellular level is one of the next challenges. The
research described in this thesis is a starting point for such an approach to study
signal transduction in Arabidopsis.
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SAMENVATTING

Planten leven op een vaste plaats en moeten zich daarom voortdurend aanpassen
aan biotische en abiotische omgevingsfactoren. Dankzij dit aanpassingsvermogen
is een plant goed in staat te groeien en te overleven. Op cellulair niveau worden de
verschillende externe stimuli waargenomen door receptoren, die door middel van
interactie met andere eiwitten de gewenste reactie codrdineren. Maar hoe weet
een cel nu wanneer de verdediging aan moet of wanneer te delen en te groeien?
Daarvoor moeten de binnenkomende signalen onderling en de bijbehorende
reactiepatronen goed op elkaar afgestemd worden. De interactie tussen de
verschillende signaaltransductie netwerken is een complexe vraagstelling.
Karakterisering van mutanten waarin een bepaald gen is uitgeschakeld levert niet
altijd een duidelijk antwoord op aangezien het fenotype veroorzaakt kan zijn door
verstoring van meerdere signaaltransductie routes tegelijk. Een genetisch netwerk
heeft vaak een structuur die gebaseerd is op simpele schakelingen: het gen
functioneert (aan) of functioneert niet (uit). In werkelijkheid, is signaaltransductie
veel complexer en zijn de aanwezige hoeveelheden van actieve receptoren en

de hoeveelheid liganden erg belangrijk. Om dit beter te kunnen bestuderen zijn
kwantitatieve biologische waarnemingen, ondersteund door wiskundige modellen,
een belangrijk hulpmiddel.

Een van de best bestudeerde signaal transductie routes in de model plant
Arabidopsis thaliana is de brassinosteriode signalering. Dit groeihormoon is erg
belangrijk voor de ontwikkeling van planten. Brassinosterioden zijn liganden die
binden aan de “Brassinosteriod Insensitive 1" (BRI1) receptor, die een signaal
doorgeeft aan andere eiwitten door middel van fosforylering. Dit resulteert
uiteindelijk in transcriptionele regulatie van genen die een bepaalde cellulaire
reactie codrdineren. Uit eerder onderzoek is al gebleken dat BRI1 voor deze
signaaltransductie gebruik maakt van niet ligand bindende co-receptoren. De
co-receptoren, genaamd “Somatic Embryogenesis Receptor-like Kinases”
(SERKS), beinvloeden dus het signaal dat vanaf BRI1 doorgegeven word aan het
intracellulaire signaaltransductie netwerk. In totaal zijn er 5 SERK genen bekend,
die allen gedeetelijk redundant functioneren in verschillende signalerings-routes.
SERK1, bijvoorbeeld heeft een rol in abscissie, maar is ook gedeeltijk redundant
met SERK3 in de brassinosteroide signalering. SERK3 en SERK4 spelen beiden
een belangrijke rol in de afweer tegen pathogenen. Afwijkende fenotypes worden
meestal pas waargenomen in lijnen waarin tenminste twee SERK genen zijn
uitgeschakeld. Dit bemoeilijkt de fenotypische analyse aangezien er meerdere
signalerings-routes verstoord worden.

Om beter te begrijpen hoe een enkele SERK co-receptor tegelijkertijd functioneert
in verschillende signalerings-routes is een kwantitatief inzicht in de verdeling van
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deze eiwitten erg belangrijk. Daarvoor is het essentieel te weten hoeveel co-
receptoren en receptoren er in een cell aanwezig zijn. Daarnaast is het de vraag
hoe sterk de signaaltransductie beinvloed wordt door de aan- of afwezigheid van
SERK co-receptoren. Dit proefschrift beschrijft hoe brassinosteroide signalering
beinvloed wordt door ligand, receptor en co-receptor concentraties. Hiervoor is
gebruik gemaakt van zowel biochemische, moleculair biologische en genetische
benaderingen, in combinatie met wiskundige modellen.

In Hoofdstuk 1 wordt een uitgebreid overzicht gegeven van brassinosteroide
signaaltransductie-route en de rol van SERK co-receptoren in verschillende
biologische processen. Tevens wordt beschreven hoe wiskundige modellen kunnen
helpen bij het beschrijven van complexe biologische vraagstellingen.

Voor het opstellen van een wiskundig model waarin de hoeveelheid beschikbaar
ligand, receptor en co-receptor als startpunt wordt gebruikt is het belangrijk om
het aantal receptoren en co-receptoren in een cel te weten. In Hoofdstuk 2 wordt
beschreven hoe confocale microscopie gebruikt kan worden om de hoeveelheid
BRI1, SERK1 en SERKS in planta te bepalen. Het aantal BRI1 receptor moleculen
in een epidermale wortelcel varieert van 22,000 in het meristeem tot 80,000

in de gestrekte cellen van de maturatie zone. Wanneer echter het verschil in
celgrootte in acht wordt genomen blijkt dat de receptordichtheid in alle cellen

van het wortelmeristeem gelijk is, maar beduidend lager in de maturatie zone.

Dit is een interessante waarneming aangezien cellen in het wortelmeristeem het
meest betrokken zijn bij brassinosteroide signalering. Dit betekend dus dat de
receptor-dichtheid en niet het totaal aantal receptoren per cel bepalend is voor de
gevoeligheid van een cel voor brassinosteroiden. De vervolgvraag is nu, hoe de
fysiologische reactie van de cel na ligand stimulatie afhangt van de concentratie
receptor en ligand. Om dit te beantwoorden is, zoals in Hoofdstuk 3 staat
beschreven, gebruik gemaakt van een wiskundig model dat de hoeveelheid ligand
gebonden aan de BRI1 receptor koppelt aan wortelgroei en hypocotyl elongatie.
Het model is in staat de wortelgroei en hypocotyl elongatie van bril mutanten te
voorspellen bij verschillende ligand concentraties. Tevens voorspelt het model ook
dat de meerderheid van de beschikbare BRI1 receptoren niet bezet is met ligand.
Dat roept de vraag op waarom er dan zo veel “reserve receptoren” zijn. Mogelijk
zijn deze receptoren wel betrokken bij de signaal transductie door laterale signaal
verspreiding, of is de hoeveelheid van een eiwit dat later in de signaal transductie
geactiveerd wordt de beperkende stap.
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De activatie en inhibitie van wortelgroei is afhankelijk van de brassinosteroide
concentratie. Bij lage hoeveelheden brassinosteroide wordt wortelgroei
gestimulereerd terwijl die bij hoge concentraties wordt geremd.

Nu blijkt dat de “switch” tussen activatie en remming van wortelgroei gerelateerd is
aan de hoeveelheid brassinosteroide die is gebonden aan BRI1. Wanneer de BRI1
concentratie in het model verlaagd wordt, neemt de wortellengte na toevoeging
van ligand toe tot de maximale bezettingsgraad van BRI1, terwijl bij hogere

ligand concentraties geen remming van wortelgroei meer wordt waargenomen.

In andere woorden, het signaal vanaf BRI1 is niet hoog genoeg om de “switch”
tussen stimulering en remming van wortel groei te induceren. Dit typische patroon
wordt in werkelijkheid waargenomen bij zwakke bril mutanten die nog een lage
signaleringsactiviteit behouden hebben. Sterke bril mutanten waarbij in het geheel
geen reactie meer is op exogeen toegevoegde brassinosteroide zijn recessief.

Dit houd in dat alleen homozygote lijnen een fenotype hebben, wat aangeeft dat
het systeem robuust is tegen veranderingen in de BRI1 receptor concentratie. In
tegenstelling tot de ongevoeligheid van het systeem voor veranderingen in receptor
concentraties, blijkt dat de signalering juist erg gevoelig is voor veranderende
ligand concentraties. Dit suggereert dat BRI1 signalering voornamelijk beinvioed
wordt door de beschikbaarheid van het ligand (brassinosteroide) en de
biochemische activiteit van de receptor.

Aangezien BRI1 signalering sterk afhankelijk is van de aanwezigheid van SERK
co-receptoren, is het belangrijk om te bepalen hoe deze co-receptoren van invloed
zijn op de signaleringsoutput. Daarom wordt in Hoofdstuk 4 het wiskundige

model voor BRI1 signalering uitgebreid met twee co-receptoren, SERK1 en
SERKS3. Het model houdt ook rekening met BRI1 signalering onafhankelijk van
SERK1 en SERKS. Dit is mogelijk door activiteit van BRI1 alleen, of wanneer

deze interacteert met een andere co-receptor, zoals SERK4. Wanneer het model
gecalibreerd wordt op zowel wild type planten en serkl en serk3 mutanten
voorspelt het model dat er nauwelijks een reactie is op brassinosteroide in de
wortel, maar wel in de hypocotyl. Metingen verricht aan de hypocotyl en wortel
bevestigen deze voorspelling van het model. Dit wijst erop dat er ten opzichte van
de wortel in de hypocotyl een andere co-receptor gebruikt wordt of dat er meer
signaleringsactiviteit is van BRI1 alleen. Mogelijk is het gebruik van verschillende
co-receptoren een mechanisme om de gevoeligheid van een cel of weefsel voor
brassinosteroide af te stellen.

Het model geeft ook aan dat SERK co-receptoren voornamelijk de sterkte van

het signaal beinvloeden. Een vraag die hieruit voortkomt is hoe dit bewerkstelligd
wordt. Een mogelijk biochemisch mechanisme is, in analogie met dierlijke
systemen, een stabilisatie van het geactiveerde en ligand gebonden BRI1 receptor
complex door de co-receptoren.
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Uit de simulatie studies blijkt ook dat brassinosteroide signalering door de BRI1
receptor niet beinvloed wordt wanneer de meerderheid van de co-receptoren

niet beschikbaar zijn. Dit is een belangrijke waarneming wanneer in gedachten
gehouden wordt dat SERK1 en SERKS in wild type planten in meerdere
biologische processen functioneren. Dit geeft aan de SERK co-receptoren niet
limiterend zijn in brassinosteroide signalering.

Huidige modellen voor BRI1 signalering stellen dat SERK co-receptoren, met
name SERK3, aangetrokken worden door een met ligand gebonden BRI1 receptor.
Echter, uit “Fluorescence Recovery After Photobleaching” (FRAP) metingen, die
beschreven worden in Hoofdstuk 5, blijkt dat in cellen van het wortelmeristeem
zowel BRI1 als SERKS relatief immobiel zijn. Dit suggereert dat BRI1 en SERKS al
een complex vormen voordat er ligand aanwezig is.

Nu is er herhaaldelijk beschreven dat de SERK co-receptoren betrokken zijn

bij verschillende biologische processen en signaaltransductie-netwerken. In
Hoofdstuk 6 wordt de verandering in gen-expressie door afwezigheid van
functioneel SERK1 en SERK3 bestudeerd door middel van transcriptionele
analyse. De microarrays zijn uitgevoerd met RNA geisoleerd uit wortels van

4 dagen oude zaailingen van serkl, serk3 en serklserk3 mutanten. De serk3

en serklserk3 mutanten vertonen dezelfde trend in termen van differentieel
gereguleerde genen, terwijl er geen duidelijke correlatie met serk1 lijkt te zijn.
Meer dan de helft van de genen die transcriptionele veranderingen vertonen

in afwezigheid van SERK1 en SERKS3 zijn gerelateerd aan brassinosteroide
signalering. Daarnaast blijkt dat er een aantal aan secundair metabolisme
gerelateerde processen zijn verstoord. Slechts een deel van deze processen is
direct gerelateerd aan de brassinosteroide signalering. Transcriptionele studies van
veranderde gen-expressie door de afwezigheid van een receptor moet tot stand
komen via een reactie op het nivo van de transcriptiefactoren. De waargenomen
differentiéle regulatie van genen kan bijvoorbeeld veroorzaakt worden door
transcriptie factoren die niet aangezet worden in afwezigheid van BRI1 signalering
of juist wel. In het geval van de SERK co-receptoren kunnen verschillende
signaaltransductieroutes betrokken zijn, zodat het niet altijd eenvoudig zal zijn om
een verandering in gen-expressie door de afwezigheid van SERK co-receptoren te
koppelen aan een specifieke signaleringsroute.

In Hoofdstuk 7, de algemene discussie, wordt er beschreven hoe modellering
van BRI1 signalering in dit proefschrift heeft bijgedragen aan het verkrijgen van
nieuwe inzichten in de brassinosteroide signalering en een van de gecontroleerde
fysiologische processen. Microscopie is hierbij een belangrijk middel geweest
voor het bepalen van hoeveelheid beschikbare receptoren en het aantal cellen

in een bepaald weefsel. Wat nog ontbreekt is een duidelijke koppeling van
signaleringsactiviteit, en dus ook de fysiologische reactie van de cel, aan lokale
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en intracellulaire eiwit-eiwit interacties en aan eiwit concentraties. Het verder
uitbreiden van de beschikbare microscopische technieken en wiskundige modellen
naar het cellulaire niveau behoort tot een van de volgende uitdagingen. Het
onderzoek dat in Dit proefschrift beschreven wordt is een startpunt om met een
dergelijke aanpak signaaltransductie in Arabidopsis te bestuderen.
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