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General Introduction

Christoph A. Blcherl






General Introduction

“Living matter evades the decay to equilibrium” (Schrédinger, 1951). This is how Erwin
Schrédinger defined living objects at a lecture at the Trinity College of Dublin in 1943. And
indeed, also nowadays living matter is characterized as a dissipative system (Dehmelt and
Bastiaens, 2010). As such, microbes, animals and plants continuously exchange energy
and matter with their environment to avoid equilibrating with the surroundings, which
would result in death. This also implies that every organism and each cell has to sense
its habitat to adapt to external and internal dynamics. Therefore cells are equipped with
a wide array of cell surface and intracellular receptors (Gémez-Gémez and Boller, 2002),
which allow the perception of signals that in turn dictate the physiological condition of
the cell. Collectively, signal perception by receptors, the subsequent intracellular signal
relay, and the generation of adequate cellular responses form so-called signal transduction
pathways.

Traditionally, these signaling pathways or cascades have been considered as linear
sequences of biochemical reactions that relay the signal, being a ligand or stimulus percep-
tion, to downstream components, which ultimately regulate gene transcription (Dehmelt
and Bastiaens, 2010). However, this concept only provides a very limited representation
of the actual conditions cells and organisms are embedded in. Living matter is continu-
ously confronted with a plethora of signals like light, temperature, nutrient availability,
hormones, or the presence of pathogens. The identification of key regulators like mitogen-
activated protein (MAP) kinases that participate as core machineries in many different
signaling responses therefore led to a conceptual change and the hourglass model for sig-
nal transduction pathways was introduced (Citri and Yarden, 2006). This model describes
the perception of a wide array of signals, which are integrated via core machineries or
central nodes that in turn enable the generation of tailor-made cellular outputs according
to the input composition. Recent advances in systems biology and application of cross-
disciplinary experimental approaches provided an even more holistic view of signaling
processes (Dehmelt and Bastiaens, 2010). Nowadays, most signaling circuits are seen as
part of an interconnected signaling network that allows signal integration at different
levels (Dehmelt and Bastiaens, 2010; Wang et al., 2012; Zhu et al., 2013). Often these
networks are bistable, thus maintain two steady states, which are interconverted by signal
perception (Citri and Yarden, 2006). As a consequence of system bistability also the cellular
responses are often binary and allow a cell to survive or die, divide or differentiate, or to
activate and repress specific genes. Essential determinants for the final cellular output are
already the receptor complexes that perceive the input signals, the very first constituents
of signal transduction. Differential homo- and hetero-oligomerization of the respective
ligand-binding receptors and associated coreceptors or regulatory components provides
plentiful possibilities of signaling specificity within an integrated signaling network (Mel-
lado et al., 2001; Springael et al., 2005; Wang and Norcross, 2008; Rozenfeld and Devi,
2010; Ehrlich et al., 2011; Liebmann, 2011).
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12 | Chapter 1

In plants, brassinosteroid (BR) signaling represents one of the most prominent signal
transduction cascades or networks (Zhu et al., 2013). BRs form a ubiquitous class of phy-
tohormones (Kutschera and Wang, 2012), which are structurally similar to animal steroids
(Grove et al., 1979). In analogy to their animal counterparts, BRs influence several aspects
of plant growth and development (Clouse, 2011; Wang et al., 2012). Mutants, which are
impaired in BR biosynthesis or BR perception, show dwarfed stature, dark-green color and
de-etiolated phenotypes when grown in darkness (Kutschera and Wang, 2012). Recent
studies revealed that BRs coregulate a wide range of other hormonal and environmental
signals, which places them high in the hierarchy of the plant regulatory system (Wang et
al., 2012).

Leucine-rich repeat receptor-like kinases

The BR signaling cascade involves several plasma membrane (PM)-located receptors, all
belonging to the family of receptor-like kinases (RLKs). RLKs form the largest family of
plant cell surface receptors with more than 600 members in Arabidopsis thaliana (Shiu and
Bleecker, 2001b). These receptors comprise an extracellular domain, which can function as
a ligand-binding domain, a single-pass transmembrane region, and an intracellular domain
composed of a juxtamembrane domain, a kinase domain and an auto-inhibitory C-terminal
tail (Gish and Clark, 2011). According to their kinase phylogeny, extracellular domains, and
intron information, the family of RLKs was divided into 46 subfamilies (Shiu and Bleecker,
2003). The largest clade among these subfamilies, with more than 230 members in Arabi-
dopsis thaliana, is formed by RLKs with a leucine-rich repeat extracellular domain (Lehti-Shiu
et al., 2009). Members of this RLK subfamily fulfill diverse functions ranging from growth
and development to abiotic and biotic stress responses (Shiu and Bleecker, 2001a).

Structurally LRR-RLKs are similar to animal receptor tyrosine kinases (RTKs) like the epi-
dermal growth factor receptor (EGFR) (Walker, 1994). In contrast to their animal analogs,
plant LRR-RLKs are based on phylogenetic and biochemical analyses generally classified
as Ser/Thr kinases, not unlike the five cytosolic animal kinase homologs Pelle (Drosophila
melanogaster), Pelle-like kinase (Caenorhabditis elegans) and the three human interleukin
1-receptor associated kinases (IRAKs) (Shiu and Bleecker, 2001b). However, there are also
exceptions. For example, for two members of the Somatic embryogenesis receptor-like
kinase (SERK) family and the BR-perceiving receptor Brassinosteroid insensitive 1 (BRI1)
dual-specificity was reported (Shah et al., 2001; Oh et al., 2009; 2010). These three LRR-
RLKs cannot only phosphorylate Ser and Thr residues, but also Tyr moieties. Interestingly,
these three PM-located receptors are involved in the same signal transduction pathway, the
BR signaling cascade (Li et al., 2002; Nam and Li, 2002; Karlova et al., 2006; Albrecht et
al., 2008), as illustrated in the following sections.
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The multi-tasking SERK family

The first SERK gene was discovered in carrots (Daucus carota) as a marker for single em-
bryogenic cells in culture (Schmidt et al., 1997). Subsequently, phylogenetic analysis led to
the identification of the Arabidopsis thaliana SERK protein family, which comprises the five
members SERK1T to SERK5 and belongs to the LRR-RLK subfamily Il (Hecht et al., 2001).
SERKs are characterized by an N-terminal leucine-zipper (LZ) domain, five LRRs (of which
the most N-terminal one is truncated) and a proline-rich (SPP) region just upstream of
the transmembrane domain (Baudino et al., 2001). The schematic domain architecture of
SERK3, also known as BRI1-associated kinase 1 (BAK1) (Nam and Li, 2002; Li et al., 2002),
as an example for the SERK family is shown in Figure 1.

A hallmark of the SERK proteins is their multi-tasking ability (Chinchilla et al., 2009; Li,
2010; Kim et al., 2013). Even though no ligand-binding activity has been demonstrated to
date, for all SERK family members, except SERK5, which most likely is kinase inactive (He
et al., 2007), functions in diverse physiological pathways were discovered. SERK1 to SERK4
were all associated with plant immunity (Chinchilla et al., 2007; Kemmerling et al., 2007,
Heese et al., 2007; Roux et al., 2011). Additionally, a role for SERK1 in abscission (Lewis et al.,
2010), in somatic embryogenesis (Hecht et al., 2001) and redundantly with SERK2 in male
sporogenesis was reported (Albrecht et al., 2005). SERK3 and SERK4 moreover function in
cell death regulation (Kemmerling et al., 2007; He et al., 2007) and together with SERK1
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Figure 1: Schematic domain architecture of SERK3 and BRI1.

The extracellular domain of SERK3 comprises a leucine zipper domain (LZ), five leucine-rich repeats
(LRR), and a proline-rich region (SPP). A single-pass transmembrane domain (TM) connects the
extracellular domain to the intracellular SERK3 domain composed of a juxtamembrane region (JM),

a kinase domain (KD), and C-terminal tail (CT). BRI1 consists of 25 LRRs, which enclose the island
domain (ID) responsible for brassinosteroid (BR) binding, a TM domain, followed by the intracellular JM
region, KD, and the CT. The signal peptide regions of both LRR-RLKSs are presented as black boxes. The
gray box represents an unassigned region.

Many different studies showed interaction between BRI1 and SERK3, a process in which both the
extracellular LRR domains and intracellular kinase domains are involved (Jaillais et al., 2011a; Nam and
Li, 2002; Li et al., 2002), as indicated by the black lines. The point mutant D122N in the third LRR of
SERK3 enhances oligomerization (Jaillais et al., 2011a), whereas the point mutant K911E in the BRI1
kinase domain compromises the interaction between the two plasma membrane receptors (Wang et
al., 2008). (Adapted from Kim and Wang, 2010)
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control BR signal transduction (Nam and Li, 2002; Li et al., 2002; Albrecht et al., 2008; Gou
et al., 2012). Their participation in various signaling pathways illustrates that SERKs show a
certain degree of redundancy, but also have specific functions (Albrecht et al., 2008).

The specificity of SERK proteins is accomplished by differential hetero-oligomerization
with ligand-binding receptors like EMS1/EXS for male sporogenesis (Canales et al., 2002;
Zhao et al., 2002), EFR and FLS2 for plant immunity (Chinchilla et al., 2007; Kemmerling et
al., 2007; Heese et al., 2007; Schwessinger et al., 2011; Roux et al., 2011), or BRI1 for BR
signal transduction (Nam and Li, 2002; Li et al., 2002; Gou et al., 2012). In these receptor
complexes SERKs act as coreceptors or regulators that enhance or enable downstream
signaling (Wang et al., 2008; Gou et al., 2012).

Most likely due to their redundant functions, single loss-of-function serk mutants do not
show clear phenotypes (Albrecht et al., 2008). An exception is SERK3. This most prominent
member of the SERK family appears to be a key regulator of several physiological pathways
(Chinchilla et al., 2009). Loss-of-function mutants of serk3 gave rise to uncontrolled cell
death (Kemmerling et al., 2007; Heese et al., 2007), compromised plant immunity (Chin-
chilla et al., 2007; Kemmerling et al., 2007; Heese et al., 2007) and BR-related phenotypes
(Nam and Li, 2002; Li et al., 2002; Kemmerling et al., 2007; Albrecht et al., 2008; Gou
et al.,, 2012). Therefore it was speculated that SERK3 may act as integrator for the differ-
ent signaling pathways and may form the molecular interface for pathway cross talk. In
contrast to Belkhadir et al. (2012), who proposed SERK3-mediated cross talk for immune
and BR signaling, Albrecht et al. (2012) reported that SERK3 is not rate limiting for the
physiological responses of these two pathways and that cross talk occurs downstream or
independently of the hetero-oligomerization between SERK3 and the respective ligand-
binding receptors. Instead, separate cellular SERK3 pools for the different signaling routes
were proposed (Albrecht et al., 2012). Based on semi-quantitative coimmunoprecipitation
experiments it was concluded that approximately 5% of total SERK3 protein participates in
BRI1-mediated BR signal transduction (Albrecht et al., 2012).

To understand why SERK3 or SERKs in general are employed by multiple distinct signal
transduction pathways, it is important to reveal their precise mode of action. Here, we
will focus on BR signaling and the concerted action of SERK3 and BRI1, the receptor that
perceives BRs at the cell surface of plant cells (He et al., 2000; Kinoshita et al., 2005).

BRI1, the signal perceiving receptor

As mentioned above, SERK3 is an essential component of BR signaling and acts in this
particular pathway as a coreceptor of the ligand binding receptor BRI1 (Nam and Li, 2002;
Li et al., 2002; Jaillais et al., 2011a; Albrecht et al., 2012; Gou et al., 2012). BRIT was
identified in the mid 1990s in a BR-insensitive Arabidopsis mutant (Clouse et al., 1996) and
belongs, like the SERK proteins, to the family of LRR-RLKs (Li and Chory, 1997; Shiu and
Bleecker, 2001b). In contrast to the SERKs with only five LRRs, the extracellular domain of
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BRI1 comprises 25 repeats (Li and Chory, 1997) (Figure 1). The BR binding site, the so-called
island domain, is located between the LRRs 21 and 22 of the BRI1 ectodomain (Kinoshita
et al., 2005). The crystal structure of this domain revealed that the 25 LRRs are arranged
in a superhelix with the island domain shielded in the interior of this domain architecture
(Hothorn et al., 2011; She et al., 2011). Surprisingly, the crystallographic studies revealed
that ligand binding did not induce a change in the overall BRI1 ectodomain (Zhu et al.,
2013; Hothorn et al., 2011; She et al., 2011).

This finding contradicted the proposed BRI1 mode of action. Several reports showed
a homodimeric BRI1 configuration (Wang et al., 2005; Hink et al., 2008; Wang et al.,
2008) and suggested that ligand binding would cause a conformational change that
leads to kinase activation (Wang et al., 2008; Jaillais et al., 2011a). That this scenario is
unlikely was supported by the observation of solely monomeric BRI1 ectodomains during
the crystallization process (Hothorn et al., 2011; She et al., 2011). Moreover computational
modeling indicated that a head-to-head arrangement of two BRI1T monomers would lead
to a substantial distance between the intracellular kinase domains (Hothorn et al., 2011).

However, the structural analysis elucidated a small rearrangement of the BR binding
pocket upon BR addition and these structural changes create a hydrophobic surface, which
may function as a docking site for interaction partners (Hothorn et al., 2011; She et al.,
2011). Intriguingly, this possible interaction platform is located about five LRRs above the
membrane surface and is therefore close to the N-terminal end of the SERK ectodomains
(She et al., 2011).

In the following section, we will elaborate on how the regulation of BRI1-SERK3 interac-
tions is currently envisioned by introducing the signal transduction pathway initiated by
binding of BRs to the extracellular BRI1 island domain.

The BR signaling pathway

Based on genetic, proteomic and biochemical approaches most major components of the
BR signal transduction pathway have been identified (Wang et al., 2012). In contrast to
animal steroid signaling, plants perceive BRs at the cell surface (Wang et al., 2012). In
the absence of ligand, PM-located BRI1 is suggested to remain inactive due to a double-
lock mechanism, accomplished by kinase inhibition and prevented association with SERK3
(Jaillais et al., 2011a). Binding of BRs to the extracellular domain of BRI1 (He et al., 2000;
Kinoshita et al., 2005) is thought to induce basal BRI1 kinase activity (Wang et al., 2008).
BR-activated BRIT in turn trans-phosphorylates BRI1 kinase inhibitor 1 (BKI1), which sub-
sequently dissociates from the intracellular BRI1 kinase domain into the cytoplasm (Jaillais
et al.,, 2011b). BKI1 prevents hetero-oligomerization of BRI1 and SERK3 in vitro (Wang et
al., 2008; Jaillais et al., 2011b), suggesting that BKI1 release is required for the initiation
of downstream signaling. Sequential trans-phosphorylation events within the BRIT-SERK3
receptor complex (Wang et al., 2008) result in the phosphorylation-mediated activation of
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Figure 2: The brassinosteroid signal transduction pathway.

(A) In the absence of brassionsteroid (BR) ligands, BRI1 kinase activity and association with
SERK3(BAK1) is inhibited by BKI1. Additionally, BRI1 is associated with BSKs/CDG1. Active BIN2 kinase
phosphorylates the transcripton factors BZR1 and BES1(BZR2), which results in loss of DNA binding
activity, transport out of the nucleus, cytoplasmic retention by 14-3-3 proteins and proteasomal
degradation.

(B) In the presence of BRs, ligand binding to the BRI1 ectodomain leads to the dissociation of BKI1,
followed by the association of BRIT with SERK3(BAK1). Sequential phosphorylation events within the
BRIT-SERK3(BAK1) receptor hetero-oligomers result in full activation of the BRI1 kinase. Subsequently,
BSKs/CDGT1 are trans-phosphorylated and released from the receptor complex. Activated BSKs/CDG'1
in turn phosphorylate and activate the BSU1 phosphatase, which results in the dephosphorylation and
deactivation of the BIN2 kinase. Dephosphorylation and thereby activiation of the transcription factors
BZR1 and BES1(BZR2) is conducted by the PP2A phosphatase.

Red lines indicate active signaling components, red arrows indicate phosphorylation and
dephosphorylation events, and black arrows indicate the movement of proteins. (This figure was taken
and adapted from Wang et al., 2012)



General Introduction

BR signaling kinases (BSKs) (Tang et al., 2008) and constitute differential growth 1 (CDG1)
(Kim et al., 2011). These receptor-like cytoplasmic kinases (RLCKs) relay BR signaling by
phosphorylating the BRI1-suppressor 1 (BSU1) phosphatase (Kim et al., 2011). Phosphory-
lation of BSU1 promotes the interaction with and the inactivation of the BR insensitive
2 (BIN2) kinase, a negative regulatory entity of BR signaling (Tang et al., 2008; Kim et
al., 2011). In the absence of activating BRs, BIN2 maintains the BR transcription factors
brassinazole resistant 1 (BZR1) and BRI1 EMS suppressor 1 (BES1) in a phosphorylation-
dependent inactive state (Yin et al., 2002; He et al., 2002). However, inactivation of BIN2
by BSU1 results in dephosphorylation of the two transcription factors and translocation
into the nucleus followed by BR-mediated transcriptional regulation (Yin et al., 2002; He
et al., 2002; Sun et al., 2010; Tang et al., 2011; Yu et al., 2011). An overview of the BR
signaling pathway is shown in Figure 2.

Thus, various multi-disciplinary approaches have revealed a comprehensive set of mo-
lecular components linking BR perception at the cell surface to nuclear transcriptional
regulation (Kim and Wang, 2010; Clouse, 2011; Wang et al., 2012). But even though the
molecular determinants of BR signaling have been established, many mechanistic ques-
tions remain unanswered. For example, what is the mechanism behind the observed stimu-
latory and inhibitory growth effects under low and high exogenous BR concentrations,
respectively (van Esse et al., 2012)? Since the structural analysis of the BRIT ectodomain
does not appear to favor homodimers and did not reveal overall domain changes upon BR
addition (Hothorn et al., 2011; She et al., 2011), how is the binding of BRs to the island
domain of BRI1 transmitted to the cell interior? Is SERK3 a component of the hormone
perceiving complex as speculated by She et al. (2011)? Moreover, where does BR signaling
occur? And how do the BRI1-like (BRL) LRR-RLKs BRL1 and BRL3, which also can bind
BRs (Cafo-Delgado et al., 2004), contribute to the overall BR response? Are there organ,
tissue, or cell type specific BR signaling circuits? And in which cellular compartment does
BR signaling actually take place?

The interplay between location and signaling

Some of the above-mentioned questions have already been investigated and a fundamen-
tal role of the epidermal cell layer for executing BR signaling and regulating BR-related
developmental processes in shoot and root was established (Savaldi-Goldstein et al., 2007;
Hacham et al., 2011). To zoom in further and to address which cellular compartments
exhibit BRIT-mediated signal transduction it is worthwhile to take a closer look on the
subcellular localization patterns of BRI1 and SERK3.

In Arabidopsis thaliana, both LRR-RLKs are ubiquitously expressed and typically reside in
the PM (Friedrichsen et al., 2000; Nam and Li, 2002; Li et al., 2002; Geldner et al., 2007).
However, how do BRI1 and SERK3 arrive at the site of BR perception? And what happens

17



18 | Chapter 1

after fulfilling their signaling task? Popescu et al. (2012) recently proposed a model for the
biogenesis and the anterograde transport of PM receptors.

The biosynthesis of cell surface receptors is initiated at the endoplasmic reticulum (ER)
(Popescu, 2012). Here, after translation folding of the nascent polypeptide chain, position-
ing in the membrane, addition of post-translational modifications, and ER quality control
occur (Jurgens, 2004; Staehelin and Kang, 2008; Popescu, 2012). Targeted transport directs
the newly synthesized and correctly processed receptor molecules to the Golgi apparatus,
where additional post-translational modifications take place (daSilva et al., 2004; Langhans
et al., 2012). Successfully processed PM receptors leave the Golgi by vesicle budding and
are sorted within the trans-Golgi network (TGN) for subsequent PM transport and insertion
(Richter et al., 2009). Fusion of TGN-derived vesicles with the PM eventually completes the
anterograde or secretory trafficking route.

In plants, the TGN fulfills a dual function. It represents a hub for biosynthetic and ret-
rograde transport (Reyes et al., 2011). Therefore the plant TGN is equivalent to the early
endosome (EE) compartment (Dettmer et al., 2006; Lam et al., 2007) and initially receives
endocytosed PM receptors. Here, the endocytosed cargo is either sorted for recycling back
to the PM or follows a route towards degradation (Reyes et al., 2011). Degradative sorting
results in the formation of late endosomes (LEs) or multi-vesicular bodies (MVBs), which
mature from EEs (Reyes et al., 2011). Fusion of LEs/MVBs with the tonoplast results in
the release of cargo into the vacuolar lumen and finally protein degradation (Reyes et al.,
2011) (Figure 3).

BRI1 localizes to most of the anterograde and retrograde compartments. Live-cell imag-
ing (Geldner et al., 2007; Viotti et al., 2010; Irani et al., 2012) and electron microscopy
(Viotti et al., 2010) revealed the presence of BRI1 in Golgi, TGN, and luminal MVB vesicles.
Moreover, Geldner et al. (2007) reported that BRI1 constitutively recycles between PM
and TGN. In contrast, little is known about the subcellular distribution of SERK3. Only the
presence in EEs was speculated about for this coreceptor (Russinova et al., 2004). Taking
into account that BRs are perceived at the PM and that initiation of BR signal transduction
requires the sequential trans-phosphorylation within a BRI1-SERK3 hetero-oligomer, the
localization patterns of BRI1 and SERK3 hint towards the cell surface and EEs as possible
sites of BR signaling activity. And in fact, experimental evidence for endosomal and PM BR
signal transduction was provided.

Geldner et al. (2007) reported increased BR signaling upon application of brefeldin
A (BFA), a fungal toxin. Since BFA inhibits the recycling pathway at the stage of TGN
(Nebenfuhr et al., 2002), Geldner et al. (2007) concluded that the elevated BR signaling
outputs arise from endocytosed and intracellularly trapped BRI1 receptors. However, a
recent report revealed an additional feature of BFA. Besides inhibiting recycling, this fungal
toxin also stabilizes BRI1 at the PM (Irani et al., 2012). Subsequent analysis showed that
this second effect actually attributes most to the BFA-induced BR signaling activity (Irani et
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Figure 3: Anterograde and retrograde trafficking of plasma membrane receptors.

The biogenesis of plasma membrane receptors starts with the biosynthesis of nascent polypeptide chains
in the ER (1). Folded and matured receptor proteins are transported to the Golgi apparatus, where
further post-translational modifications are processed (2). Receptors that passed quality control shuttle
to the trans-Golgi network (TGN) and are sorted for transport to the plasma membrane (3). Fusion

of TGN-derived vesicles with the plasma membrane results in the insertion of matured and signaling
competent receptor proteins (4). After endocytosis receptors (5) are again targeted to the TGN, which in
plants is equivalent to the early endosome (EE) compartment (6). Here, receptor proteins can be sorted
for recycling back to the plasma membrane (7) or via late endosomes (LE)/multivesicular bodies (MVBs)
for the degradative pathway (8). Fusion of MVBs with the tonoplast releases the protein cargo into the
vacuolar lumen and culminates in protein degradation (9). (Adapted from Reyes et al., 2011)

al., 2012). Thus, BRIT may be able to signal from endosomes, but the main site of BR signal
transduction is at the PM (Irani et al., 2012).

Collectively, the most prominent sites of BR signaling activity seem to be the PMs of
epidermal plant cells. But these findings based on downstream signaling outputs and phe-
notypic analyses still leave open how the very first steps of BR signaling, the transmission
of the BR binding signal across the PM and the initiation of BRI1 and SERK3 kinase activity,
are regulated.

Lessons from animal signaling

Similar findings as observed for BRI1, have also been reported for its animal counterpart
EGFR. This RTK is able to signal from endosomal compartments (Lai et al., 1989; Vieira et
al., 1996), but the main signaling activity stems from PM-localized receptors (Sousa et al.,
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2012). Structural analysis additionally revealed that ligand binding does not result in drastic
changes of the ectodomain architecture and that the domain assembly is too flexible to
transmit the signal of ligand binding across the PM within an EGFR monomer (Lu et al.,
2010). This implies that at least a dimeric receptor configuration is required for intracel-
lular kinase activation. Indeed, structural and biochemical evidence provided proof for this
scenario as extensively reviewed by Lemmon and Schlessinger (2010). However, where
or when are these receptor oligomers, which enable kinase activation and downstream
signaling, established?

Initial studies addressing this question revealed ligand-induced EGFR dimerization (Yarden
and Schlessinger, 1987; Cochet et al., 1988). Ligand-mediated recruitment models were
also proposed for other classes of PM animal receptors like the G protein-coupled receptors
(GPCRs) (Vila-Coro et al., 2000; Mellado et al., 2001) or the transforming growth factor
receptors (TGFBRs) (Wrana et al., 1994). Most of these studies were based on protein gel
analysis, cross-linking experiments, or immunoprecipitation. In parallel to the development
of more specific techniques like coimmunoprecipitation and in particular imaging ap-
proaches, ligand-induced receptor recruitment models have evolved. More detailed studies
revealed ligand-independent and thus preformed receptor complexes for EGFR (Gadella and
Jovin, 1995; Bader et al., 2009), GPCRs (Hernanz-Falcon et al., 2004; Van Craenenbroeck
et al., 2011; Springael et al., 2005), TGFRRs (Gilboa et al., 1998; Ehrlich et al., 2012), and
bone morphogenic protein receptors (BMPRs) (Gilboa et al., 2000; Ehrlich et al., 2012).

Besides the identification of preformed receptor complexes also functional consequences
have been reported. For BMPRs it was shown that preformed and ligand-induced receptor
oligomers follow different endocytic routes (Hartung et al., 2006) and exhibit differential
signaling (Nohe et al., 2002). Moreover, receptor preformation was not only associated
with downstream signaling, but it was postulated that oligomerization may already affect
the biogenesis of the PM receptors.

This hypothesis is based on observations of receptor complexes shortly after biosynthesis
in the ER. One of the first examples was presented by Gilboa et al. (1998), who showed
that TGFRR oligomers are formed in the ER and persist at the PM. Using imaging ap-
proaches similar findings were obtained for kainate receptors (Ma-Hogemeier et al., 2010)
and different members of the GPCR family (Springael et al., 2005; Van Craenenbroeck,
2012). In particular for GPCRs, an influence of receptor oligomerization in the ER on their
biogenesis and anterograde trafficking was revealed. For y-aminobutyric acid B (GABA))
receptors it was shown that complex formation results in masking of an ER-retention
signal and thus receptor oligomerization is necessary to enter the secretory transport route
(Margeta-Mitrovic et al., 2000). Furthermore, van Craenenbroeck et al. (2011) hypoth-
esized a chaperone-like function for ER oligomerization of PM receptors.

Consequently, preformed receptor complexes seem to fulfill essential regulatory func-
tions for PM receptor signaling. In contrast to the animal field, where PM receptor complex
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preformation is nowadays an established concept, there is only one example in the plant
field, the chitin-sensing receptor system of rice (Shimizu et al., 2010). Interestingly, Wang
et al. (2005) hypothesized that also BRI1 and SERK3, the BR signaling components, may
form ligand-independent hetero-oligomers.

This discrepancy between animal and plant receptor signaling models is surprising given
the tremendous number of plant PM receptors as illustrated earlier. Of course, this large
repertoire of plant surface receptors offers a plethora of possible molecular interactions
involving various different regulatory principles. However, biology in general favors simplic-
ity (Alon, 2007). Recent research revealed that actually only a few regulatory patterns or
motifs are used, which are repeated and interconnected to generate robust and “eco-
nomic” signaling circuits (Alon, 2007).

A possible explanation for the differences between the proposed signaling modes in
animals and plants may be given by the experimental approaches applied. Mainly the
use of low invasive and spatiotemporally resolving imaging techniques contributed to the
conceptual changes for animal receptor signaling models (Springael et al., 2005; Ciruela
et al., 2010; Ehrlich et al., 2011; 2012; Van Craenenbroeck, 2012), methods that are still
underrepresented in the plant field.

Fluorescence microscopy as a tool for investigating signaling events

Signaling processes involve the assembly and disassembly of molecular complexes, which
is often accompanied by the physical repositioning of complex components within the
cellular matrix (Day et al., 2005). For gaining access to the fundamental principles of
signal transduction that communicate information in the form of protein activities through
space, imaging approaches offer very good possibilities (Dehmelt and Bastiaens, 2010).
In particular fluorescence microscopy provides a large portfolio of techniques, which al-
low elucidating the spatial distribution as well as the oligomerization patterns of proteins
participating in signal transduction cascades, as recently exemplified for the plant LRR-RLK
Clavatal (CLV1) (Stahl et al., 2013).

Independent of the approach applied a prerequisite of fluorescence microscopy is the
presence of fluorescent probes in the investigated biological system. However, most
proteins are not per se fluorescent in the visible spectrum. Therefore visualizing proteins
of interest often requires labeling with chemical or biological fluorophores. The introduc-
tion of the GFP technology (Gerdes and Kaether, 1996; Ehrhardt, 2003; Chudakov et al.,
2005) has provided a vast range of visible fluorescent proteins (VFPs) that can be used to
genetically tag the proteins under investigation (Shaner et al., 2007). This enables dynamic
live-cell imaging and protein tracking from single molecule to organism level. Though,
due to the size of VFPs and depending on the molecular site of attachment functional-
ity of the tagged protein can be compromised (Ntoukakis et al., 2011). To avoid these
adverse effects of VFP-tagging, immuno-labeling with native or secondary fluorophore-
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conjugated antibodies can be applied. A drawback of this methodology is that it usually
requires fixation of the samples. Alternatively, proteins can be genetically tagged with
small epitopes or labeled with endogenously expressed antibodies, which in turn bind
synthetic membrane-permeable fluorophores (Farinas and Verkman, 1999; Crivat and
Taraska, 2012; Wombacher and Cornish, 2011). This approach allows in vivo imaging,
but may suffer from toxicity and unspecific binding of the respective fluorescent agents
(Crivat and Taraska, 2012; Wombacher and Cornish, 2011). Most microscopic studies are
based on genetic VFP-tagging, both because of its simplicity of sample preparation and
applicability to live-cell imaging.

Labeling proteins with fluorescent tags can either be used to report physiological
changes caused by signaling activities, thus the tagged proteins function as biosensors, or
it can used to directly study the features of the molecular signaling components. Here, we
want to focus solely on the latter. Fluorescence microscopy provides various read-outs, like
fluorescence intensity, fluorescence lifetime, or fluorescence anisotropy (Yasuda, 2006),
to characterize fluorescently labeled molecules. The most straightforward read-out is the
measurement of fluorescence intensities, which allows the investigation of localization
and colocalization patterns, protein mobility, conformational changes, or protein-protein
interactions (Dehmelt and Bastiaens, 2010). The majority of biological studies apply fluo-
rescence microscopy to reveal the localization and colocalization patterns of proteins, as
exemplified earlier for BRI1 (Friedrichsen et al., 2000; Geldner et al., 2007; Viotti et al.,
2010; Irani et al., 2012) and SERK3 (Nam and Li, 2002; Li et al., 2002; Russinova et al.,
2004). (Co)Localization studies are mainly performed in wide-field or confocal mode. The
advantage of confocal imaging is the higher precision with a lateral spatial resolution of up
to 200-300 nm, the diffraction limit of visible light (Day et al., 2005). Recent technological
advances that resulted in the so-called superresolution methods could even break this
physical limit. In most-optimal conditions, which unfortunately still require sample fixation,
these techniques enable a lateral resolution of up to 20 nm in biological samples (Leung
and Chou, 2011). An alternative method, especially for PM or PM-associated proteins, with
increased z-resolution compared to confocal imaging is total internal reflection fluores-
cence (TIRF) microscopy. Since this technique is based on the evanescent field occurring at
glass substrate-PM interfaces the imaging depth is restricted to 50-300 nm (Millis, 2012).

TIRF microscopy can additionally be applied for studying the protein mobility within
or close to the PM (Millis, 2012). But due to the technical challenges of setting up this
method it has so far only been rarely used in plant research. Other approaches enabling
the investigation of protein mobility are fluorescence correlation spectroscopy (FCS)
and fluorescence recovery after photobleaching (FRAP) (Dehmelt and Bastiaens, 2010;
Kwaaitaal et al., 2011; Hink et al., 2008). Both methods have already been successfully
applied to study plant PM receptors. Using FRAP a ligand-dependent reduction in PM
mobility of FLS2 was reported (Ali et al., 2007). Application of a dual-color variant of FCS,
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which is called fluorescence cross-correlation spectroscopy (FCCS), allowed assessing the
mobility of SERK1, SERK3, and BRI1 in cowpea protoplasts and determining the molecular
composition of respective protein complexes (Hink et al., 2008). Hink et al. (2008) was
able to estimate that approximately 15% of SERK1 and around 20% of BRI1 may be in a
homodimeric configuration in the PM of the plant cells investigated. It is not clear whether
the homodimers observed in that study represent active receptors.

However, most of the fluorescence microscopic techniques that are employed to de-
termine protein oligomerization exploit Forster resonance energy transfer (FRET) (Forster,
1948; Day et al., 2005). This photo-physical process describes the non-radiative transfer
of excited-state energy from a donor fluorophore to an acceptor chromophore. Since the
energy transfer is accomplished by dipole-dipole coupling of the transition dipole moments
of donor and acceptor, this process is limited to distances smaller than 10 nm, which is in
the dimension of typical protein sizes (Dehmelt and Bastiaens, 2010). Therefore FRET is a
suitable read-out for investigating protein-protein interactions as illustrated in Figure 4.

Confocal imaging FLIM

N

\

\\,‘\,,4
A\

et
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Figure 4: Spatial resolution of different fluorescence microscopic techniques.

Fluorescence microscopy can be used to investigate the spatial correlation between fluorescently
labeled proteins. Depending on the applied technique various degrees of distances (d) are resolvable.
Here, confocal microscopy and fluorescence lifetime imaging microscopy (FLIM) are compared.
Fluorescence intensity images acquired in confocal mode allow resolving distances close to the
diffraction limit of light. This spatial resolution enables to reveal the colocalization of two proteins in a
dual color image. For studying the oligomerization of proteins FLIM is a suitable method. This imaging
technique can detect FRET between the fluorescent tags of fusion proteins. Since FRET can only occur
in the range of typical protein dimensions the physical interaction of the two appropriately labeled
proteins can be deduced.
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Several methods are applicable to detect FRET. Most of them rely on fluorescence intensity
measurements like ratio-imaging, acceptor photo-bleaching, or acceptor-sensitized emis-
sion (Dehmelt and Bastiaens, 2010; Yasuda, 2006). A drawback of these intensity-based
approaches is the dependency on fluorophore concentrations, which are hard to assess in
living systems (Yasuda, 2006). Thus, various corrections have to be implemented in the data
analysis. To avoid these pitfalls of intensity-based methods, fluorescence lifetime imaging
microscopy (FLIM) can be applied for detecting FRET (Yasuda, 2006). The fluorescence
lifetime is an intrinsic property of fluorphores and therefore concentration-independent.
However, it is sensitive to the immediate environment of the excited molecule. In the pres-
ence of an acceptor in the close proximity of an excited donor fluorophore the fluorescence
lifetime decreases due to FRET (Day et al., 2005; Borst and Visser, 2010). FRET-FLIM has
been applied in several studies to investigate the interaction of plant PM receptors. Russi-
nova et al. (2004) used this methodology to reveal the oligomerization of BRIT and SERK3
in transiently transfected cowpea protoplasts. Also based on a heterologous expression
system the interaction between both PM receptors was shown in Nicotina benthamiana
(Caesar et al., 2011).

Collectively, the fluorescence microscopic methods presented here provide an enormous
portfolio for uncovering mechanistic details of signal transduction events. Moreover, most
of the described techniques are applicable to live-cell imaging and allow the elucidation of
spatiotemporal dynamics in the natural habitat of signaling components.
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SCOPE OF THE THESIS

Brassinosteroids are key regulators of plant architecture and physiology. They directly influ-
ence plant development and growth but moreover affect many other regulatory circuits.
The high degree of interconnections between brassinosteroid signaling and processes like
light perception or abiotic and biotic stress responses enforces the need for deciphering
the fundamental principles underlying brassinosteroid signal transduction. Understanding
the regulation of this particular signaling pathway will not only result in a more detailed
picture of the overall plant physiology, but will also help to optimize crops for steadily
harsher environmental conditions.

Research using genetic, proteomic and biochemical approaches has uncovered the
major components of the brassinosteroid signal transduction pathway during the last two
decades. It was shown how the information of ligand-activated BRI1 at the plasma mem-
brane is relayed to the cell nucleus via a phosphorylation-dependent cascade. Despite the
detailed information of downstream signaling events, the very first steps of brassinosteroid
signaling are still elusive. How is the binding of brassinosteroids to the extracellular domain
of BRI1 transmitted into the cell interior?

Previous models of brassinosteroid signaling assumed the presence of BRI1 homodimers,
which would undergo a conformational change upon ligand binding. This structural
change was suggested to induce basal cytoplasmic BRI1 kinase activity followed by subse-
guent recruitment of SERK proteins to enhance downstream signaling outputs. However,
the resolved crystal structure of the BRI1 ectodomain opposes this scenario. Instead it
was postulated that a hetero-oligomeric complex could facilitate the cross-membrane
signal transmission. Intriguingly, genetic evidence revealed the necessity of SERK1, SERK3,
and SERK4 for initiating brassinosteroid signaling. Hence, these SERK family members are
ideal candidates for the postulated hetero-oligomeric BRIT complex, which could transmit
ligand binding across the plasma membrane and induce the downstream phosphorylation
cascade.

Therefore this thesis focuses on the spatial correlation between BRI1 and SERK3, the main
coreceptor of brassinosteroid signaling. Different imaging and image analysis procedures
are applied to investigate the colocalization and interaction patterns of the two plasma
membrane receptors in their natural and signaling competent habitat, the epidermal cells
of Arabidopsis thaliana roots.
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OUTLINE OF THIS THESIS

After an introduction into signaling and the use of fluorescence microscopy in Chapter 1,
a protocol for the application of FRET-FLIM on Arabidopsis thaliana mesophyll protoplasts is
provided in Chapter 2. It describes the theoretical background of the FRET-FLIM methodol-
ogy in detail employing a transient expression system. The oligomerization of AtCDC48 is
used as a biological example to explain how time-resolved fluorescence intensity images
are analyzed based on the SPCimage software package (Becker & Hickl). This Chapter
illustrates the potential of FRET-FLIM as a light microscopic method to study protein-protein
interactions in vivo.

Subsequently, FRET-FLIM and colocalization analysis are used to reveal the spatial distri-
bution of BRIT and SERK3 in response to brassinosteroids. Chapter 3 provides evidence
for brassinosteroid signaling-dependent colocalization of the two LRR-RLKs in the plasma
membrane and cytosol of Arabidopsis thaliana epidermal root cells. Next to increased
colocalization, ligand application also results in elevated amounts of plasma membrane-
localized BRIT-SERK3 hetero-oligomers. Surprisingly, ligand depletion does not abolish
these molecular interactions. Instead, a substantial amount of preformed BRIT-SERK3
receptor complexes is observed in the plasma membrane of root epidermal cells.

Since imaging approaches often suffer from solely qualitative interpretations, Chapter
4 elaborates on quantitative image analysis procedures. Two colocalization analysis ap-
proaches are presented and used to discriminate different colocalizing populations in
confocal images. In addition, a novel FRET-FLIM analysis procedure is introduced, which
allows the quantification of BRIT-SERK3 hetero-oligomers in time-resolved fluorescence
intensity images. Applied to the FRET-FLIM results of Chapter 3, this approach reveals that
approximately 70% of BRI1-SERK3 receptor complexes are preformed.

To address where or when these ligand-independent hetero-oligomers are established it
is essential to identify the subcellularly resolved colocalization patterns of BRI1 and SERK3.
Both LRR-RLKs localize to the common anterograde and retrograde endomembrane com-
partments and fractions of both receptors also colocalize in the respective cellular struc-
tures, as demonstrated in Chapter 5. Using the transient expression system of Arabidopsis
thaliana mesophyll protoplasts additionally enables to investigate whether BRIT and SERK3
already hetero-oligomerize prior to their plasma membrane insertion. FRET-FLIM analysis of
endoplasmic reticulum residing BRI1 and SERK3 populations indicates that both receptors
associate early after biogenesis. This observation is confirmed in Arabidopsis thaliana root
epidermal cells, which are fixed shortly after heat-shock induction of the BRI1 receptor.
BRIT-SERK3 hetero-oligomers are present in anterograde trafficking organelles prior to
plasma membrane fusion, revealed by FRET-FLIM performed on the heat-shock induced
and chemical fixed Arabidopsis thaliana roots. Consequently, the biogenesis of BRI1 and
SERK3 is accompanied by receptor complexes formation, followed by the anterograde
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transport and plasma membrane insertion of preassembled and signaling competent BR
signaling units.
In Chapter 6, the results of this thesis are summarized and the implications on the cur-

rent view of brassinosteroid signal transduction and other pathways involving the SERK3
coreceptor are discussed.
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ABSTRACT

The quantification of molecular interactions or conformational changes can conveniently
be studied by using Forster resonance energy transfer (FRET) as a spectroscopic ruler. The
FRET phenomenon describes the transfer of energy from a donor to an acceptor molecule
if they are in close proximity (<10 nm). The most straightforward method to measure FRET
is fluorescence lifetime imaging microscopy (FLIM). In this chapter, we will describe an
application of FRET using FLIM to monitor the hexamer formation of CrFP/eYFP-labeled
Arabidopsis thaliana cell division cycle protein (AtCDC48) expressed in plant protoplasts.

This Chapter was published as:
Bucherl, C., Aker, J., de Vries, S., and Borst, J.W. (2010). Probing protein-protein Inter-
actions with FRET-FLIM. Methods Mol. Biol. 655: 389-399.
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INTRODUCTION

The dimensions of proteins vary from 5 to 50 nm covering the experimental range of
electron microscopy and, partly, optical microscopy. Although electron microscopy has
the highest spatial resolution, it is not applicable in living tissue. In contrast, fluorescence
microscopy including the genetically encoded visible protein (VFP) technology in particular
has all non invasive capabilities for live cell imaging. However, the resolution of fluores-
cence microscopy is light-diffraction limited (~250 nm) and no information about protein
interactions is obtained. In vivo detection of protein interactions has become feasible by
combining fluorescence microscopy and FRET. FRET can be measured using a variety of
fluorescence imaging approaches like FRET- or ratio imaging and acceptor photobleach-
ing. The most reliable and quantitative method to spatially resolve FRET is Fluorescence
Lifetime Imaging Microscopy (FLIM). In this chapter, an example of protein interactions will
be shown by visualizing the hexamer formation of AtCDC48 proteins in plant protoplasts
using a FRET-FLIM approach.

AtCDC48 belongs to the protein family of ATPases associated with various activities
(AAA proteins). The characteristic function of AAA proteins is the coupling of ATP hy-
drolysis to processes like the disassembly or unfolding of protein substrates. Within the
Arabidopsis thaliana genome five isoforms of AtCDC48 (A-E) are encoded. Best charac-
terised is AtCDC48A, which shares 77% identity with the mammalian homologue vasolin
containing protein (VCP) or p97. The crystal structure of this animal counterpart revealed
a homo-hexameric mushroom-like shaped complex (Huyton et al., 2003; DelaBarre and
Brunger, 2003). Monomeric VCP comprises a N-domain important for cofactor and sub-
strate binding, two AAA domains (D1 and D2) connected by a linker, the D1 domain and
the linker region being crucial for hexamerisation and the D2 domain responsible for the
major ATPase activity, as well as a C-terminal tail (Aker et al., 2006). After complex forma-
tion the N- and D1-domains are located at the top of the hexamer, the D2- and C-domains
at the bottom. This domain architecture is also assumed for AtCDC48 despite the lack
of crystallographic evidence. However, in vitro and in vivo studies showed a hexameric
complex for the AtCDC48A isoform (Rancour et al., 2004; Aker et al., 2007). Using a FRET-
FLIM approach Aker et al. (2007) additionally elucidated oligomerisation of AtCDC48C in
Arabidopsis mesophyll protoplasts. Even though the two mentioned isoforms are predicted
to share 95% amino acid identity their localization pattern is distinct. Whereas AtCDC48A
is present at the plasma membrane, the ER, in the cytosol as well as the nucleus, AtCDC48C
localizes solely to the nucleus (Aker et al., 2006). In this chapter we will focus on the
complex formation of the fluorescently tagged AtCDC48 isoforms A and C expressed in
Arabidopsis mesophyll protoplasts to highlight the potential of FRET- FLIM for investigating
in vivo interactions.
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MATERIALS

Transient transfection vectors

1.
2.

Plant expression vector: pPMON999 (Monsanto, USA).

The cDNAs of AtCDC48A and AtCDC48C as well as Cerulean Fluorescent Protein (CrFP)
and enhanced Yellow Fluorescent Protein (eYFP) were cloned into pMON999 vector.
DNA-Polymerase: PWO-DNA polymerase used in combination with the Mg?* contain-
ing buffer solution provided by the manufacturer.

Nucleotides: 25 mM dNTP.

Restriction enzymes: depending on the cloning strategy chosen.

Ligase: T4 DNA ligase used in combination with the buffer solution provided by the
manufacturer.

Protoplast isolation (adapted from Sheen, 2001)

1.

Plant material: Rosette leaves of Arabidopsis thaliana plants (ecotype Columbia) grown
for 4-5 weeks under long-day conditions (16 h light /8 h dark) and 20-22°C (see Note 1).
Mannitol solution: 0.4 M mannitol, 20 mM KCI, 20 mM 2-(N-morpholino) ethanesul-
fonic acid (MES) pH 5.7 in Milli-Q water.

Calcium chloride solution: 1 M CaCl, in Milli-Q water.

Enzyme solution: 1% (w/v) cellulose R10 (Yakult Honsha Co. LTD, Japan) and 0.2%
(w/v) pectinase from Rhizopus sp. (Biochemika/Fulka, Germany) dissolved in mannitol
solution, subsequent addition of CaCl, to a final concentration of 10 mM.

Plastic round-bottom tubes (Sarstedt, Germany).

Protoplast transfection (adapted from Sheen, 2001)

1.

o U A W

PEG/Ca?* solution: 40% (w/v) polyethylenglycol 4000 (PEG, Merck, Germany), 0.2 M
mannitol, 100 mM Ca(NO,), in Milli-Q water (see Note 2).

W5 solution: 154 mM NaCl, 125 mM CaCl,, 5 mM KCI, 2 mM MES pH 5.7.
W5/Glucose solution: W5 solution containing 1 mM glucose.

MMg solution: 0.2 M mannitol, 15 mM MgCl,, 4 mM MES pH 5.7.

Plastic round-bottom tubes (Sarstedt, Germany).

Microscope 8-well slides, Lab-tek Nalge Nunc international (Rochester, NY, USA).

Methods

The question, whether a protein acts as an oligomer, can be addressed and answered by

several approaches. Phage display and yeast two-hybrid assays are most commonly used

(Causier and Davies, 2002; Burch et al., 2004). However, these methods lack spatial and

physiological information, since the proteins expressed are not in their natural environ-

ment. The introduction of high-resolution confocal microscopy gave the opportunity to
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investigate the co-expression of different proteins in their natural habitat. The optical
resolution of a microscope allows detection of fluorescent molecules at sub-cellular level.
At most, co-localization of two proteins equipped with two different fluorophores can be
revealed, but physical interactions between proteins on nanometer scale cannot be de-
termined. One possibility to go beyond the optical diffraction limit is using new advanced
methods like PALM and STED microscopy but the resolution is still not at the molecular
level (Betzig et al., 2006; Willig et al., 2006). However, Forster Resonance Energy Transfer
(FRET) microscopy elucidates molecular interactions in living tissue.

The term FRET describes the non-radiative energy transfer from the electronically excited
state of a donor fluorophore to an acceptor molecule. This photophysical process based

Figure 1: Summary of FRET principles.

When a donor and acceptor are in close proximity, energy transfer can take place leading to an
additional relaxation pathway (k) (top left). Some prerequisites for FRET are spectral overlap between
donor emission and acceptor absorption spectra (top right), small distance between donor and
acceptor and adequate dipole orientation. These parameters determine the critical transfer distance
(RO), which is characteristic for each FRET pair (bottom right). The efficiency of energy transfer can be
related to relative distance and experimentally determined from fluorescence lifetime measurements
(bottom left). (Taken from Borst et al., 2006)
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on dipole-dipole coupling was first described by Theodor Forster (1948). Spectral overlap
of donor emission and acceptor absorption, close proximity of the labeled specimen and
adequate orientation of the donor and acceptor transition dipole moments are the require-
ments for FRET taking place. Exploiting the FRET phenomenon allows the investigation of
protein-protein interactions with a distance range of approximately 1-10 nm — depending
on the FRET couple used. The energy transfer efficiency is proportional to the reciprocal
of the sixth power of the intermolecular fluorophore distance explaining the high distance
sensitivity of FRET measurements. The so-called critical (or Férster) radius (R)), a charac-
teristic property of each FRET pair, is the distance between donor and acceptor, at which
the energy transfer efficiency is 50%. The concepts of FRET and relevant equations are
summarized in Figure 1.

For the quantification of protein interactions by means of FRET several methods are avail-
able. Intensity based methods such as FRET- or ratio imaging and acceptor photobleaching
have severe disadvantages. The main drawbacks are: crosstalk of the emission spectra
(donor detected in acceptor window), direct excitation of acceptor by donor laser light
and dependence on differences in donor/acceptor concentrations. An alternative method
to spatially resolve FRET is Fluorescence Lifetime Imaging Microscopy (FLIM), which mea-
sures the fluorescence lifetime pixel by pixel. FLIM overcomes problems of intensity-based
methods by determining the fluorescence lifetime of the donor molecule only. Molecular
interaction between donor and acceptor will result in both the quenching of donor fluo-
rescence intensity and the consequent decrease of the donor fluorescence lifetime since
energy transfer will introduce an additional relaxation path from the excited state to the
ground state (see Fig. 1). The difference of the donor fluorescence lifetime in the absence
or presence of acceptor is directly correlated with the FRET efficiency E via

E=1-1,,/1,
where T, is the fluorescence lifetime of the donor in the presence of acceptor and T, is the
fluorescence lifetime of the donor alone.

Transient expression vectors

1. Amplify AtCDC48C or AtCDC48A (or the cDNA of your protein-of-interest A) by PCR
from an EST using appropriate primers and fuse to PCR amplified CrFP and eYFP into
pMON999 vector.

2. Verify constructs by sequencing and the size of the fused proteins by Western-blotting
using anti-GFP antibodies.

Protoplast isolation

1. All steps are carried out at room temperature unless otherwise noted.

2. A clean Petri dish (9 cm diameter) is covered with rosette leaves of 4-5 week old
Arabidopsis thaliana (see Note 1) plants grown under long-day conditions. This will
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result in a sufficient amount of protoplasts to perform approximately 6 independent
transfections.

Slice leaves with a scalpel, add 15 mL of enzyme solution and swirl to dampen all plant
material (see Note 3).

The sliced leave suspension is placed for 3 min in a vacuum desiccator with powered
pump followed by 30 min incubation without pumping but under vacuum conditions.
The Petri dish is transferred on a platform shaker and incubated at 65-80 rpm and
27 °C for additional 2 h.

Protoplasts are released from the leaf matrix by carefully swirling the Petri dish for
1 min by hand. Subsequently, the suspension is filtered through a 35-100 um nylon
mesh into a clean plastic round-bottom tube.

Collect the protoplasts by centrifugation for 3 min at 50 x g using a tabletop centrifuge,
wash once with 5 mL of W5 solution.

At this stage the isolated protoplasts can be kept on ice over night (see Note 4).

Protoplast transfection

1.

All steps are carried out at room temperature, and the protocol is applicable for 6
independent transfections. Beside the double transfections with donor and acceptor
constructs encoding the proteins of interest (interaction studies) at least one single
transfection with the donor construct only has to be included next to positive and
negative controls.

Prepare round-bottom tubes and plasmid DNAs. For single transfections 10-20 pg of
the respective DNA is required. For double transfections 10-15 pg of each construct
are combined in one Eppendorf tube. Single transfection is used to obtain protoplasts
expressing the donor construct only whereas the transfections of two plasmids yield
protoplasts for the interaction studies (see Note 5).

Collect the isolated and washed protoplasts by centrifugation for 3 min at 50 x g in a
tabletop centrifuge and remove the supernatant carefully with a pipette.

The protoplasts are resuspended in 1.2 mL of MMg (see Note 6) and aliquots of 200 pL
are transferred in round-bottom tubes (see Note 7).

Pipette the respective amount of plasmid DNA into the protoplast suspension, and
then add 220 plL of PEG/Ca solution. Mix well but carefully and incubate for 5 min (see
Note 7).

Add 800 pL of W5 solution to stop the transfection process and collect the protoplasts
by centrifugation at 50 x g for 3 min in a tabletop centrifuge.

Remove the supernatant with a pipette and wash with 5 mL of W5 solution.

Collect protoplasts by centrifugation at 50 x g for 3 min. Remove the supernatant
with a pipette and resuspend the protoplasts in T mL of W5 solution containing 1 mM
glucose.
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9.

Transfer the protoplast suspension into a 24-well plate and incubate at 25 °C under
long-day conditions. In general, measurements should be carried out about 16 h after
transfection but depending on the used expression vectors and constructs early or later
time points can be chosen. It is recommended to check the expression levels at several
time points to figure out the optimal incubation period (see Note 7).

FRET-FLIM

1.

FLIM is performed on a Biorad Radiance 2100 MP system in combination with a Nikon
TE 300 inverted microscope (Tokyo, Japan) as described by Russinova et al. (2004).
Two photon excitation pulses are generated by a Ti-Sapphire Mira Laser (Coherent),
pumped by a 5 W Verdi laser, resulting in excitation pulses of 200 fs at a repetition of
76 Mhz. A 60x/1.2 water immersion objective is used.

. CrFP emission is selected by a 480DF30 band pass filter and detected by a Hamamatsu

R3809U MCP (Hamamatsu, Japan) photomultiplier with a time resolution of 50 ps.
Fluorescence images of 64x64 pixel size are acquired using the B&H SPC 830 module
(Becker & Hickl, Germany) (see Note 8).

The average count rate is around 10* photons per second for an acquisition time of 90
s (Borst et al., 2003).

Measurements of single transfected protoplasts expressing N- or C-terminally CrFP-
tagged AtCDC48A or AtCDC48C result in the donor fluorescence lifetime required as
reference. To elucidate the hexamer formation of AtCDC48A/C monomers, protoplasts
expressing donor and acceptor constructs are investigated (see Note 9). The protoplasts
are transferred into an 8-well chamber for imaging (see Note 10).

Analysis of FLIM data with SPCimage 2.9.3

1.

SPCImage is the software package included with the B&H acquisition card. The raw
data can be imported and analyzed using an exponential model function. The fitted
experimental data result in the output of fluorescence lifetime values per pixel depicted
as a false-color code. During the fitting process the chi-square value between model
function and data is minimised (Becker et al., 2003).

In general, FRET-FLIM experiments are based on the fluorescence lifetime of donor
molecules in the absence and presence of acceptor. The data analysis involves first the
determination of the fluorescence lifetime of single transfected protoplasts (donor only).
Since one donor population is assumed (no FRET possible) a one-component analysis is
carried out (see Note 11). The average donor fluorescence lifetime subsequently serves
as reference value to judge if interactions occur when acceptor molecules are present.
Energy transfer from the donor to the acceptor molecule will result in a reduction of
the donor fluorescence lifetime and therefore a change in the color code.
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3. The double transfected protoplasts (donor and acceptor) are analyzed based on a two-
component model. Thereby the value of one fluorescence lifetime component can be
fixed to the mean of the donor only analysis. This approach assumes two donor popula-
tions — one transferring energy to an adjacent acceptor molecule resulting in a reduce
fluorescence lifetime, the second showing no FRET and hence exhibiting fluorescence
decay kinetics as donor alone.

4. After loading the experimental data a fluorescence intensity image will be displayed.
A blue crosshair allows the selection of single pixels to control the quality of the data
set by surveying the corresponding fluorescence decay histograms. Areas showing high
auto-fluorescence (identifiable by the steep fluorescence decay) or less than 200 pho-
ton counts for the maximum should be excluded from the fitting process (see Notes 12
& 13).

5. Before starting the analysis process, several settings have to be chosen. Using the
“region of interest” (ROI) tool specific areas, e.g. plasma membrane or nucleus, of the
intensity image can be selected. Additionally, the borders of the fluorescence decay
histogram have to be set. Typical values are around 1 ns (before the rising edge) for
the left and about 10.5 ns (to prevent TAC [time-to-amplitude converter] noise at long
time scales) for the right border. Depending on the protoplast analyzed, the number
of components for the underlying exponential fit function has to be defined (here one
or two). In case of a two-component analysis for double-transfected protoplasts the
7, value is fixed to the mean fluorescence lifetime of the donor fluorophore. All other
parameters should remain unfixed independent of the fit model.

6. After performing the calculations, the mean fluorescence lifetime, the distribution of
the single pixel values as well as a false-color coded lifetime image will be displayed for
the selected ROI (see Fig. 2).

NOTES

1. Wild type or transgenic lines possible.
Heat twice for 6 s at 300 Watt in a microwave to dissolve PEG.
Do not cut the leaves to small because this will lead to a higher ratio of dead proto-
plasts.

4. Nonetheless, it is recommended to proceed immediately - the quicker the transfection
the better.

5. The total volume of plasmid DNA should not exceed 30 yL. Therefore, plasmid solu-
tions with appropriate DNA concentrations of around 1 pg/uL plasmid DNA are recom-
mended.

6. The amount of protoplasts can vary — so adapt the volume of MMg solution.
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Figure 2. Interactions between AtCDC48A or AtCDC48C tagged protomers based on FRET
measured by FLIM.

(A, B) Fluorescence intensity image of a section of the plasma membrane of a protoplast expressing
the donor molecule AtCDC48A-CrFP alone (A) and the false-color or lifetime image (B). A long
lifetime, giving a dark blue color, means no interaction; a reduction in donor lifetime generating a shift
towards orange, means interaction.

(C, D) A combination of AtCDC48A-CrFP and AtCDC48A-eYFP proteins (C) shows a reduction of the
fluorescence lifetime at the plasma membrane (D).

(E, F) Fluorescence lifetime images of the CrFP-AtCDC48C donor alone (E) and the combination

of AtCDC48C-CrFP with AtCDC48C-eYFP (both C-terminal fusions) (F), showing a reduction in
fluorescence lifetime being in line with the mushroom-like shape structure of p97/VCP (Aker et al.,
2007). (Taken from Aker et al., 2007)

7. Use tips with enlarged openings to reduce shear forces.

8. Images are taken with 64x64 pixel size with a x,y pixel resolution of about 200 nm.
Higher pixel resolution does not increase spatial information due to the light diffraction
limitation. Instead using higher pixel resolution requires a prolonged data acquisition
time to ensure the detection of a statistically relevant number of photons.

9. Living protoplasts can be selected by visual inspection. Using a long-pass filter (LP 520
nm) the red fluorescence of the chlorophyll is observed and a good indictor for a living
cell.

10. Colocalisation has to be verified by confocal laser scanning microscopy.

11. CrFP shows also in absence of an acceptor bi-exponential decay kinetics but this effect
is observed by applying the ADC (analog-digital converter) larger than 64. Therefore
accurate data analysis should make use of two-component analysis even for donor only
expressing protoplasts whereby one component is fixed.
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In case the number of photons is too low for quantitative analysis, the binning factor
can be increased. The binning is a procedure where the selected pixel is analyzed but
the neighboring pixels are included for calculation the fluorescence lifetime. The bin-
ning factor can be calculated according to the following formula:
Binning factor = (2n+1)?, where n is number of pixels

In Figure 2 FLIM images are shown where a binning factor of 1 has been applied. In
other studies the effect of binning has been investigated and no significant change was
observed.

. Consider alternative FRET couples such as eGFP/mCherry. First, this FRET couple reduces

crosstalk of eGFP fluorescence into the mCherry detection window in intensity based
measurements. Second, eGFP can be excited optimal with a conventional confocal
microscope, whereas CrFP is suboptimal excited. Third, direct excitation of mCherry
is avoided at the donor excitation wavelength compared to the CrFP/eYFP situation.
Fourth, the fluorescence lifetime of eGFP exhibits a mono-exponential decay profile
and therefore quantitative analysis is improved in FRET-FLIM measurements. Fifth, us-
ing eGFP as a donor molecule in a FRET-FLIM experiment gives reduced background
fluorescence.
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ABSTRACT

The LRR-RLK BRI1 is the main ligand perceiving receptor for brassinosteroids (BRs) in Ara-
bidopsis thaliana. Binding of BRs to the ectodomain of plasma membrane (PM)-located
BRI1 receptors initiates an intracellular signal transduction cascade that influences various
aspects of plant growth and development. Even though the major components of BR
signaling have been revealed and the PM was identified as the main site of BRI1 signaling
activity, the very first steps of signal transmission are still elusive. Recently, it was shown
that initiation of BR signal transduction requires the interaction of BRIT with its SERK
coreceptors. In addition, the resolved structure of the BRI1 ectodomain suggested that
BAKT(SERK3) may constitute a component of the ligand perceiving receptor complex. We
therefore investigated the spatial correlation between BRI1 and BAK1(SERK3) in the natu-
ral habitat of both LRR-RLKs using comparative colocalization analysis and fluorescence
lifetime imaging microscopy (FLIM). We show that activation of BR signaling by exogenous
ligand application resulted in both elevated colocalization between BRI1 and BAK1(SERK3)
and an about 50% increase of receptor hetero-oligomerization in the PM of live Arabi-
dopsis thaliana root epidermal cells. However, large populations of BRI1 and BAK1(SERK3)
colocalized independently of BRs. Moreover, we could visualize that approximately 7% of
the BRIT PM pool constitutively hetero-oligomerizes with BAK1(SERK3) in live root cells.
We propose that only small populations of PM-located BRI1 and BAK1(SERK3) receptors
participate in active BR signaling and that initiation of downstream signal transduction
involves preassembled BRIT-BAK1(SERK3) hetero-oligomers.

This Chapter was published as: Blcherl CA, van Esse GW, Kruis A, Luchtenberg J,
Westphal AH, Aker J, van Hoek A, Albrecht C, Borst JW, de Vries SC (2013). Visualiza-
tion of BRI1 and BAK1(SERK3) Membrane Receptor Heterooligomers during Brassinosteroid
Signaling. Plant Physiol. 162(4):1911-25.
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INTRODUCTION

Brassinosteroids (BRs) form a class of plant growth hormones that are structurally similar
to animal steroids (Grove et al., 1979). Mutants unable to synthesize or unable to perceive
BRs show dwarfed stature, impaired photomorphogenesis and fertility defects (Clouse and
Sasse, 1998). Unlike animal steroid signaling, which employs intracellular steroid recep-
tors, in Arabidopsis thaliana BR signaling is mainly mediated via the plasma membrane
(PM)-located leucine-rich repeat receptor-like kinase (LRR-RLK) Brassinosteroid-insensitive 1
(BRI1T) (Li and Chory, 1997). This receptor perceives BRs at the cell surface (He et al., 2000;
Kinoshita et al., 2005) and initiates an intracellular signal transduction cascade, which
controls various aspects of plant growth and development (Clouse, 2011; Kutschera and
Wang, 2012; Wang et al., 2012).

Current models of BR signaling assume that in the absence of ligands BRI1 resides in a
homodimeric configuration in the PM (Wang et al., 2008; Kim and Wang, 2010; Jaillais et
al., 2011a) and that a double-lock mechanism prevents aberrant signaling activity (Jaillais et
al., 2011a; Wang et al., 2012). This inhibitory mechanism involves the BRI1 kinase inhibitor
1 (BKI1), which binds to the kinase domain of unliganded BRI1 receptors and thereby keeps
the LRR-RLK inactive (Jaillais et al., 2011b). In vitro, BKI1 precludes BRI1 from associating
with BRI1-associated kinase 1 (BAK1; also known as SERK3 for Somatic embryogenesis
receptor-like kinase 3) (Wang and Chory, 2006; Jaillais et al., 2011b), another LRR-RLK
required for BR signal transduction (Li et al., 2002; Nam and Li, 2002; Gou et al., 2012).
Binding of BRs to the extracellular LRR domain of BRI1 homodimers is thought to result in
conformational changes, which trigger basal BRI1 kinase activity and auto-phosphorylation
(Wang et al., 2008; Kim and Wang, 2010; Jaillais et al., 2011a). Subsequently, BRIT can
trans-phosphorylate BKI1 leading to the release of the kinase inhibitor into the cytosol (Jail-
lais et al., 2011b). The dissociation of BKI1 in turn may enable recruitment of BAK1(SERK3)
into the BRI1 receptor complex (Wang et al., 2008; Kim and Wang, 2010; Jaillais et al.,
2011a; Jaillais et al., 2011b). Via sequential trans-phosphorylation events within the BRI1-
BAK1(SERK3) hetero-oligomers BRI1 eventually gains full kinase activity (Wang et al., 2008)
and downstream BR signaling is initiated (Wang et al., 2008; Kim and Wang, 2010; Clouse,
2011; Jaillais et al., 2011a; Wang et al., 2012). A phosphorylation and dephosphorylation
cascade relays the signal of BR binding through BR signaling kinases (BSKs) (Tang et al.,
2008; Kim et al., 2009) or constitutive differential growth 1 (CDG1) and CDG1-like 1
(CDL1) (Kim et al., 2011) to downstream targets culminating in the transcriptional regula-
tion of BR-responsive genes (Kim and Wang, 2010; Sun et al.,, 2010; Yu et al.,, 2011)
mediated by the Brassinazole-resistent 1 (BZR1) and bri1-EMS suppressor 1 (BES1; also
known as BZR2) transcription factors (He et al., 2002; Wang et al., 2002; Yin et al., 2002;
He et al., 2005; Yin et al., 2005).
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Even though genetic, biochemical and proteomic approaches have revealed the major
components of BR signaling (Wang et al., 2012), two recent findings require modification
of the model proposed for initial steps of BR signaling, the hetero-oligomerization of BRI1
and BAK1(SERK3) and the initiation of downstream signaling. The first is the observa-
tion by Gou et al. (2012) that BAK1(SERK3), SERK1 and SERK4 (also known as BKK1 for
BAK1-like kinase 1) not only enhance BRI1 kinase activity but are essential for initiating
downstream signal transduction. The second derives from the resolved crystal structure of
the BRI1 ectodomain and opposes the hypothesis that BRIT homodimers function as ligand
perceiving receptor complexes. Instead, a hetero-oligomeric configuration was proposed
(Hothorn et al., 2011; She et al., 2011). Because the ligand-binding site within the BRI1
ectodomain, designated island domain, is located about five LRR units away from the
PM surface and therefore coincides with the tip of the BAK1(SERK3) 4.5 LRR units, this
coreceptor was proposed as the ideal candidate for the hetero-oligomeric complex partner
of BRI1 even in the absence of ligand (Hothorn et al., 2011; She et al.,, 2011). Thus,
the coreceptor BAK1(SERK3) may already participate in BR perception rather than being
recruited to hormone-bound BRI1 receptors, which would imply that the two RLKs can
form constitutive hetero-oligomers.

To date, only one example of constitutive plant receptor oligomers has been reported,
the chitin-sensing receptor system in rice (Shimizu et al., 2010). However, receptor complex
preformation is a common phenomenon in animal signaling systems. For example, the
insulin receptor is expressed as a constitutive dimer due to disulphide linkages between
extracellular domains (Massague et al., 1980) and also epidermal growth factor receptors
(EGFRs) reside as preformed complexes in the PM of mammalian cells (Gadella and Jovin,
1995; Bader et al., 2009). Preformation of receptor oligomers has also been reported for
several families of animal receptors (Springael et al., 2005; Van Craenenbroeck, 2012).
Some suggested functional consequences of constitutive receptor complexes are increased
avidity for ligands (Ehrlich et al., 2012), enhanced signaling efficiency (Hsieh et al., 2010),
and differential signaling specificity (Ehrlich et al., 2011).

Here, we employed confocal imaging and fluorescence lifetime imaging microcopy
(FLIM) to study the spatial correlation between BRI1 and BAK1(SERK3), the main corecep-
tor of BR signaling (Albrecht et al., 2008). Fluorescently tagged BRIT and BAK1(SERK3)
receptor proteins expressed in root epidermal cells, a cell file shown to exhibit active BR
signaling (Hacham et al., 2011), were used for investigating receptor colocalization and
hetero-oligomerization in an intact plant organ. Our results show that only around 10%
of BRI1 receptors form hetero-oligomers with BAK1(SERK3) during active BR signaling in
the PM, the main site of BRI1 signaling activity (Irani et al., 2012), of root epidermal cells.
Pretreatment of roots with the BR biosynthesis inhibitors brassinazole (BRZ) or propicon-
azole (PPC) clearly decreased the amount of BRIT-BAK1(SERK3) hetero-oligomers. Still,
approximately 7% of the BRIT PM pool showed physical interaction with BAK1(SERK3)
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in heterogeneously distributed patches. Therefore we propose that BR signaling employs
only a small population of both LRR-RLKs and that initiation of signal transduction involves
constitutive BRIT-BAK1(SERK3) hetero-oligomers.

RESULTS

Colocalization of BRI1 and SERK3 is influenced by the BR signaling status

To investigate the BR dependent spatial correlation between BRI1 and BAK1(SERK3) recep-
tors at subcellular level in Arabidopsis roots, first a comparative colocalization analysis of
immuno-labeled tissue was performed. For simplicity, we will refer to SERK3 hereafter
without reference to its BAK1 designation. In Figure 1, confocal images of a double trans-
genic Arabidopsis line expressing BRI1-GFP (hereafter referred to as BRIT-GFP 1; Geldner
et al., 2007) and SERK3-HA using their native promoters are shown. Immuno-cytochemical
labeling was performed with primary antibodies against the GFP and HA epitopes visual-
ized with Alexa488- and Alexa568-conjugated secondary antibodies, respectively. Under
regular growth conditions BRIT1 and SERK3 mainly colocalized at the PM and to a lesser
extent in endomembrane compartments (Figure 1A-C and Table 1). The observed endo-
somal structures for BRI1-GFP most likely represent Golgi stacks, trans-Golgi network/early
endosome (TGN/EE) compartments and multivesicular bodies (MVBs) as reported previously
using live-cell imaging (Geldner et al., 2007; Viotti et al., 2010; Irani et al., 2012) and elec-
tron microscopy (Viotti et al., 2010). In contrast, SERK3-HA showed a more diffuse localiza-
tion pattern and additionally large endomembrane compartments, which could represent
tonoplast membranes, were visible (Figure 1B and Figure S4). Colocalization analysis based
on modified Manders’ colocalizaton coefficients, which indicate the fractional overlap of
fluorescence intensities in the separate imaging channels, revealed that approximately
half of the PM BRI1-GFP and SERK3-HA receptor populations colocalize (Table 1). For the
intracellular endomembrane compartments Manders' colocalization coefficients of about
50% and 30% for BRI1 and SERK3, respectively, were determined (Table 1).

To test whether ligand depletion reduces the spatial correlation of the two LRR-RLKs,
seedlings were cultured for two days in the presence of 5 uM BRZ prior to imaging. BRZ is
a BR biosynthesis inhibitor and reduces the amount of endogenous BRs by approximately
95% (Asami et al., 2001). BES1 phosphorylation was used as read-out to confirm that
BRZ treatment indeed abolishes BR signaling (Figure S1). Depletion of endogenous BRs
did not affect the localization pattern of BRI1 and SERK3 nor the fluorescence overlap at
the PM. However, a minor decrease in colocalization of both receptors was revealed in the
intracellular space (Figure 1D-F and Table 1).

Subsequently, BR signaling was restored by exogenous application of 24-epi-brassinolide
(BL) to BRZ pretreated roots. In line with the findings of Geldner et al. (2007), no obvious
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BRI1-GFP SERK3-HA Merged

Figure 1: BRI1 and SERK3 colocalize in different compartments of Arabidopsis meristematic
root epidermal cells.

(A-C) Localization of BRI1-GFP (A) and SERK3-HA (B) as well as the merged image (C) of both
immuno-labeled proteins in untreated roots.

(D-F) Localization of BRI1-GFP (D) and SERK3-HA (E) as well as the merged image (F) after BRZ

treatment.

(G-I) Localization of BRIT-GFP (G) and SERK3-HA (H) as well as the merged image (l) after BRZ
treatment and BL application (1 pM, 1 h).

(J-L) Localization of BRI1-GFP (J) and SERK3-HA (K) as well as the merged image (L) after BRZ
treatment and BFA application (50 uM, 1 h).
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Table 1: Quantification of BRI1 and SERK3 colocalization after immuno-labeling.
Comparative colocalization analysis of immuno-labeled BRI1-GFP and SERK3-HA in roots of 5
day old Arabidopsis seedlings coexpressing BRI-GFP 1 and SERK3-HA. BRZ (5 uM) was added to
the growth medium 3 days after germination. 24-epi-brassinolide (BL, 1 uM) and BFA (50 pM)
were applied for 1 h. BRI1-GFP was visualized using rabbit-anti-YFP/goat-anti-rabbit-Alexa488
antibodies and SERK3-HA was labeled using mouse-anti-HA/goat-anti-mouse-Alexa568
antibodies. Colocalizing fractions are presented as modified Manders’ colocalization coefficients
+ S.E.M. Additionally, Pearson correlation coefficients + S.E.M. are given as independent measure
for colocaliztion. “N” represents the number of ROIs analyzed.

Plasma membrane

BRI1-GFP SERK3-HA r(Pearson) N
untreated 0.57 £ 0.01 0.48 + 0.02 0.14 £ 0.01 67
BRZ 0.56 + 0.01 0.49 + 0.03 0.12 £ 0.01 68
BRZ+BL 0.63 + 0.02%F 0.60 + 0.02%° 0.14 £ 0.01 86
BRZ+BFA 0.69 + 0.02%F 0.65 + 0.02%° 0.20 + 0.012° 82
BRZ+BFA/BL 0.74 + 0.02%F 0.73 £ 0.02%° 0.24 £ 0.012° 84

Intracellular

BRI1-GFP SERK3-HA r(Pearson) N
untreated 0.48 +0.04 0.29 +£0.03 0.07 £0.02 63
BRZ 0.35+0.03 0.23 +0.03 0.06 + 0.02 56
BRZ+BL 0.45 + 0.04 0.37 £ 0.03° 0.12 £0.02 71
BRZ+BFA 0.49 + 0.05° 0.41 £ 0.03%° 0.04 +0.02 53
BRZ+BFA/BL 0.43 +0.04 0.37 £ 0.03° 0.07 £ 0.02 61

BFA compartment

BRI1-GFP SERK3-HA r(Pearson) N
BRZ+BFA 0.64 +0.02 0.64 +0.03 0.12 +0.02 73
BRZ+BFA/BL 0.68 + 0.02 0.65+0.03 0.13 +0.02 72

2 The mean difference is significant at the p < 0.05 level compared to untreated samples (two-
tailed Student’s t-test for equal variance).

® The mean difference is significant at the p < 0.05 level compared to BRZ treated samples (two-
tailed Student's t-test for equal variance).

(M-0) Localization of BRI1-GFP (M) and SERK3-HA (N) as well as the merged image (O) after BRZ
treatment and simultaneous BFA/BL application (50 pM and 1 uM, respectively, 1 h).

Confocal images of immuno-labeled BRI1-GFP and SERK3-HA in roots of 5 day old Arabidopsis
seedlings coexpressing BRI1-GFP 1 and SERK3-HA. BRI1-GFP was stained using rabbit-anti-YFP and
goat-anti-rabbit-Alexa488 antibodies, whereas mouse-anti-HA and goat-anti-mouse-Alexa568
antibodies were used for labeling SERK3-HA. Except for (A-C), all seedlings were cultured for 2 days
in medium containing 5 uM BRZ. The BRI1-GFP 1/SERK3-HA line used here is homozygous for both
tagged receptors and has approximately twice the amount of endogenous BRI1 and SERK3 proteins
(van Esse et al. 2011).

24-epi-brassinolide (BL) was used throughout the experiments. Scale bars correspond to a size of 5 pm.
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effect on the localization of BRI1-GFP was observed (Figure 1G). As shown in Figure 1H, also
the distribution of SERK3-HA seemed unaffected. However, colocalization analysis indicated
increased fluorescence overlap for both PM and intracellular BRIT and SERK3 populations.
The Manders' colocalization coefficients for PM colocalization and intracellularly located
SERK3 even exceeded the initial values obtained for untreated roots (Table 1). Thus, it seems
that the BR signaling status influences the spatial correlation between BRI1 and SERK3.

This finding was further investigated by treatment of roots with the endosomal traffick-
ing inhibitor brefeldin A (BFA), a compound reported to result in enhanced BR signaling
in the absence of exogenously added ligand (Geldner et al., 2007; Irani et al., 2012). The
results displayed in Figure 1L clearly show that BRIT-GFP and SERK3-HA were sequestered
into the large BFA compartments. Significantly increased colocalization was observed at
the PM (Figure 1J-L compared with Figure 1D-F), the presumed site of active BR signaling
as suggested by Irani et al. (2012). In general, BRIT-GFP distribution was more drastically
affected by BFA than that of SERK3-HA. Still, most of the BFA compartments contained
colocalizing BRIT-GFP and SERK3-HA receptors (Figure 1L). Simultaneous application of
BFA and BL additionally increased the amount of colocalizing BRI1-GFP and SERK3-HA
receptors in BFA compartments as shown in Figures 1TM-O and Table 1.

To answer whether the partial colocalization observed for BRI1-GFP and SERK3-HA in
the same BFA compartments reflects a general phenomenon, a comparative analysis was
performed. The results presented in Figure S2 revealed that BRI1-GFP, SERK1-YFP and
SERK2-YFP are highly sensitive to BFA while SERK3-GFP was only weakly visible in BFA
compartments. This suggests that receptors operative in different pathways can employ
the same ARF-GEF mediated pathway, whereas receptors that act in the same pathway
may be sorted differentially.

Taken together, our comparative colocalization analysis of immuno-labeled Arabidop-
sis roots indicates that a substantial amount of BRIT and SERK3 receptors colocalizes
independently of BR ligands. Activation of BR signaling resulted in significantly elevated
colocalizing receptor populations, in accordance with the proposed recruitment models for
BRI1-SERK3 hetero-oligomerization.

BRI1 and SERK3 interact in BFA compartments

Colocalization is a good indicator for the involvement of proteins in the same biological
process. However, due to the limited spatial resolution of confocal imaging, colocalization
analysis cannot answer whether two proteins of interest also physically interact, a require-
ment for many signaling events. Therefore fluorescence lifetime imaging microscopy (FLIM)
was employed to detect Forster resonance energy transfer (FRET) between the Alexa dye-
conjugated secondary antibodies used above. The results of the FRET-FLIM experiments
are presented in Figure 2 and show that within BFA compartments BRI1-GFP and SERK3-
HA were indeed in close physical proximity, as indicated by a reduction of the Alexa488
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Figure 2: BFA compartments contain BRI1-SERK3 hetero-oligomers.

(A) Fluorescence lifetime image of BRI1-GFP labeled with rabbit-anti-YFP and goat-anti-rabbit-
Alexa488.

(B) Fluorescence lifetime image of double labeled BRI1-GFP and SERK3-HA with rabbit-anti-YFP/goat-
anti-rabbit-Alexa488 and mouse-anti-HA/goat-anti-mouse-Alexa568, respectively.

FRET-FLIM of immuno-labeled BRI1-GFP and SERK3-HA in roots of 5 day old Arabidopsis seedlings,
coexpressing BRI-GFP 1 and SERK3-HA, in response to BFA (50 uM BFA, 1 h). The BRI1-GFP 1/SERK3-
HA line used here is homozygous for both tagged receptors and has approximately twice the amount
of endogenous BRIT and SERK3 proteins (van Esse et al. 2011).

White arrowheads indicate BFA compartments with reduced Alexa488 fluorescence lifetimes. Color bar
represents false color-code for Alexa488 fluorescence lifetimes (1).

fluorescence lifetime from 1.7 ns to 1.3 ns. Interaction of both receptors was observed in
a subset of the intracellular membrane compartments (arrowheads in Figure 2B), in line
with the colocalization data (Figure 1L and 10). Most likely these intracellular BRI1-SERK3
hetero-oligomers originate from endocytosed PM receptor complexes. Further validation
of the FRET-FLIM data using antibody labeling is described in Figure S3. Unfortunately, the
detection of FRET was restricted to BFA compartments that contained sufficient BRI1-GFP
and SERK3-HA receptors. Using the immuno-cytochemical approach it was not possible to
obtain reliable photon counts for statistical fluorescence lifetime analysis at the PM.

BR signaling activity affects colocalization between BRI1 and SERK3 also in
live roots

To monitor the dynamic features of BRIT and SERK3, also live-cell imaging was applied.
In Figures 3A-C, confocal images of a double transgenic line expressing pSERK3::SERK3-
mCherry and BRI1-GFP (hereafter referred to as BRI1-GFP 2; Friedrichsen et al., 2000) are
shown. As expected, both receptors localized to the PM. For BRI1-GFP similar vesicular
structures as seen in Figure 1 were observed (Figure 3A). SERK3-mCherry again showed
a more diffuse intracellular localization pattern (Figure 3B compared with Figure 1B) and
localization to the tonoplast was revealed (e.g. Figure 3E compared with Figure S4).
Similar to the findings obtained by immuno-labeling, BRI1 and SERK3 colocalized highly
at the PM and less pronounced in endomembrane compartments (Figure 3C), as indicated
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BRI1-GFP SERK3-mCherry Merge
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Figure 3: Colocalization of BRI1 and SERK3 in different compartments of live Arabidopsis root
meristem epidermal cells.

(A-C) Localization of BRIT-GFP (A) and SERK3-mCherry (B) as well as the merged image (C) of both
fluorescently tagged proteins in untreated roots.

(D-F) Localization of BRI1-GFP (D) and SERK3-mCherry (E) as well as the merged image (F) after BRZ
treatment.

(G-1) Localization of BRI1-GFP (G) and SERK3-mCherry (H) as well as the merged image (1) after BRZ
treatment and BL application (1 uM, 1 h).

(J-L) Localization of BRIT1-GFP (J) and SERK3-mCherry (K) as well as the merged image (L) after BRZ
treatment and BFA application (50 pM, 1 h).

(M-0) Localization of BRI1-GFP (M) and SERK3-mCherry (N) as well as the merged image (O) after BRZ
treatment and simultaneous BFA/BL application (50 pM and 1 uM, respectively, 1 h).

Confocal images of BRIT-GFP and SERK3-mCherry in live roots of 5 day old Arabidopsis seedlings
coexpressing BRI1-GFP 2/SERK3-mCherry. Except for (A-C), all seedlings were cultured for 2 days in
medium containing 5 uM BRZ. The BRI1-GFP 2/SERK3-mCherry line used here is homozygous for both
tagged receptors (numerical analysis in Supplemental note S2).

24-epi-brassinolide (BL) was used throughout the experiments. Scale bars correspond to a size of 5 pm.

by the Manders’ colocalization coefficients summarized in Table 2. In the presence of en-
dogenous BRs, about 73% of BRIT-GFP and 75% of SERK3-mCherry receptors colocalized
at the PM, whereas the intracellular colocalization comprised around 35% or 55% of BRI1-
GFP and SERK3-mCherry molecules, respectively. Depletion of endogenous BRs using BRZ
had no observable effect on the localization and hardly affected the colocalization of both
receptors (Figures 3D-F and Table 2). Only the intracellular colocalization of BRI1-GFP with
SERK3-mCherry slightly increased. Activation of BR signaling by incubating BRZ-treated
seedlings in 1 uM BL prior to imaging resulted in significantly increased colocalization of
the two LRR-RLKs both at the PM and intracellular (Figure 3G-I and Table 2), similar to the
findings presented in Table 1.

Increased PM colocalization was also observed in response to BFA, known to stabilize
BRIT at the PM (Irani et al., 2012). As shown in Table 2, Manders’ colocalization coefficients
for BRIT and SERK3 were elevated to 89% and 86%, respectively, and also an increased
Pearson correlation coefficient was obtained. In contrast, intracellular colocalization of
SERK3 with BRI1 decreased (Table 2). Colocalization of both receptors in BFA compart-
ments showed similar values as obtained for immuno-labeled roots and was significantly
increased by simultaneous application of BFA and BL (Table 2). In comparison to BFA-treated
samples, additional BL application did not change PM and intracellular colocalization of
BRI1 and SERK3.

To summarize, quantitative microscopic analysis in live cells confirmed that a large
population of BRI1 and SERK3 receptors colocalizes independently of BR signaling activity.
A smaller yet distinct minority of both receptors is affected by the BR signaling status
indicated by increased colocalization upon BL and BFA application.

59



60 | Chapter 3

Table 2: Quantification of BRI1-SERK3 colocalization obtained by live root imaging.
Comparative colocalization analysis in live roots of 5 day old Arabidopsis seedlings coexpressing
BRIT-GFP 2 and SERK3-mCherry. BRZ (5 pM) was added to the growth medium 3 days

after germination. For ligand-stimulation 1 uM 24-epi-brassinolide (BL) was applied for 1 h.
Colocalizing fractions of BRI1-GFP and SERK3-mCherry are presented as modified Manders’
colocalization coefficients = S.E.M. Additionally, Pearson correlation coefficients = S.E.M. are
given. “N” represents the number of ROIs analyzed. For plasma membrane analysis one ROI
included at least three plasma membrane sections.

Plasma membrane

BRI1-GFP SERK3-mCherry r(Pearson) N
untreated 0.73+0.01 0.75+0.01 0.24 +0.02 28
BRZ 0.74 £ 0.01 0.77 £ 0.01 0.22 £ 0.02 41
BRZ+BL 0.77 £ 0.0%° 0.81 +0.0%° 0.31 £ 0.012° 47
BRZ+BFA 0.89 £ 0.01P 0.86 +0.012° 0.48 + 0.032° 36
BRZ+BFA/BL 0.90 + 0.06%P 0.86 +0.012° 0.59 £ 0.012° 38

Intracellular

BRI1-GFP SERK3-mCherry r(Pearson) N
untreated 0.35+0.02 0.55+0.02 -0.26 £ 0.01 184
BRZ 0.41 £ 0.02° 0.57 £0.02 -0.21 £ 0.01° 215
BRZ+BL 0.46 + 0.02¢° 0.58 +£0.02 -0.16 £ 0.02%° 202
BRZ+BFA 0.39+0.02 0.42 +0.02%° -0.13 £0.0120 112
BRZ+BFA/BL 0.39+£0.02 0.42 +0.022° -0.09 £ 0.0320 102

BFA compartment

BRI1-GFP SERK3-mCherry r(Pearson) N
BRZ+BFA 0.60 + 0.02 0.64 +0.01 -0.12 £ 0.02 112
BRZ+BFA/BL 0.78 £ 0.01¢ 0.71 +0.01¢ 0.08 + 0.02¢ 107

2 The mean difference is significant at the p < 0.05 level compared to untreated samples (two-
tailed Student’s t-test for equal variance).

® The mean difference is significant at the p < 0.05 level compared to BRZ treated samples (two-
tailed Student’s t-test for equal variance).

< The mean difference is significant at the p < 0.05 level compared to BRZ+BFA treated samples
(two-tailed Student's t-test for equal variance).

BRI1 and SERK3 interact independently of ligand in root epidermal cells

To investigate whether and how BR signaling influences the hetero-oligomerization be-
tween BRI1 and SERK3, roots of the double transgenic BRI1-GFP 2/SERK3-mCherry line
were examined using in planta FRET-FLIM (Figure 4). The images presented in Figure 4A-D
were derived from seedlings heterozygous for BRI1-GFP to have a more physiological level
of the tagged BRI1 receptor, while remaining homozygous for SERK3-mCherry. After BL
stimulation of BRZ cultured seedlings the amount of BRI1-SERK3 hetero-oligomers found
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Figure 4: BRI1 and SERK3 interact independently of ligand.

(A) Fluorescence lifetime image of BRIT-GFP in the presence of SERK3-mCherry after BRZ treatment
and BL stimulation (1 uM, 1 h).

(B) Fluorescence lifetime image of BRIT-GFP in the presence of SERK3-mCherry after BRZ treatment.
(C) Fluorescence lifetime image of BRI1-GFP after BRZ treatment and BL stimulation (1 pM, 1 h).

(D) Fluorescence lifetime image of BRI1-GFP after BRZ treatment.

(E) Fluorescence lifetime image of PIN2-GFP in the presence of SERK3-mCherry after BRZ treatment
and BL stimulation (1 uM, 1 h).

(F) Fluorescence lifetime image of PIN2-GFP in the presence of SERK3-mCherry after BRZ treatment.
(G) Fluorescence lifetime image of PIN2-GFP after BRZ treatment and BL stimulation (1 pM, 1 h).

(H) Fluorescence lifetime image of PIN2-GFP after BRZ treatment.

(I) BRIT-GFP and SERK3-mCherry associate in a time-dependent manner after BL stimulation (1 uM).
FRET-FLIM on roots of 5 day old Arabidopsis seedlings expressing BRIT-GFP 2 or coexpressing BRI1-
GFP 2 and SERK3-mCherry, grown for 2 days in medium containing 5 uM BRZ. For time course
measurements roots were embedded in BL containing medium and consecutive FLIM measurements
were performed within a time frame of 1 h. PIN2-GFP in combination with SERK3-mCherry served as
negative control. The BRI1-GFP 2/SERK3-mCherry line used in Figure 4 A-D and | is heterozygous for
BRIT-GFP and homozygous for SERK3-mCherry proteins (numerical analysis in Supplemental note S2).
24-epi-brassinolide (BL) was used throughout the experiments. Color bar represents the false
color-code for BRIT-GFP fluorescence lifetimes (). White arrowheads indicate areas with BRI1-GFP
fluorescence lifetimes below 2 ns. Scale bars correspond to a size of 5 um.
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after coimmunoprecipitation is significantly increased (Wang et al., 2005; Wang et al.,
2008) and amounts to about 5% of the total amount of BRI1 and about 10% of SERK3
receptors (Albrecht et al., 2012, Supplemental Note S2C). A fluorescence lifetime image
of BRI1-GFP in the presence of SERK3-mCherry after BRZ and subsequent BL treatment is
shown in Figure 4A. The color-code clearly indicates a non-uniform distribution of GFP fluo-
rescence lifetimes. Remarkably, small and restricted areas in the PM with a strongly reduced
donor fluorescence lifetime became visible (Figure 4A, white arrowheads). The observed
strong heterogeneity in the distribution of interacting receptors indicates that a minority
of PM-located BRI1-GFP and SERK3-mCherry receptors are in direct physical proximity. A
numerical evaluation of the observed fluorescence lifetime values and interaction pixels
(IPS) is presented in Table 3. Corrected IPS values represent the percentage of pixels with
strongly reduced GFP fluorescence lifetimes and are taken as an estimate of the percentage
of BRI1 interacting with SERK3. We estimate that about 10% of BRI1 can be seen as hetero-
oligomers with SERK3 in the PM of BL stimulated epidermal root cells. This corresponds to
an average of 263 BRI1-GFP receptors per confocal section (see Supplemental Note S2A
and S2B for calculations). To determine whether depletion of endogenous BRs abolishes
BRIT-SERK3 interactions, BRZ treated seedlings were imaged. The resulting fluorescence
lifetime image is shown in Figure 4B. Unexpectedly, similar regions with a strong reduction
in fluorescence lifetime were observed, suggesting that BRI1-SERK3 hetero-oligomers are
preformed in the absence of ligand. Numerical analysis showed a reduction in corrected IPS
of approximately one-third, suggesting that at strongly reduced ligand concentrations still
about 6.7% of BRIT-GFP receptors or 176 per confocal section are in complex with SERK3.
This is far more than the single BRI1-SERK3 hetero-oligomer that was expected based
on possibly residual BL concentration after BRZ treatment (see Supplemental Note S2A).
Consequently, the majority of BRI1-GFP/SERK3-mCherry hetero-oligomers observed in the
BRZ treated roots is formed in the absence of ligand. Control experiments using BRI1-
GFP donor fluorescence lifetime only (Figure 4C and 4D) revealed small local variations in
lifetime of the fluorophore (Table 3). To provide an independent estimate of the amount
of BRIT-SERK3 hetero-oligomers the more potent BR biosynthesis inhibitor propiconazole
(PPC) (Hartwig et al., 2012) was employed. The results show that at a much lower con-
centration of PPC compared to BRZ seedling growth is more strongly affected (Figure S5).
However, the amount of physically interacting BRI1-SERK3 hetero-oligomers remains the
same (Table 3). To provide an independent biological control, PIN2-GFP (Abas et al., 2006)
was employed alone or in combination with SERK3-mCherry using seedlings cultured in
BRZ or treated with BRZ and BL (Figure 4E-H). In none of these images regions in the PM
showing a strong reduction in fluorescence lifetime were observed. The IPS values obtained
for the PIN2-GFP/SERK3-mCherry combination were used to calculate the corrected IPS
values for the hetero-oligomerization of BRI1 and SERK3. To validate our observation that
in planta FRET-FLIM faithfully reports the number of interacting receptors, a number of
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Table 3: Numerical analysis of in planta FRET-FLIM.

Quantitative analysis of FLIM measurements performed in planta on roots of 5 day old BRI1-
GFP 2 and BRI1-GFP 2/SERK3-mCherry expressing seedlings using PIN2-GFP in combination with
SERK3-mCherry as negative control. Endogenous BRs were depleted either by PPC (100 nM) or
BRZ treatment (5 uM). 24-epi-brassinolide (BL) was used throughout the experiments (1 pM, 1 h).
The T values given represent mean donor fluorescence lifetimes of the GFP moiety of BRIT-GFP
or PIN2-GFP, respectively, in ps + S.E.M. The values given for interaction pixels (IPS) represent the
mean percentage of pixels with strongly reduced BRI-GFP fluorescence lifetimes = S.E.M. The
corrected IPS values were obtained by subtracting the IPS values of the negative control from
the IPS values determined for BRZ+BL treated BRI1-GFP 2+SERK3-mCherry. “N” represents the
number of analyzed fluorescence lifetime images.

PPC PPC+BL
tlpsl]  FRET[%] IPS[%] N  tlpsl  FRET[%] IPS[%] N
BRI1-GFP 2422 £ 4 33 23854 32
BRI1-GFP+SERK3-
mCherry 2302+6° 50203 7.4+07 24 2238+11° 61+£04c 15+£2¢ 25
BRZ BRZ+BL
BRI1-GFP 2398 + 4 69 2379+4 72
BRI1-GFP+SERK3-
mCherry 2272+6° 52x03" 7.6+06° 57 2226+6° 64=02°< 13x 1% 64
PIN2-GFP 2271+ 20 24 232154 20
PIN2-GFP+SERK3-
mCherry 2253+9° 08+05 09+02 22 2262+45 25+03 25+03 19

corrected IPS [%]

BRI1-GFP+SERK3-
mCherry 6.7 10.5

2 The mean difference is significant at the p < 0.05 level compared to donor only (BRI1-GFP or
PIN2-GFP) samples (two-tailed Student's t-test for unequal variance).

® The mean difference is significant at the p < 0.05 level compared to PIN2-GFP+SERK3-mCherry
samples (two-tailed Student’s t-test for equal variance).

< The mean difference is significant at the p < 0.05 level compared to PPC- or BRZ-treated BRI1-
GFP+SERK3-mCherry samples (two-tailed Student’s t-test for equal variance).

additional control experiments were performed. The first was to use BFA treated roots
where inside the large BFA compartments a similar reduction in fluorescence lifetimes
was observed as obtained for the immuno-labeling approach (Figure S6). In comparison
with wild type SERK3, the SERK3 mutant elongated (elg; Halliday et al., 1996) showed an
increased association with BRI1 (Jaillais et al. 2011a). Indeed, a slight increase in associa-
tion between BRIT-sCFP and ELG-sYFP was observed using FLIM in a transient expression
system (Figure S7 and Table S1).

Finally, the time-course of BRIT-SERK3 hetero-oligomerization was determined. Treat-
ment of BRZ cultured double transgenic roots with exogenous BL led to a time-dependent
rise of BRI1-SERK3 hetero-oligomers from an uncorrected IPS of about 7% to 16% after
1 h (Figure 4l). Surprisingly, a significant increase was only detected after a lag period (see
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also Table S2), indicating that the amount of BRI1-SERK3 hetero-oligomers is almost stable
during the first half hour of signaling.

In summary, we conclude that a significant subpopulation of BRI1 and SERK3 form
heterogeneously distributed BR signaling units within the PM. We propose that these units
carry out the initial signaling activity, later followed by an increase in BRI1-SERK3 hetero-
oligomers employing a maximum of 10% of BRI1 present in root epidermal cells.

DISCUSSION

In this work we have for the first time visualized BRI1-SERK3 hetero-oligomers in PMs
of live Arabidopsis root epidermal cells. Based on the FRET-FLIM results, the amount of
receptor hetero-oligomers in the PM after application of exogenous ligand was estimated
to include approximately 10% of the total amount of the BRI1 receptors. The observation
that only small populations of BRIT and SERK3 form hetero-oligomers is in line with those
obtained by semi-quantitative coimmunoprecipitation experiments (Albrecht et al., 2012).
In that work, the amount of SERK3 coprecipitating with BRI1 after activation of BR signal-
ing in entire seedlings was estimated to be about 5%. Using mathematical modeling,
we recently showed that at endogenous ligand concentration about 1% of active BRI1 is
required with about 5% being sufficient for full inhibition of root growth (van Esse et al.,
2012). We conclude that our microscopic approach to detect physical interaction between
PM-localized receptors by FRET-FLIM is a novel read-out for visualizing signaling processes
and is in agreement with other semi-quantitative approaches.

Nonetheless, a significant difference between FRET-FLIM and coimmunoprecipitation
read-outs with respect to the BL-induced association of BRI1 and SERK3 was noted. Our
FLIM analysis only revealed an approximately 50% increase of receptor hetero-oligomers,
whereas coimmunoprecipitation usually results in a several fold increase upon ligand appli-
cation (Wang et al., 2005; Wang et al., 2008; Albrecht et al., 2012). To explain this discrep-
ancy, different aspects of the two methods need to be considered. FRET, observed by FLIM,
is an orientation- and distance-dependent process. Energy transfer from donor to acceptor
molecules requires a favorable angle between the transition dipole moments of GFP and
mCherry and the distance between the interacting fluorophores is restricted to around
10 nm. This constraint implies a true physical interaction between the complex partners
to be detected by FLIM. However, it also limits the position in which the fluorophores can
be attached to the proteins under investigation while not affecting their functionality. The
C-terminal fusions employed here are both functional. Attempts to locate the fluorophores
elsewhere in the SERK protein or attach them to truncated receptors invariably led to un-
stable or non-fluorescent versions. In contrast to fluorescence microscopy, coimmunopre-
cipitation can also reveal indirect interactions mediated by additional complex constituents
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such as ligands or other proteins. However, this approach requires the isolation of proteins
from their natural habitat and therefore a stable interaction between complex partners to
withstand the obligate membrane extraction procedures. This pitfall of coimmunoprecipi-
tation was also noted during investigations of animal receptor signaling systems and as
a consequence, receptor recruitment models as originally proposed for several signaling
pathways often resulted in revised models including preformed receptor oligomers after
application of imaging techniques (Springael et al., 2005; Wang and Norcross, 2008).

Previously, it was shown that BRI1 does not exhibit ligand-mediated endocytosis but
maintains its distribution between the PM and intracellular compartments (Geldner et al.,
2007). Our work is in agreement with that observation, but in addition we demonstrate
that hetero-oligomerization of BRIT and SERK3 is increased after ligand application.
Furthermore, colocalization between BRI1 and SERK3 at the PM increased after BFA ap-
plication and high colocalization values for BFA compartments were obtained. Because the
PM is the major site of BRI1 signaling activity (Irani et al., 2012), collectively this offers an
alternative explanation for the observed increase in BR signaling activity in presence of BFA,
previously attributed to endosomal compartments mainly (Geldner et al., 2007).

Our results suggest that preformed BRIT-SERK3 hetero-oligomers are an essential ele-
ment of BR-triggered BRI1-mediated signal transduction since even in root cells depleted
of ligand using two different BR biosynthesis inhibitors, a significant amount of receptor
complexes remained present in the PM. An alternative method, to employ BR biosynthesis
mutants was considered but not deemed practical due to the severe reproductive and
developmental defects such lines exhibit (Clouse and Sasse, 1998). The concept of receptor
preassociation is in line with animal signaling systems. Preformed receptor complexes have
been identified and proposed to increase affinity for the ligand, exhibit increased half-life
of the complex, accelerate signal transduction and promote lateral signal propagation
(Martin-Fernandez et al., 2002; Yu et al., 2002; Bader et al., 2009). Our observation that
only a subset of BRIT-SERK3 hetero-oligomers is present after ligand depletion is com-
parable to findings for EGFR in mammalian cells as demonstrated by Bader et al. (2009).
Notably, for bone morphogenic protein (BMP) receptors differential signaling responses
(Nohe et al., 2002) and endocytic routes (Hartung et al., 2006) for preformed and ligand-
induced receptor complexes were observed. This led to the hypothesis that low ligand
concentrations predominantly activate signaling from preassembled receptor complexes,
while increased ligand availability shifts the equilibrium towards signaling from complexes
induced by ligand-dependent recruitment (Ehrlich et al., 2011). This hypothesis is intrigu-
ing with respect to our time-course measurements. Our data indicate that approximately
the same total number of BRI1-GFP receptors is associated with SERK3 coreceptors within
the first 30 mins after exogenous BL application. We conclude that the phosphorylation
of SERK3 within 2 mins in response to BL (Schulze et al., 2010) can only be attributed to
preformed BRI1-SERK3 hetero-oligomers.
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Figure 5: Model for BR signaling with preformed BRI1-SERK3 hetero-oligomers as functional
units.

In the absence of ligand BRI1 and SERK3 reside in the plasma membrane of Arabidopsis meristematic
epidermal root cells partially as hetero-oligomers. The kinase activity of BRI1 is inhibited by BKI1. Upon
ligand-binding the BRI1 kinase is activated. This results in transphosphyorlation and release of BKI1 and
transphosphorylation events within the preformed BRI1-SERK3 hetero-oligomers, enabling downstream
signaling. Next to preformed hetero-oligomers, formation of new BRI1-SERK3 complexes is possible.

In this illustration, the actual protein dimensions of BRI1 and SERK3 are taken into account. The
extracellular domain of SERK3 was modeled using the crystal structure of the ligand-binding domain
of BRI1 (PDB: 3rgz) as template, and the kinase domains of SERK3 and BRI1 were modeled using

the crystal structure of Pto (PDB: 2gkw) as template (Modeller, version 9.10). The molecular surface
representation of both molecules was generated using PyMOL (version 1.4).

Based on our study we propose to modify the present model of BRIT-SERK3 activation
(Wang et al., 2008; Chinchilla et al., 2009; Kim and Wang, 2010) to include the presence
of both receptors in a ligand-independent fashion as a functional unit that perceives BRs
and initiates downstream signaling (Figure 5). Additionally, the results from this study
and others (Albrecht et al., 2012) suggest that only a very limited number of BRI1 and
BAKT(SERK3) receptors is required to serve the BL pathway. Upon binding of BL to BRI1 a
structural change in the ligand-binding domain of BRI1 occurs (Hothorn et al., 2011; She
etal., 2011). Since no further changes in the extracellular domain of BRI1 were noted after
BL binding, possible rotational changes between BRI1 and SERK extracellular domains may
reorient the kinase domains to trigger auto- and transphosphorylation events. Recent work
on the transmission of conformational changes between two dimeric EGFR extracellular
domains additionally points out that one single pass transmembrane helix alone cannot
propagate sufficient structural change to initiate kinase activity (Abulrob et al., 2010).
Hothorn et al. (2011) propose that the BRI1-ligand surface provides a platform for protein
interaction, in line with this concept. After ligand binding, BRI1 is internalized in presum-
ably an active form (Geldner et al., 2007) and was found in the TGN/EE and in MVBs (Viotti
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et al., 2010; Irani et al., 2012), including the SERK coreceptor (this work), on their way to
vacuolar degradation. Previously, we found BR-independent interaction between BRI1 and
SERK3 in a heterologous cell system (Russinova et al., 2004), while coimmunoprecipita-
tion of BRI1 and SERK3, even after prolonged BRZ treatment, was noted but not further
investigated (Wang et al., 2005).

There appears to be a clear difference between the association of SERK3 with the BRI1
receptor, an RD kinase, and the immune receptors Flagellin Sensing 2 (FLS2) and EF-TU
Receptor (EFR), which are both non-RD kinases (Gémez-Goémez and Boller, 2000; Zipfel et
al., 2006). In contrast to the rapid association of SERK3 and FLS2 after flg22 stimulation
in Arabidopsis cell culture (Schulze et al., 2010), our FRET-FLIM results show much slower
kinetics for the physical interaction of BRI1 and SERK3. However, the assays differ largely
and the kinetics observed here are comparable to the findings of Albrecht et al. (2012)
using Arabidopsis seedlings and coimmunoprecipitation to identify time dependent BRI1-
SERK3 association after BL application. Additionally, the association of SERK3 with FLS2 is
strictly ligand-dependent and even cross-linking experiments do not allow extraction of
ligand-independent receptor hetero-oligomers (Schulze et al., 2010). Similar observations
account for EFR-SERK3 interactions (Roux et al., 2011). Whether the observed difference
between FLS2-SERK3 and BRI1-SERK3 complexes can be generalized for immune and hor-
monal signaling or RD- and non-RD kinase activation in plants remains to be determined.
However, mechanistic parallels exist in animal cell signaling employing EGFR and Toll-like
receptor 4 (TLR4). The latter is a receptor involved in innate immune responses upon lipo-
polysaccharide (LPS) perception. EGFR constitutive dimer formation in absence of ligand
was demonstrated in NIH 3T3 cells using anisotropy measurements, whereas dimerization
of TLR4 is triggered upon LPS-binding (Saitoh et al., 2004; Bader et al., 2009).

In conclusion, based on the well-characterized receptor pair BRIT and BAK1(SERK3) we
have demonstrated the added value of low invasive and spatially resolved quantitative
imaging methods to gain better insight into plant signaling mechanisms.

MATERIAL AND METHODS

Growth conditions

Arabidopsis (Arabidopsis thaliana) plants (ecotype Columbia [Col-0]) were used as wild
type. Seeds were surface sterilized and germinated on %2 Murashige and Skoog medium
(Duchefa) supplemented with 1% sucrose (Sigma) and 0.8% Daishin agar (Duchefa).
Plants were grown at 22 °C under fluorescent light, with 16 h light/8 h dark photoperiods,
unless otherwise specified. Transgenic seedlings were selected on %> Murashige and Skoog
medium containing either 50 mg/L kanamycin (KAN, Duchefa), 15 mg/L phosphinothricin
(PPT, Duchefa), or 40 mg/L hygromycin (Sigma). Col-0 plants expressing BRI1 (AT4G39400)
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fused to GFP under its native promoter, here referred to as BRIT-GFP 1, were provided
by N. Geldner (Geldner et al., 2007). The BRI1-GFP line overexpressing the transgene
about three-fold, here referred to as BRI1-GFP 2, was provided by J. Chory (Friedrichsen
et al., 2000). Genotyping was performed by PCR using primer combinations (AGCACG-
CAAAACTGCGGATTAGCGA)/BRIT-kdF and (TTTGATGCCGTTCTTTTGCTTGTC)/M5GFP-R
(Geldner et al., 2007). The PIN2::PIN2-GFP (Abas et al., 2006) expressing line was provided
by C. Schwechheimer and genotyping was performed by PCR using primer combinations
(TGTATCCACCGACCCTAAAGTTTC)/PIN2-forward and (TTTGATGCCGTTCTTTTGCTTGTC)/
M5GFP-R.

Plants that were subjected to fixation and immuno-labeling were grown on %> Murashige
and Skoog medium supplemented with 1% sucrose and 0.8% Daishin agar. After 3 days
seedlings were transferred to 24-well plates (Greiner Bio One) into 1 mL %> Murashige and
Skoog medium supplemented with 1% sucrose containing 5 uM brassinazole (TCI Europe)
or medium containing the same volume of 80% ethanol, which was used to dissolve
brassinazole, and grown for 2 additional days.

Plant materials and Arabidopsis transformation

The entire open reading frames of SERK3 cDNA was amplified by RT-PCR from Arabidopsis
Col-0. The forward and reverse primers were engineered with an Ncol site to replace the
SERK3 stop codon and allow an in frame fusion with HA. The primers used were S3-
NcoF CCATGGAACGAAGATTAATGATCCCTTGC and S3-NcoR CCATGGATCTTGGACCC-
GAGGGGTATTCG.

To prepare the SERK3 promoter constructs, a 2kb region upstream of the start codons of
the SERK3 gene was amplified from Col-0 genomic DNA and cloned in the pGEM-T vector
(Promega, Madison, WI, USA). The primers used were P3F GTCGTCATATTGAGAAGTCG
and P3-NcoR CCATGGTTTATCCTCAAGAGATTAAAAACAAACCC. The pGEM-T cloned
promoters were inserted via Sall-Ncol in a modified pBluescript vector containing the HA
gene inserted as Ncol-BamH1 fragment in front of the tNOS terminator. The entire open
reading frame of SERK3 as described above was then inserted as Ncol fragment. The result-
ing full cassette was subsequently sub-cloned into the 1390 pCambia (Cambia) vector via
Sall-Smal.

This construct was verified by sequencing and was electroporated in Agrobacterium
tumefaciens strain C58C1 containing a disarmed C58 Ti plasmid (Koncz et al., 1989).
The construct was transformed into the BRIT-GFP 1 background by the floral dipping
method (Clough and Bent, 1998). The transgenic lines were selected on hygromycin and
genotyping for SERK3-HA was performed by PCR reactions using primer combinations
SERK3-forward (AGCTGATGGTACTTTAGTGG) and tNOS (AAGACCGGCAACAGGATTC).

For generating the translational fusion of SERK3 and mCherry the SERK3 genomic DNA
fragment was amplified by RT PCR from BAC clone F17M5, after which the fragment was
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cloned into a pENTR-D-topo vector (Invitrogen). To ensure a fusion with the mCherry tag,
the reversed primer did not contain the stop codon at the end of the SERK3 sequence. The
2 kb SERK3 promoter fragment was PCR amplified from BAC clone F17M5 and transferred
to a pGEM-T easy vector. The cloned promoter fragment was inserted via Xhol-SACII into
a modified gateway vector containing a pENTR p4p1 site. The pENTR-D-TOPO vector, con-
taining the SERK3 promoter construct, the pENTRp4p1 vector containing SERK3 and the
PENTRp2p3 vector containing the mCherry coding sequence were cloned into the destina-
tion vector containing a pENTRp4p1 site, using a multisite gateway reaction (Invitrogen).
The entry clones and the destination vector were kindly provided by Dr. R. Geurts from the
department of Molecular Biology, Wageningen UR. The destination vector contains PPT
resistance for in planta selection.

The pSERK3::SERK3-mCherry construct was electroporated in Agrobacterium tume-
faciens strain C58C1 containing a disarmed C58 Ti plasmid (Koncz et al., 1989). The
construct was transformed into Col wild type background by the floral dipping method
(Clough and Bent, 1998). Homozygous plants for SERK3-mCherry were crossed into the
BRIT-GFP 2 background (Friedrichsen et al., 2000). The transgenic lines were selected on
PPT and KAN and genotyping for SERK3-mCherry was performed by PCR reactions using
primer combinations SERK3-forward (AGCTGATGGTACTTTAGTGG) and mCherry-reverse
(CTTGTACAGCTCGTCCATG). To generate the heterozygous BRI1-GFP 2 and homozygous
SERK3-mCherry expressing plants SERK3-mCherry was crossed with BRIT-GFP 2. Plants
were selected on KAN and PPT and genotyping was performed by PCR using the primer
combinations described above. Double transgenic PIN2-GFP/SERK3-mCherry plants were
obtained by crossing homozygous PIN2-GFP (Abas et al., 2006) and SERK3-mCherry
plants. Plants were selected on KAN and PPT and the presence of the transgenes was
confirmed by PCR using the primer combinations described above. The double transgenic
SERK3-mCherry/WAVE11-Cerulean line was generated by crossing and seedlings of the F1
generation were used for imaging.

Protein extraction and immunoprecipitation

For immunoprecipitation of BES1-GFP seedlings were grown vertically on MS medium
containing 1.2% agar. BRZ was added to the growth medium 6 days after germination
in a final concentration of 5 yM. For BL stimulation, 1 uM of BL was added to 7 day old
seedlings 1 h before extraction. Seedlings were ground in liquid nitrogen. Proteins were
extracted by adding 1 ml extraction buffer containing 50 mM Tris-HCI pH 7.5, 150 mM
NaCl, 1% Triton X100, 1% protease inhibitor cocktail (Roche) per gram grounded roots.
Samples were centrifuged 10 min at 4 °C and 13,000 rpm. The supernatants were adjusted
to equal amounts of total protein and incubated 4 h at 4 °C with 10 uL GFP-Trap coupled
to agarose beads (Miltenyi Biotec). After incubation, the beads were washed three times
with the extraction buffer after which the samples were boiled for 5 min in SDS loading
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buffer. Proteins were separated with a 10% SDS-polyacrylamide gel and transferred to
a PVDF membrane (Millipore) by wet electro blotting (Mini-Protean Il system; Bio-Rad).
The BES1-GFP was probed using anti-GFP-HRP antibody (Miltenyi Biotec). The HRP was
detected with the ECL plus detection kit (GeHealthcare).

Fixation and Immuno-cytochemical labeling

For the immuno-labeling experiments 5 day old seedlings were used. Treatments and fixa-
tion were performed in 24-well plates used for cultivation. Prior to treatments, seedlings
were washed once with 1 mL ¥ Murashige and Skoog medium (Duchefa) supplemented
with 1% sucrose (Sigma). For stimulation experiments seedlings were incubated for 1 h in
1 mL %2 Murashige and Skoog medium supplemented with 1% sucrose containing 50 uM
cycloheximide (Sigma) and the respective agents. Final concentrations used were 1 uM
24-epi-brassinolide and 50 pM brefeldin A (Sigma). The stock solutions were 4 mM brassi-
nolide dissolved in 80% ethanol and 50 mM brefeldin A dissolved in dimethylsulfoxide
(DMSO, Merck). After treatment, seedlings were washed once with PBS buffer pH 6.9.
Subsequently, seedlings were fixed, placed on SuperFrost object slides (Menzel-Glaser) and
immuno-labeled (Sauer et al., 2006). Antibodies used were rabbit-anti-GFP (generated by
Eurogentec), mouse-anti-HA, goat-anti-rabbit-Alexa488 and goat-anti-mouse-Alexa568
(all Invitrogen).

Inhibitor treatments

Seedlings were incubated in 1 mL %2 Murashige and Skoog medium supplemented with
1% sucrose containing 1 UM 24-epi-brassinolide (BL, Sigma), 50 pM brefeldin A (BFA,
Sigma), 5 uM brassinazole (BRZ, TCI Europe), and 100 nM propiconazole (PPC, Fluka). The
seedlings were incubated with inhibitors under regular growth conditions as described
above. The stock solutions used were 4 mM BL in 80% ethanol, 50 mM BFA in DMSO,
23 mM BRZ in 80% ethanol, and 1 mM PPC in DMSO.

Confocal Laser Scanning Microscopy

Optical sections of immuno-stained roots were acquired using a confocal laser scanning
microscope (LSM510 Carl Zeiss, Jena, Germany). Alexa4d88 was excited using an argon
laser (488 nm) and fluorescence was detected via a band-pass filter 505-530 nm. For
double stained samples, excitation light of 488 nm was used for goat-anti-rabbit-Alexa488
and a He/Ne diode laser (543 nm) was used for goat-anti-mouse-Alexa568 and fluores-
cence was detected using band-pass-filters of 505-530 nm and 550-615 nm, respectively.
A 40x water immersion objective with a numeric aperture of 1.2 was used for imaging.
The pinhole setting was 1 Airy unit, which yielded a theoretical thickness (full width at
half- maximum) of 1 um. Images and data captures were analyzed with Zeiss LSM510
software (version 4.2).
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Live root imaging was performed on a confocal laser scanning microscope (Leica TCS
SP5 X system, Mannheim, Germany). GFP was excited using an argon laser (488 nm) and
fluorescence emission was detected from 500-540 nm. mCherry was excited using a white
light continuum laser selecting the 580 nm laser line. Fluorescence was detected from
590-640 nm. Images were captured using a 63x water immersion objective with a numeric
aperture of 1.2 with a pinhole set to 1 Airy unit. Confocal images were analyzed with FlJI
software (ImageJA 1.45j, Max Planck Society).

Colocalization analysis

Colocalization analysis of images acquired by confocal laser scanning microscopy was
performed using the software FlJI (ImageJA 1.45], Max Planck Society). The plugin “Coloc
2" allows the quantitative determination of colocalizing fluorescence intensities acquired
in different channels using the methods of Manders and Costes (Manders et al., 1993;
Costes et al., 2004). The obtained modified Manders coefficients were used as fraction
of colocalization for both channels, i.e. colocalization of BRIT-GFP with SERK3-HA or
SERK3-mCherry and vice versa. Next to modified Manders coefficients, Pearson correlation
coefficients were obtained as a second measure for colocalization.

FRET-FLIM

FRET is a photo physical process in which the excited-state energy from a fluorescent donor
molecule is transferred non-radiatively to an acceptor molecule. FRET is based on weak
dipole—dipole coupling and therefore can only occur at molecular distances. There are
several methods to quantify and visualize FRET, of which donor fluorescence lifetime imag-
ing is the most straightforward, since a fluorescence lifetime is concentration-independent
property. However, fluorescence lifetimes are sensitive to the environment, which is the
basis for FRET-FLIM. FRET-FLIM experiments consist of measuring donor fluorescence

lifetimes (here Alexa488) in the absence (t,) and presence (t,,) of acceptor molecules

DA
(here Alexa568) resulting in spatially resolved color-coded lifetime images. Observation
of a decreased donor fluorescence lifetime is used as read-out for molecular interactions
(Borst and Visser, 2010).

A Leica TCS SP5 X system equipped with a 63x/1.20 NA water-immersion objective lens
was used for confocal/FLIM imaging. Confocal and FLIM images were acquired by exciting
the respective fluorophores GFP/mCherry or Alexa488/568 using a white-light laser (WLL;
or super continuum laser). This laser emits a continuous spectrum from 470 to 670 nm,
within which any individual excitation wavelength in 1 nm increments can be selected.
For excitation of SCFP3A and sYFP2 (Kremers et al., 2006), a diode laser (440 nm) or the
514 nm line of an Argon laser was used, respectively. Confocal imaging was performed
using internal filter-free spectral photomultiplier tube (PMT) detectors. For GFP/Alexa488
detection a spectral window of 500-550 nm was selected, whereas mCherry/Alexa568
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was detected using 590-640 nm. Detection of SCFP3A and sYFP2 was accomplished using
a spectral window of 450-500/520-560 nm. Confocal images were acquired with 512 x
512 pixels.

For FRET- FLIM experiments, a pulsed diode laser (440 nm) or WLL (470 nm) at a pulsed
frequency of 40 MHz was used. For recording of donor fluorescence, an external fiber
output was connected to the Leica SP5 X scan head and coupled to a Hamamatsu HPM-
100-40 Hybrid detector (Becker & Hickl), which has a time resolution of 120 ps. Selection
of sCFP3A and GFP/Alexa488 fluorescence was performed using band pass filters 470-500
and 505-545 nm, respectively. Images with a frame size of 64 x 64 pixels were acquired
with acquisition times of up to 90 sec.

From the fluorescence intensity images the decay curves were calculated per pixel and
fitted with either a mono- or double-exponential decay model using the SPCimage soft-
ware (Becker & Hickl, version 3.2.3.0). The mono-exponential model function was applied
for donor samples with only GFP/Alexa488 or sCFP3A present. For samples containing two
fluorophores, Alexa488/Alexa568, GFP/mCherry or SCFP3A/sYFP2, respectively, a double-
exponential model function was used without fixing any parameter.

To calculate the fraction of “interaction pixels”, fluorescence intensity and the cor-
responding fluorescence lifetime data for each pixel were exported from SPCimage and
imported into an Excel spreadsheet (Microsoft® Excel® for Mac 2011, version 14.1.3).
Quantification of interacting pixels was set according to the following criteria. The photon
counts per pixel must be at least 1,200 counts in total using a binning factor of 1, ensuring
a statistically required peak value (£ 200 counts) in the respective photon histogram used
for fluorescence lifetime calculation. To ensure a reliable fit, only pixels with x? < 2.5 were
selected. Additionally, fluorescence lifetimes below 1.6 ns and above 2.6 ns respectively
were excluded from the calculation of interacting fractions. The reason for setting these
values was to avoid false positive or negative interactions. The total amount of pixels for
each fluorescence intensity image was set after applying these above-mentioned criteria
resulting almost exclusively in pixels representing PM or adjacent areas. Subsequently, the
average donor fluorescence lifetimes were determined. The individual minimum of a set of
measurements was used to calculate the interaction threshold, which usually corresponded
to a FRET-efficiency of about 13%. Only pixels with fluorescence lifetimes below the inter-
action threshold were collected as interaction pixels. The ratio between interaction pixels
and total amount of selected pixels represented the value of interaction pixels (IPS).

Transient Arabidopsis protoplast transfection

Arabidopsis mesophyll protoplasts were isolated and transfected according as described
previously (Bucherl et al., 2010). Only the isolation procedure was adapted according to
Wu et al. (2009).
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Site-directed mutagenesis

To obtain the Asn(122) to Asp substitution in the coding sequence of SERK3 for generating
an ELG coding sequence site-directed mutagenesis using PCR with primer combination
elg-forward (GAATTGGTGAGCTTGAATCTTTACTTGAAC) and elg-reverse (GTTCAAG-
TAAAGATTCAAGCTCACCAATTC) was performed. Introduction of the base change was
confirmed by sequencing.

Statistical Analysis

Statistical analysis was performed using the Excel® sofware (Microsoft® Excel® for Mac
2011, version 14.1.3).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome Initiative or EMBL/
GenBank data libraries under accession numbers: BRI1 (AT4G39400), PIN2 (AT5G57090),
SERK3/BAK1 (AT4G22430).
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SUPPLEMENTAL MATERIAL

Supplemental Notes

Note S1: Approximation of the number of BRIT-GFP and SERK3-mCherry molecules
per pixel in a FLIM image.

Recently, the absolute numbers of BRI1 and SERK3 were determined in Arabidopsis roots
by quantitative confocal fluorescence microscopy and receptor densities of 34 receptors/
pum? for homozygous BRIT-GFP 2, 17 receptors/um? for heterozygous BRI1-GFP 2 and 5 re-
ceptors/um? for SERK3-GFP were obtained (van Esse et al., 2011). Based on these findings
the number of BRIT1-GFP and SERK3-mCherry molecules per pixel in a fluorescence lifetime
image were estimated.

The FLIM images presented here were recorded on a confocal microscope using a water
immersive objective (N.A. 1.2) with the pinhole set from 1.5 to 2.0 AU. BRI1-GFP (emission
wavelength peak at 509 nm) was excited with laser light of 470 nm. The volume of a voxel
is determined by the pixel size in x,y,z-dimensions. For calculation purposes the pixel size
in x,y-dimensions is set to 250 nm x 250 nm. The z-dimension of a corresponding voxel
can be obtained by calculating the Full Width Half Maximum (FWHM) in the axial direction:

2
0.88 e\ ’ \E.n.(AU.LZZ.AeX]
L[]
FWHM det,axial — [ : L ] + NA
' n —/n? —NA? NA
2
088e0500 | | V2 '33'(1 '5'1.22.0-47())
FWHM g = [ 8620, ] + 1.2 =1.27 ym
1.33-41.332-1.22 12
With:
A, = emission wavelength
A, = excitation wavelength
n = refractive index of the immersion liquid
NA = numerical aperture of the objective
AU = pinhole diameter in airy units

Since plasma membrane localizing receptors were investigated the observation volume
reduces to a 2-dimensional plane determined by the pixel size in x-direction and the FWHM
in axial direction. This results in an observation plane of 0.32 ym?2. Assuming a homogenous
receptor distribution throughout the plasma membrane one pixel of a fluorescence lifetime
image contains approximately 11 or 5 BRI1-GFP, for homozygous and heterozygous line 2
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respectively, and 2 SERK3-mCherry receptors. Considering a minimal pixel size and pinhole
diameter used for this calculation, the obtained values represent the minimum of receptors
to be expected in a single pixel during data acquisition.

Note S2: Approximation of BRIT-GFP ligand-occupancy after brassinazole treatment
and exogenous BL application as well as the amount of BAK1(SERK3) receptor pulled
down by BRI1

The two BRIT-GFP lines used here are routinely employed by many laboratories and are
well described in literature (Friedrichsen et al., 2000; Geldner et al., 2007). This also applies
to variants of the SERK3-mCherry lines developed in our laboratory and others (Jaillais et
al., 2011). Because the lines were generated in wild type background they exhibit mild to
moderate overexpression phenotypes as also observed previously. In particular, van Esse
et al. (2012) showed that the BRIT-GFP 2 as used here is about ten-fold more sensitive to
exogenous brassinolide (BL) due to an approximately three-fold overexpression of BRI1-
GFP compared to wild type level (van Esse et al., 2011). This could lead to a situation
where the use of brassinazole (BRZ) is not sufficient to reduce the endogenous level of
brassinosteroids (BRs) below the activation threshold leaving a low level of BRI1 activation.
To provide further insight into this potential caveat, we have calculated the amount of
receptors that could be in active hetero-oligomeric conformation in the BRI1-GFP 2/SERK3-
mCherry and segregating BRIT-GFP 2/SERK3-mCherry combination using literature data,
the conditions applied here and our own previous observations.

(A) BRI1-GFP ligand-occupancy after brassinazole treatment

The concentration of BL is between 0.06 and 0.1 nM in root extracts, so about 1 nM when
all active ligand is outside the cells (van Esse et al., 2012). BRZ reduces the ligand concen-
tration to about 6% (Asami et al., 2001), or 0.06 nM. The wild type BRI1 concentration at
the plasma membrane (PM) is 62 nM and the BRI1-GFP concentration in the homozygous
and heterozygous line 2 is about 176 nM or 88 nM, respectively. Assuming a 1 to 1 ratio
between ligand and receptor this would mean that out of the total 64,400 (46,800 from
homozygous BRIT-GFP 2 + 17,600 wild-type BRIT) or 41,000 (23,400 heterozygous BRI1-
GFP 2 + 17,600 wild-type BRIT) BRI1 receptors (adapted from van Esse et al., 2011) per
cell in the PM, only 16 BRI1 receptors, representing 0.03% (homozygous line 2) or 0.04%
(heterozygous line 2) (either BRI1 or BRI1-GFP) can be in complex with BL and BAK1(SERK3)
in the presence of BRZ.

To determine the number of BRI1 receptors that are theoretically in a ligand-bound
configuration in a FLIM image, we have to take the dimensions of meristematic epidermal
root cells (van Esse et al., 2011) and the FRET-FLIM imaging parameters (see Note S1)
into account. This results for a single cell in a PM area of 45.5 ym?. Since we are not able
to resolve two adjacent PMs the observation area doubles to 91 ym?2. With a total BRI1
(BRI1 and BRI1-GFP) density of 82 receptors/um? (homozygous line 2) or 53 receptors/um?
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(heterozygous line 2) the average number of BRI1 receptors is determined to be 7,462 or
4,823 (5,278 or 2,639 BRIT-GFP for homozygous and heterozygous line 2, respectively).
Using the assumed ligand-occupancy of 0.03% or 0.04% after BRZ treatment, the theo-
retical number of ligand-bound BRI1 receptors in the PM of a single cell in a FLIM images is
estimated to be 2 for homozygous BRI1-GFP 2 or 1 for heterozygous BRI1-GFP 2.

However, we observe 6.7% corrected IPS (Table 3) along the PM in a FLIM image rep-
resenting approximately 176 BRI1-GFP receptors for the heterozygous line 2 in a hetero-
oligomeric configuration with SERK3.

(B) BRIT-GFP ligand-occupancy after BL treatment

Upon activation with 1 pM of BL, full saturation could be expected of all 64,400 BRI1
receptors. This clearly does not take place in live roots, since only about 2,340 BRI1-GFP
receptors per cell (10% of 23,400 for heterozygous line 2) or about 263 (heterozygous
line 2) per confocal section are seen to be in complex with SERK3. This suggests that the
active configuration of BRI1-SERK3 complexes is relatively independent from the ambient
ligand concentration.

(C) Amount of BAK1 receptor pulled down by BRI1

An independent method of estimating the amount of BAK1(SERK3) in complex with BRI1
was recently published (Albrecht et al., 2012). In that work the distribution of BAK1(SERK3)
between BRIT and FLS2 was estimated under conditions where both pathways were fully
activated. The results suggested that the amount of SERK3 coimmunoprecipitated by BRI1
was not more than 5% of the total SERK3 pool upon full activation. Since in the present
study wild type and fluorescently tagged SERK3 proteins are expressed the amount of
SERK3 has to be doubled to around 10%. However, SERK3 is about half of the amount
of BRI1, and assuming a one to one stoichiometry, the amount of BRI1 employed is ap-
proximately 5%, which is about half of the estimated value based on FRET-FLIM.
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Table S1: Fluorescence lifetime analysis of the BRI1-sCFP interaction with SERK3-sYFP and
ELG-sYFP.

Arabidopsis mesophyll protoplasts were transiently transfected with BRI1-sCFP or BRIT-sCFP in
combination with either SERK3-sYFP or ELG-SYFP.

T [ps] FRET [%] IPS [%] N
BRI1-sCFP 2804 £ 14 26
BRI1-sCFP+SERK3-sYFP 2410 £ 41° 14 +1 48 +6 26
BRI1-sCFP+ELG-sYFP 2332 £ 39° 17 +1 62 + 5° 39

2 The mean difference is significant at the p < 0.05 level compared to BRIT-sCFP samples (two-
tailed Student’s t-test for unequal variance).

® The mean difference is significant at the p < 0.05 level compared to BRI1-sCFP+SERK3-sYFP
samples (two-tailed Student's t-test for equal variance).

FLIM of transiently transfected Arabidopsis mesophyll protoplasts revealed an increased
interaction of BRI1 with ELG compared to BRI1 and SERK3. Therefore we conclude that the
FRET-FLIM setup is sufficiently sensitive to discriminate between interacting proteins with slightly
different affinity.

Table S2: Fluorescence lifetime analysis of time-course FLIM.

Quantitative FRET-FLIM analysis of time-course FRET-FLIM measurements performed in planta
using 5 day old Arabidopsis roots expressing heterozygous BRI1-GFP 2 and homozygous
SERK3-mCherry in response to 24-epi-brassinolide (BL, 1 uM). Seedlings were precultured in the
presence of 5 uM BRZ for 2 days. The 1 values given represent GFP fluorescence lifetimes + S.E.M.
Interaction pixels (IPS) correspond to the percentage of pixels in a fluorescence lifetime image
with strongly reduced BRI1-GFP fluorescence lifetimes and are presented + S.E.M. “N” represents
the number of analyzed fluorescence lifetime images.

Time after BL addition [min]

3-15 16 -30 31-45 46 - 60
T [ps] 2233+ 14 22127 2182 + 1320 2173 £ 1020
IPS [%] 70+£16 84+09 14 + 2.5%b 16 + 2.4°b
N 10 7 10 10

2 The mean difference is significant at the p < 0.05 level compared to “3 — 15 min” samples (two-
tailed Student's t-test for equal variance).

® The mean difference is significant at the p < 0.05 level compared to “16 — 30 min” samples
(two-tailed Student's t-test for equal variance).

During a time frame of 1 h after BL application fluorescence lifetime images were recorded and

a reduction of BRI1-GFP fluorescence was observed. The reduced donor fluorescence lifetime is
also reflected by the increasing IPS values in this time period. A significant change in fluorescence
lifetime or IPS occurred after 30 min.
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a-GFP BRZ mock BRZ+BL

prory WD =

Figure S1: Brassinazole abolishes BES1-GFP dephosphorylation.

Western blot analysis of BES1-GFP phosphorylation in response to brassinazole (BRZ) and 24-epi-
brassinolide (BL) using anti-GFP antibodies. BES1-GFP in wild type background was isolated from 8 day
old seedlings cultured for 2 days in medium containing 5 uM BRZ. A final BL concentration of 1 uM
and an incubation time of 1 h were applied.

In the presence of BRZ only a phosphorylated BES1-GFP band was detected. Activation of BR signaling
by exogenous application of BL led to a band shift towards unphosphorylated BES1-GFP, similar

to results obtained by Yin et al. (2002). Therefore we conclude that the BRZ conditions applied
throughout the experiments were sufficient to strongly reduce or abolish BR signaling.

SERK1-YFP SERK2-YFP SERK3-GFP BRI1-GFP

Figure S2: SERK family members respond differently towards BFA.

(A-D) Confocal images of Arabidopsis epidermal root cells expressing SERK1-YFP (A), SERK2-YFP (B),
SERK3-GFP (C), and BRI1-GFP (D), respectively.

(E-H) Confocal images of Arabidopsis epidermal root cells expressing SERK1-YFP (E), SERK2-YFP (F),
SERK3-GFP (G), and BRI1-GFP (H), respectively, in response to brefeldin A (BFA) (50 uM, 1 h).

Scale bars correspond to a size of 5 pm.

In transgenic lines expressing BRIT-GFP, SERK1-YFP or SERK2-YFP a clear induction of BFA
compartments was observed. However, SERK3-GFP only showed weak BFA sensitivity.
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Figure S3: Immuno-cytochemical FRET-FLIM discriminates interacting and non-interacting
proteins in BFA compartments.

(A) Fluorescence lifetime image of BRIT-GFP labeled with rabbit-anti-GFP and goat-anti-rabbit-
Alexa488.

(B) Fluorescence lifetime image of double-labeled BRI1-GFP with rabbit-anti-YFP/goat-anti-rabbit-
Alexa488 and rabbit-anti-YFP/goat-anti-mouse-Alexa568, respectively, used as positive control.

(C) Fluorescence lifetime image of PIN2-GFP labeled with rabbit-anti-GFP and goat-anti-rabbit-
Alexa488.

(D) Fluorescence lifetime image of PIN2-GFP/SERK3-mCherry double-labeled with rabbit-anti-GFP/
goat-anti-rabbit-Alexa488 and mouse-anti-mCherry/goat-anti-mouse-Alexa568, respectively, used as
negative control.

FLIM of immuno-labeled BRIT-GFP 1 as well as PIN2-GFP/SERK3-mCherry in 5 day old Arabidopsis
seedlings in response to BFA (50 uM BFA, 1 h). Color bar represents false color-code for Alexa488
fluorescence lifetimes ().

The homotypic interaction of BFA-sensitive BRI1 receptors served as positive control for the immuno-
cytochemical FRET-FLIM assay. Indeed, a drastic decrease in donor fluorescence lifetime (Alexa488)
in BFA compartments was observed when BRI1-GFP was double-labeled (Alexa488-Alexa568). PIN2
and SERK3 were chosen as negative control since PIN2 also shows BFA-sensitivity, but no interaction
with SERK3 has been reported. As expected, BFA application led to the induction of PIN2 containing
BFA compartments, but the donor fluorescence lifetime was unaffected. This confirms the ability of
the immuno-cytochemical FRET-FLIM approach for revealing interacting and non-interacting protein
populations in BFA compartments.
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WAVE9-Cerulean SERK3-mCherry Merge

Figure S4: SERK3 localizes to the tonoplast.

Confocal images were acquired from 5 day old Arabidopsis seedlings coexpressing WAVE9 (VAMP711)-
Cerulean (Geldner et al., 2009) and SERK3-mCherry. The individual images of WAVE9-Cerulean and
SERK3-mCherry localization in live root epidermal cells as well as the merged image are shown. The
SERK3-mCherry line used here is heterozygous for the tagged receptor as well as the WAVE9 marker.
White arrowheads indicate localization of SERK3-mCherry to the tonoplast. The scale bar corresponds
to a distance of 5 um.

Since WAVE9 labels the tonoplast and we observed colocalization of both fluorescently tagged
proteins, we conclude that SERK3 localizes to vacuole-limiting membrane entities.

BRI1-GFP BRI1-GFP/SERK3-mCherry
BRZ PPC BRZ PPC
mock mock mock mock

Figure S5: Phenotypical comparison of PPC and BRZ treatments.

Seedlings expressing BRIT1-GFP 2 or coexpressing BRI1-GFP 2 and SERK3-mCherry were cultured for
2 days in liquid growth medium containing 5 uM BRZ or 100 nM PPC. The image was taken 5 days
after germination. The BRI1-GFP 2/SERK3-mCherry line used here is heterozygous for BRI1-GFP and
homozygous for SERK3-mCherry (numerical analysis in Supplemental note S2).

PPC, even though applied in a significantly lower concentration, more strongly inhibited the root
growth of Arabidopsis seedlings than BRZ.
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Figure S6: BRI1 and SERK3 interact in BFA compartments in planta.

(A) Fluorescence lifetime image of BRIT1-GFP in live Arabidopsis root meristem epidermal cells.

(B) Fluorescence lifetime image of live Arabidopsis root meristem epidermal cells coexpressing BRI1-
GFP and SERK3-mCherry.

FLIM performed on live roots of 5 day old Arabidopsis seedlings expressing BRI1-GFP 2 or coexpressing
BRIT-GFP 2 and SERK3-mCherry in response to BFA (50 uM BFA, 1 h). The BRI1-GFP 2/SERK3-mCherry
line used here is homozygous for both tagged receptors (numerical analysis in Supplemental note S2).
White arrowheads indicate BFA compartments with reduced BRIT-GFP fluorescence lifetimes. Color bar
represents false color-code for BRI1-GFP fluorescence lifetimes (1).

29 ns I W20ns

Figure S7: ELG shows a stronger decrease in overall fluorescence lifetime with BRI1 than
SERK3.
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(A1, A2) Fluorescence lifetime (A1) and confocal (A2) image of BRI1-sCFP.

(B1-B4) Fluorescence lifetime (B1) and confocal images of BRIT-sCFP (B2) and SERK3-sYFP (B3) as well
as the merged confocal image (B4).

(C1-C4) Fluorescence lifetime (C1) and confocal images of BRI1-sCFP (C2) and ELG-sYFP (C3) as well as
the merged confocal image (C4).

FLIM was performed on transiently transfected Arabidopsis mesophyll protoplasts expressing BRI1-sCFP
or BRIT-sCFP in combination with either SERK3-sYFP or ELG-sYFP. Scale bars correspond to a size of
5um.

Color bar represents false color-code for BRIT-GFP fluorescence lifetimes (1).

Quantitative FRET-FLIM analysis revealed a slightly increased interaction between BRI1-sCFP and ELG-
SYFP in comparison to BRI1-sCFP and SERK3-sYFP (see Table S1).
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ABSTRACT

Fluorescence microscopy offers various tools for investigating the spatiotemporal dynamics
of signaling events. However, many of these techniques provide solely qualitative read-
outs, which can hamper the biological interpretation of light microscopic experiments. In
this chapter we introduced a novel FRET-FLIM analysis procedure to quantitatively assess
interacting protein populations and we described the different steps of quantitative colo-
calization analysis. Two colocalization analysis approaches were applied for discriminating
colocalizing protein fractions in live Arabidopsis roots under varying physiological condi-
tions or with respect to endosomal compartments. The comparative analysis revealed a
predominante localization of BRI1-GFP to ARA7-positive endosomal compartments when
compared to ARA6-labeled endomembrane structures. In addition, drug-induced PM-
stabilization of BRIT-GFP resulted in increased colocalization with SERK3-mCherry. Our
pixel-based FRET-FLIM analysis approach moreover enabled us to estimate the number of
BRI1-SERK3 hetero-oligomers in the PM of live root epidermal cells and to conclude that
approximately 70% of these receptor complexes are preformed.



Comparative Image Analysis

INTRODUCTION

Signal transduction processes comprise the translation of extracellular signals into physi-
ological responses. All steps along signaling pathways that lead to modulations of cellular
functions rely on spatiotemporal regulation of protein localization and molecular interac-
tions. These molecular interactions result in the assembly and disassembly of biomolecular
“machines”, often accompanied by physical repositioning of regulatory proteins into or
away from specific subcellular compartments (Day et al., 2005). Unraveling protein local-
ization and interaction patterns is therefore a key step for elucidating cellular processes
(Visser et al., 2010). Many molecular components of signal transduction pathways have
been identified and characterized by traditional biochemical approaches. These methods
usually require cell disruption and isolation of proteins from their natural habitat for further
analysis. Fluorescence microscopy techniques offer alternative and complementary meth-
ods to study signaling processes in intact cells or organisms under low invasive conditions
(Visser et al., 2010). In Chapter 3, fluorescence microspectroscopy was applied to investi-
gate the colocalization and molecular interactions between two plant receptor-like kinases
in living tissue. Due to the subtle changes of receptor dynamics, we realized that much
more extended image analysis procedures were required. These procedures are described
in this chapter.

Colocalization Analysis

Since the introduction of confocal microscopy in the mid 1990’s, it has enabled the visu-
alization of biological processes in living systems with high spatial resolution. This made
confocal imaging the most widespread fluorescence microscopic method for investigating
protein localization. Dual color imaging moreover allows investigating subcellular colo-
calization patterns. However, mostly the final images are only qualitatively interpreted.
Therefore quantitative colocalization analysis tools have been developed, which offer the
possibility to extract far more information from the recorded images than the qualitative
description of localization patterns and overlap of two fluorescence signals (Zinchuk and
Grossenbacher-Zinchuk, 2009).

Colocalization is a measure for the relative distribution of fluorophores (Manders et al.,
1993) and actually covers two different circumstances (Adler and Parmryd, 2010). Proteins
or fluorophores can be described to colocalize either because they occupy the same place,
which represents co-occurrence, or because there is a relationship between their intensi-
ties, which corresponds to correlation (Adler and Parmryd, 2010). Based on these two
concepts various methods have been developed to quantify the fraction of colocalization
in confocal images.

Co-occurrence is quantified by determining the fraction of pixels or objects that contain
fluorescence intensities of two or more probes (Manders et al., 1993; Fletcher et al., 2010).
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Often co-occurrence is described by a single overlap coefficient or separate overlap or
colocalization coefficients for each fluorophore recorded. Depending on the mathematical
model used these coefficients can be independent of fluorescence intensity or intensity-
weighted. Commonly used overlap metrics are the Manders colocalization coefficients
(MANDERS et al., 1993). These coefficients range from 0 to 1 and strictly represent co-
occurrence independent of signal proportionality (Dunn et al., 2011).

The most common measure for correlation between fluorescence intensities is the
Pearson product-moment coefficient, also known as Pearson correlation coefficient. It has
a range from +1 for perfect correlation to -1 for perfect anti-correlation. The Pearson
correlation coefficient assumes normal distribution of and a linear relationship between
two variables, here the fluorescence intensities, and is a measure for the strength of the
linear dependence between these variables (Zou et al., 2003). However, since in many
biological samples neither the criterion of linearity nor of normality is fulfilled, an additional
coefficient is frequently used, the Spearman rank coefficient (Fletcher et al., 2010). The
Spearman rank coefficient is a derivative of the Pearson correlation coefficient, applied to
ranked data. It is based on a non-parametric rank statistic and only assumes a monotonic
relationship between the variables, i.e. the fluorescence intensities (Adler and Parmryd,
2010). That means, instead of using absolute values, the fluorescence intensities are ranked
according to their absolute values before the Spearman rank coefficient is calculated. Like
the Pearson correlation coefficient, the Spearman rank coefficient ranges from +1 to -1.

Besides the numerical description of colocalization between two proteins using one or
more of the above-mentioned coefficients also a visual representation is recommended
(Adler and Parmryd, 2010). Usually confocal images of the separate channels and merged
images are used for this purpose. However, it is difficult to judge the degree of overlap
or correlation from this type of images. A more informative way is the representation of
scatter grams or scatter plots, which display the intensities of the pairs of homologous
pixels (Adler and Parmryd, 2010). The two axis of a scatter plot represent the fluorescence
intensities for the separate channels and the frequencies of occurrence of each pair of
intensities are displayed (Adler and Parmryd, 2010). This representation can reveal any
correlation between the imaged fluorophores or proteins of interest (Adler and Parmryd,
2010).

Prior to the visual representation of colocalization and calculation of colocalization
coefficients appropriate confocal images are required. Therefore this analysis requires four
subsequent steps: image acquisition, data pre-processing, calculation of colocalization co-
efficients, and interpretation of the obtained results (Bolte and Cordeliéres, 2006; Zinchuk
and Grossenbacher-Zinchuk, 2009). Accurate acquisition of confocal images is essential to
avoid spectral bleed-through, chromatic shifts and background intensities, which can cause
both false-positive and false-negative colocalization results (Zinchuk et al., 2007). Extensive
protocols describing all requirements for optimizing imaging setups to obtain accurate
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confocal images are available in literature (French et al., 2008; Zinchuk and Grossenbacher-
Zinchuk, 2009; Zinchuk and Zinchuk, 2008; Zinchuk and Grossenbacher-Zinchuk, 2011;
Zinchuk et al., 2007; Adler and Parmryd, 2013; 2010; Bolte and Cordeliéres, 2006).

Even though imaging may be performed under optimal conditions, pre-processing of
digital images is essential, since any image is an imperfect representation of biological
systems (Bolte and Cordeliéres, 2006). Also a perfect imaging setup cannot compensate
for background from intrinsic sample fluorescence and noise (Bolte and Cordeliéres, 2006).
Background in fluorescence microscopic images can stem from endogenous fluorophores
that are present in the sample next to the specifically labeled proteins of interest or may
result from sample preparation, especially if exogenous dyes are used for staining. Also
detector noise, which follows a Poisson distribution, cannot be omitted in fluorescence
microscopy (Bolte and Cordeliéres, 2006). Therefore background and/or noise correction
for the recorded confocal images is required to avoid misinterpretation of the obtained
results (Zinchuk and Zinchuk, 2008). Several image-processing methods are available to
compensate for both effects, whereby most of them rely on setting an intensity threshold
for the acquired fluorescence channels. An intensity threshold can either be set manually
or can be determined via automated algorithms (Costes et al., 2004).

The last step of image pre-processing comprises the segmentation of acquired confo-
cal images (French et al., 2008). In principle, quantitative colocalization analysis can be
performed for whole images, but many biological processes are restricted to specific cell
types or cellular compartments (French et al., 2008). Therefore image segmentation should
be applied to limit the colocalization analysis to regions of interest (ROIs) only. This allows
omitting image areas that are biologically irrelevant or that may contain saturated pixels
(French et al., 2008). Similar to thresholding, segmentation can be carried out manually,
semi-automatically or fully automatically with trade-offs in terms of accuracy and speed
(French et al., 2008). After having carried out all steps of confocal image pre-processing
the calculation of colocalization coefficients can be performed, followed by the last step of
quantitative colocalization analysis, the data interpretation.

FRET-FLIM analysis

To quantitatively define localization and colocalization profiles is a major step in eluci-
dating biological functions of proteins. Though, many physiological processes not only
require colocalization, but inevitably dependent on the physical interaction of proteins.
Due to the diffraction limit of light the spatial resolution of conventional microscopy is
restricted to about 200-300 nm (Day et al., 2005), which makes it impossible to deduce
protein-protein interactions from confocal images. Recent developments in fluorescence
microscopy have been able to break this physical barrier leading to the so-called super-
resolution imaging methods like structured illumination microscopy (SIM), photo-activated
localization microscopy (PALM), or stimulated emission depletion (STED). Under standard
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conditions superresolution imaging can improve the spatial resolution approximately by
a factor of two. However, optimized setups are able to achieve a lateral resolution of
about 20 nm in biological samples (Leung and Chou, 2011) and therefore allow describing
biological processes at the molecular scale (Patterson et al., 2013). Although progress is
made rapidly, to reach optimal resolution many applications of superresolution microscopy
still rely on fixed samples. To overcome this limitation and to gain access to dynamic protein
interactomes, confocal and multi-photon excitation microscopy have been combined with
the Forster resonance energy transfer (FRET) methodology. FRET is a photo-physical process
that describes the exited-state energy transfer from a donor fluorophore to an adjacent
acceptor fluoro- or chromophore. This process requires an overlap of donor emission and
acceptor excitation spectra as well as a favorable orientation of donor and acceptor transi-
tion dipole moments. Additionally, FRET is limited to low nanometer distances, the dimen-
sion of protein structures, since the energy transfer occurs non-radiatively via dipole-dipole
coupling of the transition dipole moments. Therefore FRET offers a tool to investigate
protein-protein interactions using light microscopy and can be applied to living systems.

There exist several methods for monitoring FRET in live cells. These methods are either
fluorescence intensity-based like sensitized emission, ratio imaging or acceptor photo
bleaching, based on fluorescence anisotropy or require fluorescence lifetime measure-
ments (Yasuda, 2006; Borst and Visser, 2010). The fluorescence lifetime represents the
average time an electron resides in the excited state before relaxing to the ground state of
the fluorophore. In contrast to fluorescence intensity, the fluorescence lifetime is an intrin-
sic property of the fluorophore and is concentration-independent (Peter and Ameer-Beg,
2004). However, it is sensitive to changes in the microenvironment of fluorophores, which
makes fluorescence lifetime measurements a suitable read-out for FRET (Breusegem et al.,
2006). The presence of an acceptor molecule in the close proximity of an excited donor
fluorophore creates an additional relaxation pathway via FRET and therefore results in a
decreased donor fluorescence lifetime. Since fluorophore concentrations are hard to con-
trol and to determine in living cells and since only donor fluorescence lifetimes need to be
recorded, fluorescence lifetime imaging microscopy (FLIM) is among the most robust and
efficient methods to detect FRET (Nair et al., 2006). FRET-FLIM produces spatially resolved
fluorescence lifetime images and enables the visualization of protein-protein interactions
on subcellular level (Chang et al., 2007).

Experimentally, FLIM can be carry out in the time or frequency domain. The physical
principles that underlie both methods are essentially identical, as they are finite Fourier
transforms of each other (Sun et al., 2011). For frequency domain measurements the phase
and amplitude modulations of the fluorescence emission with respect to the modulated
excitation light are used to deduce the fluorescence lifetime. To determine fluorescence
lifetimes in time domain experiments, high-speed detectors are synchronized with pulsed
excitation light sources and the fluorescence decay profile at different time windows are
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measured after each excitation pulse (Sun et al., 2011). Photons emitted from the donor
fluorophore can either be detected in time bins generated by time-gated detection or by
time-correlated single photon counting (TCSPC) (Morton and Parsons, 2011). In TCSPC
the correlation between the photon arrival time at the detector and the time point of the
excitation pulse are determined (Kemnitz et al., 1996). Repetitive sample excitation by the
pulsed light source generates photon histograms that represent the fluorescence decay
profile of the donor fluorophore (Morton and Parsons, 2011). Subsequently, fluorescence
lifetimes are estimated by fitting exponential model functions to the fluorescence decay
profiles (Sun etal., 2011). The most general and reliable method for analyzing time-resolved
FLIM data is the nonlinear least square method (Lakowicz, 1999). The goal of this method
is to minimize goodness of fit (x?) by varying the values of model parameters.

Traditionally, TCSPC-FLIM data are analyzed pixel by pixel. This means that for each pixel
and fluorescence decay profile an individual fitting process is carried out to obtain the
respective fluorescence lifetime. However, to obtain reliable and statistically relevant fluo-
rescence lifetime values a sufficient photon count and signal-to-noise ratio is required. For
distinguishing two fluorescence lifetimes, which are expected in a FRET experiment due to
FRETting and non-FRETting donor populations, at least 1,000 photons are needed (Gratton
et al., 2003). This can be problematic, in particular for live-cell imaging, since expression
levels of fluorophores may be low and mild excitation light intensities are applied to avoid
bleaching of fluorophores and photo-toxicity. Therefore often pixel binning is applied.
However, this leads to a decrease in spatial resolution. To avoid lose of spatial resolution
new analysis methods that significantly improve the signal-to-noise ratio have been devel-
oped in recent years (Grecco et al., 2009; Laptenok et al., 2010; Visser et al., 2010). These
global analysis methods analyze the fluorescence decay profiles of all (selected) pixels in a
time-resolved fluorescence intensity image simultaneously (Grecco et al., 2009). Therefore
lower photon counts per pixel are acceptable, though, under the assumption that the
fluorescence relaxation parameters are constant throughout the grouped pixels, which
may not be valid for many experimental systems (Sun et al., 2011).

In this chapter, the different steps of quantitative colocalization analysis are described,
followed by the comparison of two quantitative colocalization analysis methods with re-
spect to their ability to discriminate variations in protein colocalization. The ImageJ plugins
Coloc2 and PSC Colocalization were applied on two biological examples imaged in live
Arabidopsis roots. Our comparative analysis indicated that both approaches are suitable
for analyzing the colocalization of plasma membrane (PM)-located proteins as well as for
revealing colocalizing populations located in small and dispersed endomembrane compart-
ments.

In addition, a novel FRET-FLIM analysis procedure is introduced based on TCSPC-FLIM
data and single pixel analysis performed with SPCimage (Becker & Hickl). It was especially
designed to reveal small populations of interacting molecules as observed for the biological
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example used here, the BRIT-SERK3 hetero-oligomerization in the PM of live Arabidopsis
root cells. BRI1 and SERK3 are leucine-rich repeat receptor-like kinases (LRR-RLKSs) that initi-
ate as a protein complex brassinosteroid signal transduction upon ligand binding to BRI1
(Wang et al., 2008; Gou et al., 2012). Using our analysis approach allowed the identifica-
tion of preformed receptor hetero-oligomers and induction of BRI1-GFP/SERK3-mCherry
complexes in response to exogenously applied ligand. Due to the pixel-based analysis
procedure also estimates of absolute receptor populations were obtained by coupling the
FRET-FLIM results to available quantitative confocal imaging data.

RESULTS

Image pre-processing for quantitative colocalization analysis

Nowadays, various commercially or freely distributed software packages allow the estima-
tion of colocalizing fractions in dual-color confocal images. In the following, we use the
freely available ImageJ plugins Coloc2 and PSC Colocalization to perform quantitative
and comparative colocalization analysis. These two plugins provide three major measures
of colocalization as read-outs, the Manders colocalization coefficients (Coloc2) as well
as Pearson correlation and Spearman rank coefficients (PSC Colocalization) (Dunn et al.,
2011).

In general, quantification of colocalization between two fluorescently labeled proteins
comprises four steps (Zinchuk et al., 2001). First, recorded confocal images need to be
pre-processed in order to obtain images suitable for subsequent colocalization analysis.
This step involves correction for background and/or noise as well as segmentation of im-
ages according to specific cellular structures. In this study, confocal images of Arabidopsis
epidermal root cells, expressing either BRIT-GFP in combination with SERK3-mCherry or
BRIT-GFP with two endosomal markers, were used to illustrate the different procedures
essential for the calculation of colocalization coefficients. Next to the processed images the
corresponding scatter plots, Pearson correlation and Spearman rank coefficients are given
as indicators of the resulting image modifications.

Thresholding and denoising

To compensate for background and noise in digital images, mainly intensity thresholds for
the recorded fluorescence channels are applied. In Figure 1 a comparison of three different
thresholding approaches is shown. The first method applied was the PSC Colocalization
plugin, which uses by default an intensity threshold of 40 gray levels for both image chan-
nels (Figure 1E-G) (French et al., 2008). This thresholding procedure affected mainly the
low and more diffuse fluorescence signals derived from intracellular areas and led to a
relatively strong decrease in Pearson correlation and Spearman rank coefficients compared
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Figure 1: Different methods can be applied to correct for background in confocal images.
(A-D) Confocal images of BRI1-GFP (A) and SERK3-mCherry (B) fluorescence intensities as well as the
merged image (C) and the corresponding scatter plot (D) without background correction.

(E-H) Confocal images of BRI1-GFP (E) and SERK3-mCherry (F) fluorescence intensities as well as the
merged image (G) and the corresponding scatter plot (H) using a single intensity threshold of 40 for
both fluorescence channels.

(I-L) Confocal images of BRIT-GFP (I) and SERK3-mCherry (J) fluorescence intensities as well as the
merged image (K) and the corresponding scatter plot (L) using intensity thresholds of 21 and 30 for
BRIT-GFP and SERK3-mCherry, respectively.

(M-P) Confocal images of BRIT-GFP (M) and SERK3-mCherry (N) fluorescence intensities as well as the
merged image (O) and the corresponding scatter plot (P) using intensity thresholds of 12 and 17 for
BRI1-GFP and SERK3-mCherry, respectively.

Confocal images were obtained from 5 day old Arabidopsis roots expressing BRI1-GFP and SERK3-
mCherry under their native promoters. The scale bar represents a distance of 5 um. The fluorescence
intensity thresholds were set by applying the default settings of the PSC Colocalization plugin (E-H),
by reference measurements using Col-0 wild type roots (I-L), or by applying the Coloc2 plugin based
on the Costes approach (M-P). As indicators of colocalization Pearson correlation r(P) and Spearman
rank coefficients r(S) calculated from whole images are given together with the scatter plots of the
processed confocal images.
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to the raw data (Figure 1H). In case of SERK3-mCherry, most of the information for intra-
cellular localization was lost, whereas for BRI1-GFP still some intracellular endomembrane
compartments were observed.

For the second approach the fluorescence intensity threshold was determined from
confocal images of Col-0 wild type plants recorded under the same settings used for BRI1-
GFP/SERK3-mCherry roots. The maximum fluorescence intensities for both channels were
measured and set as background level for the corresponding BRI1-GFP/SERK3-mCherry
images presented in Figure 11-K. This resulted in intensity thresholds of 21 and 30 grey
levels for the GFP and mCherry channels, respectively, and in comparison to the original
images in reduced correlation and rank coefficients (Figure 1L). However, the Spearman
coefficient was more drastically affected than the Pearson product moment. Application of
these intensity thresholds still enabled to visualize intracellular SERK3-mCherry localization
as well as BRI1-GFP containing endomembrane structures.

The third background correction procedure tested was the Costes approach (Costes
et al., 2004). Here, an automated algorithm based on Pearson correlation determines
the intensity thresholds for the separate fluorescence intensity channels. The individual
thresholds are set to fluorescence intensity values, for which pixels with low intensities
do not show any correlation, i.e. for which the Pearson correlation coefficient is close
zero. This approach led to intensity threshold values of 12 for the GFP channel and 17 for
the mCherry channel (Figure 1M-0). For both BRIT-GFP and SERK3-mCherry intracellular
localization was preserved and the Pearson correlation coefficient was only mildly affected
(Figure 1P). Similar to the two thresholding methods described above the Spearman co-
efficient was reduced more strongly compared to the value obtained from the original
confocal images. Considering the information content of the images displayed in Figure
1 the Costes thresholding procedure resulted in the highest quality of processed images.
The major advantage of this thresholding procedure is the independency of investiga-
tor bias. Additionally, the automation increases the speed of data processing. However,
a drawback is that, like for the other thresholding approaches described above, a single
intensity threshold is applied to the whole image. This may be inappropriate, in particular
for studies of dispersed objects (Dunn et al., 2011).

To circumvent this drawback of a single threshold another method, called PureDenoise,
was developed (Luisier et al., 2011). Assuming a mixed Poisson-Gaussian noise model,
this algorithm performs data-adaptive thresholding by taking fluorescence intensities of
neighboring pixels into account (Luisier et al., 2011). As shown in Figure 2, this denoising
procedure is often accompanied by a loss of sharpness in the processed confocal images,
but clearly improves the visibility of intracellular structures. Whereas the localization of
SERK3-mCherry to the tonoplast is only weakly visible in the original confocal image
(Figure 2B), it became more evident after image denoising (Figure 2F). Similar observations
were also made for ARA6-mRFP, which labels late endosomes (LE) (see Figure 2J and 2N).
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r(P) = 0.08

Figure 2: Denoising of confocal images result in increased colocalization.

(A-D) Original confocal images showing BRI1-GFP (A) and SERK3-mCherry (B) fluorescence intensities
as well as the merged image (C) and the corresponding scatter plot (D).

(E-H) Denoised confocal images showing BRI1-GFP (E) and SERK3-mCherry (F) fluorescence intensities
as well as the merged image (G) and the corresponding scatter plot (H).

(I-L) Original confocal images showing BRI1-GFP (I) and ARA6-mRFP (J) fluorescence intensities as well
as the merged image (K) and the corresponding scatter plot (L).

(M-P) Denoised confocal images showing BRIT-GFP (M) and SERK3-mCherry (N) fluorescence
intensities as well as the merged image (O) and the corresponding scatter plot (P).

Confocal images were obtained from 5 day old Arabidopsis roots expressing either BRIT-GFP and
SERK3-mCherry or BRIT-GFP and ARA6-mRFP. Scale bars represent a distance of 5 ym. For denoising
of the confocal images the ImageJ plugin PureDenoise was applied. As indicators of colocalization
Pearson correlation r(P) and Spearman rank coefficients r(S) calculated from whole images are given
together with the scatter plots of the processed confocal images.
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After image denoising these endomembrane compartments were clearly distinguishable
from background fluorescence.

In addition to the improved visual effect on intracellular structures, this procedure also
led to increased correlation coefficients for colocalization. For whole image analysis a Pear-
son correlation values of 0.89 was obtained for BRI1-GFP and SERK3-mCherry (Figure 2H).
For the colocalization of BRIT-GFP with ARA6-mRFP image processing did not improve the
Pearson correlation, but a much higher Spearman correlation coefficient was obtained
(Figure 2P). This discrepancy between Pearson correlation and Spearman rank coefficients
may be attributed to the different mathematical concepts underlying the calculation of
the two coefficients. Due to the reduced background the rank statistic for determining
the Spearman coefficient changes resulting in an elevated rank coefficient. It also indicates
that the relationship between the fluorescence intensities derived from the endosomal
marker and BRIT-GFP is not linear. Taken together, image denoising can clearly help to
visualize small and lower intensity structures, but may result in loss of sharpness of the
processed images.

Image segmentation
Next to background and noise correction, image pre-processing usually also comprises
image segmentation (Adler and Parmryd, 2013). Independent of the method used, a seg-
mented confocal image may contain one or more regions of interest (ROIs) for which the
colocalization is determined. In the case of BRI1 and SERK3 it was of particular interest to
reveal colocalization at the PM, the main site of BRI1 signaling activity (Irani et al., 2012).
The segmented confocal images and the obtained colocalization results are displayed in
Figure 3, whereby only manual segmentation was applied. The colocalization analysis of the
whole confocal image with intensity thresholds derived by the Costes approach (Figure 3A)
served as a control and resulted in Pearson correlation and Spearman rank coefficients of
0.64 and 0.39, respectively (Figure 3B). First, three PM ROIs were selected and analyzed
(Figure 3C and 3D). This led to a clear improvement of Spearman correlation, whereas
the Pearson coefficient remained almost constant. A dramatic change of correlation was
observed by selecting intracellular ROIs. Both correlation coefficients strongly decreased
indicating only low correlation between BRIT-GFP and SERK3-mCherry intracellularly. This
clearly shows the need of image segmentation. Subcellular colocalization patterns can be
revealed and different colocalizing populations can be quantified as illustrated by the two
LRR-RLKs BRIT-GFP and SERK3-mCherry. While these two receptors colocalize to a high
degree at the PM, their intracellular pools show only little correlation. This observation was
to expect, since BRI1 and SERK3 are both type | transmembrane proteins, but show distinct
endomembrane localization patterns.

In Figure 3G - 3J the colocalization of BRI1-GFP with an endosomal marker protein was
investigated demonstrating how image segmentation can improve colocalization analy-
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Figure 3: Segmentation of confocal images can reveal colocalization patterns.

(A, B) Merged confocal image showing BRI1-GFP and SERK3-mCherry fluorescence intensities after
Costes thresholding (A) and the corresponding scatter plot (B).

(C, D) Segmentation mask (C) for selecting three plasma membrane areas of the merged confocal
image shown in (A) and the corresponding scatter plot (D).

(E, F) Segmentation mask (E) for selecting cytosolic regions of the merged confocal image shown in (A)
and the corresponding scatter plot (F).

(G, H) Merged confocal image showing BRI1-GFP and ARA6-mRFP fluorescence intensities after
denoising (G) and the corresponding scatter plot (H).

(I, J) Segmentation mask (1) for selecting cytosolic regions of the merged confocal image shown in (G)
and the corresponding scatter plot (J).

Confocal images were obtained from 5 day old Arabidopsis roots expressing either BRIT-GFP and
SERK3-mCherry or BRIT-GFP and ARA6-mRFP. Scale bars represent a distance of 5 ym. As indicators
of colocalization Pearson correlation r(P) and Spearman rank coefficients r(S) calculated from whole
images or the indicated regions of interest are given together with the scatter plots of the processed
confocal images.

sis. Analysis of intracellular ROIs only resulted in a clear colocalization of both proteins
(Figure 3J). However, based on whole image analysis BRI1-GFP showed only a relatively
moderate colocalization with ARA6-mRFP, reflected by a Pearson correlation coefficient of
0.08 and a Spearman coefficient of 0.34 (Figure 3H). The drastic change due to segmen-
tation can be explained by the predominant localization of BRI1-GFP at the PM, where
ARAG6-mRFP is absent. Thus by analyzing the unsegmented image most of the BRI1-GFP
fluorescence is uncorrelated to the intracellular fluorescence of the endomembrane marker.
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Calculating colocalization coefficients

Based on the findings of image pre-processing, two complete colocalization analysis
procedures are described in the following section. First the colocalization coefficients of
BRIT-GFP with ARA6-mRFP and ARA7-mRFP were determined. ARA6 (Rab F1) and ARA7
(Rab F2b) are commonly used as markers for endosomal compartments. Whereas ARA7
labels both early and late endosomes (EE and LE), ARA6 mainly localizes to LE (Ueda et al.,

Figure 4: Quantitative colocalization analysis reveals increased BRI1/SERK3 PM colocalization
in response to BFA and preferential localization of BRI1 to ARA7-labeled endomembrane
compartments.

(A-E) Original confocal images of BRI1-GFP (A) and SERK3-mCherry (B) after BRZ treatment (5 uM, 2
days) as well as the merged image after Costes thresholding (C), the selection mask for PM regions (D),
and the corresponding scatter plot (E).

(F-J) Original confocal images of BRI1-GFP (F) and SERK3-mCherry (G) after BRZ+BFA treatment (5 pM,
2 days; 50 uM, 1 h) as well as the merged image after Costes thresholding (H), the selection mask for
PM regions (1), and the corresponding scatter plot (J).

(K-O) Original confocal images of BRI1-GFP (K) and ARA6-mRFP (L) as well as the denoised merged
image (M), the selection mask for cytosolic regions (N), and the corresponding scatter plot (O).

(P-T) Original confocal images of BRI1-GFP (P) and ARA7-mRFP (Q) as well as the denoised merged
image (R), the selection mask for cytosolic regions (S), and the corresponding scatter plot (T).

Confocal images were obtained from 5 day old Arabidopsis roots expressing either BRI1-GFP/SERK3-
mCherry, BRI1-GFP/ARA6-mMRFP or BRIT-GFP/ARA7-mRFP. The scale bars represent a distance of 5 pm.
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2004; Ebine et al., 2011). As shown in Figure 5K-T, the fluorescence intensities of BRI1-GFP
and the both endosomal markers clearly overlapped.

Initially, the confocal images were manually assessed, to obtain reference values for
the subsequent computational colocalization analysis. The endosomal structures for both
image channels were counted individually and the overlap ratio with respect to the total
amount of marker labeled endomembrane compartments was calculated. The manual
analysis indicated predominate localization of BRI1-GFP with ARA7-mRFP (Table 1A). Ap-
proximately 55% of ARA7-positive endosomes contained BRI1-GFP receptors, whereas this
receptor colocalized to only 40% to ARA6-mRFP labeled structures.

Computational colocalization analysis between BRI1-GFP and ARA6-mRFP or ARA7-mRFP,
respectively, was performed using the two Image) plugins Coloc2 and PSC Colocaliza-
tion. The analysis was restricted to the endomembrane compartments labeled by the two
marker proteins. Using the Coloc2 plugin, which is based on Costes thresholding, revealed
the same trend as observed for our manual analysis (Table 1A and 1B). Both read-outs, the
Manders colocalization coefficients and the corresponding Pearson correlation coefficient,
reflected the preferential colocalization of BRI1-GFP and ARA7-mRFP. Low correlation
coefficients were obtained for both combinations, which made the interpretation of these
results difficult. Therefore the same data sets were also analyzed using the PSC Colocaliza-
tion plugin. Prior to the calculation of colocalization coefficients the separate fluorescence
intensity channels were denoised. Subsequently, a threshold of 10 was applied and the
same ROIs as selected for the Coloc2 approach were analyzed. As shown in Table 1C,
also this method led to the conclusion that BRI1-GFP preferentially colocalized to ARA7-
positive endosomal structures. Moreover, the analysis performed with PSC Colocalization
revealed a positive correlation between BRI1-GFP and the two fluorescently tagged marker
proteins. It yielded Pearson correlation and Spearman rank coefficients of 0.49 and 0.44,
respectively, for BRIT-GFP with ARA6-mRFP. In contrast, analysis of BRI1-GFP/ARA7-mRFP
images resulted in 30% increased colocalization coefficients, clearly indicating that BRI1-
GFP localizes predominantly to endomembrane compartments characterized by the marker
protein ARA7-mRFP.

Besides for establishing subcellular colocalization patterns, quantitative colocalization
analysis can also be applied to investigate the overlap or correlation between two proteins
of interested, which may for example function in the same signal transduction pathway.
Here, the colocalization of BRI1-GFP and SERK3-mCherry at the PM of root epidermal cells
was determined before and after BFA treatment. BFA is a fungal toxin known to inhibit
the secretory pathway. Recently, Irani et al. (2012) reported an additional feature of BFA by
showing the stabilization of BRI1 at the PM in response to this drug. To address whether
this effect of BFA can translate in changes of colocalization between BRI1 and SERK3
comparative colocalization analysis was performed. First the Coloc2 analysis was applied
using ROIs along the PM. The colocalization analysis indeed revealed elevated overlap
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Table 1: Quantitative colocalization analysis for the localization of BRI1-GFP to different
endomembrane compartments.

Confocal images of 5 day Arabidopsis roots expressing either BRI1-GFP and ARA6-mRFP or BRI1-
GFP and ARA7-mRFP were analyzed either manually or using the ImageJ plugins Coloc2 and PSC
Colocalization. Only selected cytosolic areas were subjected to colocalization analysis. The average
colocalization coefficients are represented + standard deviations. “N” represents the number of
roots analyzed.

(A) Confocal images were manually analyzed by counting the endosomal compartments for the
separate image channels. The overlap was calculated as ratio between colocalizing endosomes
and total number of marker endomembrane compartments.

(B) Original confocal images were analyzed using the Coloc2 analysis tool. “M" represents

the Manders colocalization coefficients without a threshold, “tM" represents the Manders
colocalization coefficients after intensity thresholds were set according to the Costes approach,
and “r(Pearson)” represents the corresponding Pearson correlation coefficient. Pearson correlation
coefficients are given for confocal images without threshold, for image contents below threshold,
and for the image content above threshold. Thus the r(Pearson) values for above threshold
fluorescence intensities correspond to the obtained tM values.

(C) The presented values were obtained using the PSC Colocalization analysis tool. “r(Pearson)”
and “r(Spearman)” represent the Pearson correlation and Spearman rank coefficients, respectively.
The colocalization coefficients were calculated either based on Costes thresholds, a single
threshold of 40 for both fluorescence intensity channels, or after image denoising was performed.

A Overlap [%]
ARA6-mRFP ARA7-mRFP
BRI1-GFP 35+ 12 55+ 7°
B M [%] tM [%] r(Pearson)
BRI1-GFP  Marker- BRI1-GFP  Marker-  without below above N
mRFP mRFP

BRIT-GFP/ 092 +0.01 0.86+0.06 0.46+0.06 0.42+0.06 0.41+0.23 0.04+0.03 -0.12+0.10 4
ARA6-mRFP

BRIT-GFP/  0.95+0.02 0.90+0.04 0.60+0.07° 0.62 + 0.04* 0.44 +0.06 0.01+0.06 0.13+0.04 5
ARA7-mRFP

C Costes Thresholds 40 Thresholds Denoised
r(Pearson r(Spearman) r(Pearson r(Spearman) r(Pearson r(Spearman) N

BRIT-GFP/ARA6-  0.01+0.12 -0.22+0.11 -0.11+0.12 0.02+0.32 050+0.12 042+0.14 4
mRFP

BRI1-GFP/ARA7-  0.23 +0.09* 0.03 £ 0.09* 0.12 £ 0.13% -0.03 £ 0.10 0.69 + 0.09* 0.66 + 0.09* 5
mRFP

2 The mean difference is significant at the p < 0.05 level compared to BRI1-GFP/ARA6-mRFP (one-
tailed Student’s t-test for equal variance).

of BRIT-GFP and SERK3-mCherry fluorescence in response to BFA (Table 2A). The initial
Manders colocalization coefficients of 0.71 and 0.77 for BRI1-GFP and SERK3-mCherry,
respectively, obtained for the control measurements increased in the presence of BFA to
0.89 and 0.87, accordingly. The elevated colocalization of the two receptors after drug
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treatment was also reflected by the increase of the corresponding Pearson correlation
coefficient from 0.23 to 0.52.

PSC Colocalization in combination with denoised confocal images revealed a similar
trend (Table 2B). Though, the differences of Pearson correlation and Spearman rank coef-
ficients were only minor and no significant difference in response to changed physiological
conditions were obtained. In contrast, applying the default settings of PSC Colocalization
or the fluorescence intensity thresholds revealed by the Costes approach resulted in similar
findings as observed using Coloc2 (Table 2B). It seems that denoising of the PMs resulted in
an adaptation of the high and continuous fluorescence intensities and thus a loss of local
intensity fluctuations. Therefore we conclude that both analysis procedures are applicable
for the analysis of highly intense and continuously labeled fluorescent structures but that
image denoising should be omitted in this case.

Taken together, colocalization analysis enabled us to quantitatively assess subcellular
localization patterns and monitor changes in colocalization with respect to altered physi-

Table 2: Quantitative colocalization analysis of BRI1T/SERK3 PM colocalization.

Confocal images of 5 day Arabidopsis roots expressing BRI1-GFP and SERK3-mCherry were
analyzed using the ImageJ plugins Coloc2 and PSC Colocalization. Only selected PM areas were
subjected to colocalization analysis. The average colocalization coefficients are represented +
standard deviations. “N" represents the number of roots analyzed.

(A) The presented values were obtained using the Coloc2 analysis tool. “M" represents

the Manders colocalization coefficients without a threshold, “tM" represents the Manders
colocalization coefficients after intensity thresholds were set according to the Costes approach,
and “r(Pearson)” represents the corresponding Pearson correlation coefficient. Pearson correlation
coefficients are given for confocal images without threshold, for image contents below threshold,
and for the image content above threshold. Thus the r(Pearson) values for above threshold
fluorescence intensities corresponds to the obtained tM values.

(B) The presented values were obtained using the PSC Colocalization analysis tool. “r(Pearson)”
and “r(Spearman)” represent the Pearson correlation and Spearman rank coefficients, respectively.
The colocalization coefficients were calculated either based on Costes thresholds, a single
threshold of 40 for both fluorescence intensity channels, or after image denoising was performed.

A M [%] tM [%] r(Pearson)
BRI1-GFP  SERK3-  BRI1-GFP  SERK3-  without below above N
mCherry mCherry

BRZ+mock 1.0+0.00 1.0+0.00 0.71 £0.06 0.77+0.06 0.51+0.10 -0.01 +0.01 0.23+0.18 5
BRZ+BFA 1.0+0.00 1.0+0.00 0.89 +0.02* 0.87 +0.05° 0.67 £0.11 -0.01 £ 0.01 0.52+0.19 5

B Costes Thresholds 40 Thresholds Denoised

r(Pearson r(Spearman) r(Pearson r(Spearman) r(Pearson r(Spearman) N
BRZ+mock 0.27+0.16 0.21+0.19 047 +0.10 048+0.09 0.77+0.15 0.80+0.15 5
BRZ+BFA 054 +£0.18° 0.54+0.18 0.54+0.14 055+0.15 0.78+0.11 0.82+0.08 5

2 The mean difference is significant at the p < 0.05 level compared to BRI1-GFP/ARA6-mRFP (one-
tailed Student's t-test for equal variance).
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ological conditions as illustrated in our study. Although the biological interpretation of
individual colocalization coefficients may be difficult, a comparative analysis allows quan-
titative conclusions.

FRET analysis based on fluorescence lifetimes

Confocal microscopy allows defining spatiotemporal protein (co)localization patterns based
on fluorescence intensities as shown above. However, for fulfilling their biological functions
proteins often require the direct interaction with other cellular components. Colocalization
is a good indicator for the spatial association of proteins in the same subcellular compart-
ment but cannot reveal if proteins physically interact. FRET is a well-established read-out for
detecting protein interactions and the most quantitative and reliable fluorescence param-
eter for visual investigation of interactions in live cells is fluorescence lifetime microscopy
(FLIM). This additional parameter of fluorescence microscopy allows sensing the immediate
environment of a fluorophore and reduction of donor fluorescence indicates the physical
association of the fluorescently labeled proteins. Therefore the hetero-oligomerization of
BRIT-GFP and SERK3-mCherry in the PM of live Arabidopsis epidermal cells was studied
using FRET-FLIM. The experimental setup and the regular data analysis procedure based
on the SPCimage software (Becker & Hickl) have already been described in Bucherl et al.
(2010). For that reason only the final results of the FRET-FLIM analysis are presented here.
The fluorescence lifetime of the GFP moiety of BRI1-GFP along the PM of epidermal cells
in BRZ-treated roots, thus under conditions of abolishes BR signaling (Yin et al., 2002),
was determined to approximately 2.40 ns (Table 3). As can be seen in Figure 5A, the GFP
fluorescence lifetime was not completely homogenous but showed local variations most
likely due to changes in the immediate environment of BRI1-GFP located in different areas
of the PM. In the presence of SERK3-mCherry, the FRET acceptor, these donor fluorescence
lifetime variations remained but additionally restricted areas within the PM with strongly
reduced GFP fluorescence lifetimes became visible (Figure 5B). In these areas GFP fluores-
cence lifetimes of 2.0 ns and lower were obtained, indicating FRET between the GFP and
mCherry moieties linked to BRIT and SERK3, respectively. Estimation of the average GFP
fluorescence lifetime along the PM resulted in a value of about 2.27 ns, equivalent to a
FRET efficiency of approximately 5% (Table 3).

Subsequently, fluorescence lifetime analysis was performed on samples treated with
brassinolide (BL), an agonist for BRI1. Stimulation of BR signaling activity by exogenous
application of BRI1 ligand resulted in a donor fluorescence lifetime of around 2.38 ns
along the PM (Table 3). A color-coded FLIM image is presented in Figure 5C and shows
local variations of the GFP fluorescence lifetime similar to the BRZ-treated situation. Also
for the donor/acceptor samples, i.e. expression of SERK3-mCherry in the BRIT-GFP back-
ground, similar results as for BRZ only treated samples were obtained. However, the areas
of strongly reduced GFP fluorescence lifetimes increased, whereby the reduction of donor
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Table 3: Quantitative FRET-FLIM analysis for BRI1/SERK3 hetero-oligomerization.

FLIM was performed on 5 day old Arabidopsis roots expressing either BRI1-GFP or BRI1-GFP in
combination with SERK3-mCherry. Seedlings were grown for 3 days on solid half-strength MS
medium and were subsequently transferred to liquid half-strength MS containing 5 pM BRZ to
deplete endogenous BRs. For activation of BR signaling 24-epi-brassinolide (BL) was applied in a
concentration of 1 uM for 1 h prior to imaging. For imaging roots were imbedded in liquid half-
strength MS containing 5 uM BRZ or additionally 1 uM BL. The t values given represent donor
fluorescence lifetimes of the GFP moiety of BRI1-GFP or PIN2-GFP, respectively, in ps £ S.E.M. The
values given for interaction pixels (IPS) represent the percentage of pixels with strongly reduced
BRI-GFP fluorescence lifetimes + S.E.M. The corrected IPS values were obtained by subtracting
the IPS values of the negative control from the initially determined BRI1-GFP/SERK3-mCherry IPS
values. “N” represents the number of analyzed fluorescence lifetime images.

BRZ BRZ+BL
T [ps] FRET [%] IPS[%] N T [ps] FRET [%] IPS[%] N
BRI1-GFP 2398+ 4 69 23794 72

BRIT-GFP+SERK3- 2272 +6* 52+0.3" 7.6+0.6° 57 2226+6° 6.4+0.2° 13.0x 1> 64
mCherry

PIN2-GFP 2271+ 20 24 2321 +54 20

PIN2-GFP+SERK3- 2253 +9% 0.8+0.5 09+0.2 22 2262+45 25+03 25+03 19
mCherry

corrected IPS [%]

BRI1-GFP+SERK3- 6.7 10.5
mCherry

2 The mean difference is significant at the p < 0.05 level compared to donor only (PIN2-GFP or
BRIT-GFP) samples (two-tailed Student’s t-test for unequal variance).

> The mean difference is significant at the p < 0.05 level compared to PIN2-GFP+SERK3-mCherry
samples (two-tailed Student’s t-test for equal variance).

< The mean difference is significant at the p < 0.05 level compared to BRZ-treated BRI1-

GFP 2+SERK3-mCherry samples (two-tailed Student's t-test for equal variance).

fluorescence lifetime remained constant (Figure 5D). An average GFP fluorescence lifetime
of about 2.23 ns was estimated at the PM (Table 3). Thus the FRET efficiency was elevated
from approximately 5% for BRZ-treated samples to roughly 6% after activating the BR
signaling system. To verify that these low values of FRET efficiencies indeed represent
physical interaction between BRI1-GFP and SERK3-mCherry the results were compared to a
negative control. PIN2-GFP was used as FRET donor and mCherry linked to SERK3 was kept
as acceptor. The resulting fluorescence lifetimes and corresponding FRET efficiencies are
presented in Table 3. Due to the statistical significant difference between the FRET efficien-
cies of the BRIT-GFP/SERK3-mCherry combination with respect to the negative control, we
conclude a true interaction for our proteins of interest confirming the results obtained by
coimmunoprecipitation (Wang et al., 2005; Albrecht et al., 2012).

Taken together, conventional analysis of time-resolved fluorescence intensity images
revealed the interaction of BRIT-GFP and SERK3-mCherry in planta. Additionally, it was
possible to monitor a slight increase of BRIT-SERK3 hetero-oligomers in response to ex-
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2.4 ns I W19ns

Figure 5: Fluorescence lifetime based FRET-FLIM analysis reveals ligand-independent and
ligand-dependent BRI1-SERK3 hetero-oligomers.

(A, B) Color-coded fluorescence lifetime images of BRI1-GFP (A) and BRI1-GFP in the presence of
SERK3-mCherry (B) after BRZ treatment.

(C, D) Color-coded fluorescence lifetime images of BRI1-GFP (C) and BRI1-GFP in the presence of
SERK3-mCherry (D) after BRZ+BL treatment (1 uM, 1 h).

FLIM was performed on 5 day old Arabidopsis roots expressing either BRI1-GFP or BRI1-GFP/SERK3-
mCherry. Seedlings were grown for 3 days on solid half-strength MS medium and were subsequently
transferred to liquid half-strength MS medium containing 5 uM BRZ. 24-epi-brassinolide was used for
activating BR signaling. The scale bars represent a distance of 5 um and the color bar indicates the
color code for the fluorescence lifetime images.

ogenous ligand application and to localize the interacting receptors within the PM of live
epidermal root cells. However, the results are qualitative and show only a minor variation of
FRET efficiency upon full stimulation of the biological system, which hampers the biological
interpretation.

Revealing interacting populations based on pixel analysis
To gain a more detailed view on the hetero-oligomerization of BRIT-GFP and SERK3-
mCherry a novel analysis procedure for time-resolved fluorescence intensity images was
established, which allowed linking the obtained FRET-FLIM results to quantitative confocal
microscopy data (Wilma van Esse et al., 2011). Combining the results of FLIM with absolute
numbers of BRI1 and SERK3 receptor molecules present in the PM of epidermal root cells
enabled revealing the interacting populations of the two LRR-RLKs.

The extended analysis procedure started with the regular analysis of FLIM data as de-
scribed in Blcherl et al. (2010). Samples containing donor only, here BRI1-GFP, were ana-
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lyzed with a mono-exponential decay model using the SPCimage software (Becker & Hickl).
The GFP fluorescence lifetime in the presence of SERK3-mCherry was estimated using a
bi-exponential decay function assuming FRETting and non-FRETting donor populations.
Due to modest photon counts per pixel a binning factor of one was applied, which means
that also the surrounding pixels were taken into account for the fluorescence lifetime
calculation. For further analysis the obtained data sets for photon counts, fluorescence
lifetimes and goodness-of-fit (x?) were exported to Excel (Windows Office) data sheets.
Each pixel in the time-resolved fluorescence intensity images was therefore characterized
by the three parameters binned photon counts, fluorescence lifetime and goodness-of-fit.
Based on these parameters pixels were selected to ensure reliable and statistical relevant
results. Only pixels with binned photon counts above 1,200, fluorescence lifetimes ranging
from 1.6 to 2.9 ns, and goodness-of-fit values below 2.5 were taken into account for fur-
ther analysis. Using these criteria mainly pixels resembling the PM of the imaged epidermal
root cells were selected (Figure 6). From the respective pixel ensembles the average donor
fluorescence lifetimes were obtained (Table 3).

1. initial time-resolved 2. after goodness-of- 3. after fluorescence
fluorescence intensity fit selection lifetime selection (low)
image
4. after fluorescence 5. after photon count 6. identification of
lifetime selection (high) selection |nteract|on pixels

Figure 6: Schematic workflow of the introduced quantitative FRET-FLIM analysis procedure.
The scheme shows the sequential steps that lead to the identification of interaction pixels (IPS) from

a time-resolved fluorescence intensity image derived by TCSPC data acquisition. By setting selection
criteria for goodness-of-fit, fluorescence lifetimes and photon counts only pixels representing the PM
of Arabidopsis epidermial root cells are maintained. The identification of IPS in donor/acceptor images
is based on fluorescence lifetime interaction thresholds obtained by donor reference measurements.
Pixels shown in blue fulfilled the respective selection criteria, whereas pixels shown in red resemble the
identified IPS.
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To establish a fluorescence lifetime threshold for pixels that contain interacting or
FRETting receptor molecules the analysis proceeded firstly with donor samples only. For
each BRIT-GFP fluorescence image the apparent maximal FRET efficiency [Eapp(max)] was
determined using the minimal and average fluorescence lifetime of the selected pixel
ensemble. The average fluorescence lifetime and maximal Eapp(max) of each donor data set
in turn enabled the calculation of the fluorescence lifetime interaction threshold for the
corresponding donor/acceptor data set.

Subsequently, the established interaction threshold was applied as a further selection
criterion for donor and acceptor containing samples and allowed to determine the number
of interaction pixels (IPS), pixels showing strongly reduced donor fluorescence lifetimes,
from the already pre-selected pixel ensemble. By forming the ratio between IPS and the
total number of pre-selected pixels the percentage of IPS per FLIM image was calculated.

Using this analysis procedure an IPS value of about 7.6% for BRZ-treated BRI1-GFP/
SERK3-mCherry samples was determined (Table 3). Application of exogenous BL resulted
in an increase of IPS to approximately 13% (Table 3). However, these initial values still had
to be corrected for background, which was estimated using the PIN2-GFP/SERK3-mCherry
control measurements, leading to approximately 6.7% of IPS in a BRZ-treated situation
and roughly 10% upon activation of BRI1-mediated BR signaling (Table 3). Hence, by ap-
plying the refined analysis procedure the dynamic range of the FRET-FLIM measurements
was improved. Furthermore, since the calculation was pixel-based coupling to quantitative
confocal microscopy data was possible.

Recently, the absolute numbers of fluorescently tagged BRI1T and SERK3 receptors in
Arabidopsis roots have been revealed (van Esse et al., 2011). Using the imaging parameters
applied for FLIM enabled an estimation of interacting receptor populations and revealed
that in a confocal section around 176 or 263 BRI1-GFP were in complex with SERK3-
mCherry after BRZ-treatment or upon BL stimulation, respectively. Thus the combination
of semi-quantitative FRET-FLIM analysis and quantitative confocal imaging allows an ap-
proximation of absolute interacting receptor molecules, instead of a qualitative description
of interaction only.

Collectively, we showed that numerical analysis of fluorescence microscopic images
can reveal (co)localization and interaction patterns if suitable approaches are applied.
By quantitatively assessing colocalization and hetero-oligomerization of the BR signaling
components BRIT and SERK3 even minor variations in response to changed physiological
conditions could be extracted. These features are inevitable for elucidating the mode of
action of any cellular component.
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DISCUSSION

In the current investigation, we introduced a novel FRET-FLIM analysis procedure and com-
pared two quantitative colocalization analysis approaches in their ability to discriminate dif-
ferent colocalizing protein populations. Using these low-invasive light-microscopic methods
enabled us to reveal mechanistic details about BRI1-SERK3 hetero-oligomerization and the
colocalization patterns of BRI1 in respect to two endosomal marker proteins as well as
changes in BRIT/SERK3 colocalization upon drug treatment. Importantly, both FRET-FLIM
and colocalization analyses were performed on fluorescence images obtained from live
Arabidopsis epidermal root cells, expressing BRI1 and SERK3 under control of their native
promoters and in their natural habitat.

Analysis of time-resolved fluorescence images
The current models of BR signal transduction and BRI1-SERK3 association have mainly
been based on coimmunoprecipitation studies performed on whole seedlings (Wang et
al., 2005; 2008; Albrecht et al., 2012). These models propose strictly ligand-dependent
recruitment of SERK3 to basally activated BRI1 receptors (Wang et al., 2008; Chinchilla
et al., 2009; Kim and Wang, 2010; Jaillais et al., 2011). Using FRET-FLIM allowed us to
visualize this oligomer formation in live Arabidopsis root epidermal cells, the proposed
sites of active BR signaling (Hacham et al., 2011). In line with these models, our data
showed the induction of BRI1-SERK3 hetero-oligomers upon BL application. The added
value of investigating the oligomerization of the two LRR-RLKs using an imaging approach
was the possibility to spatially resolve the location of these receptor complexes within
2-dimensional fluorescence lifetime images. That way we revealed that BRIT-SERK3 hetero-
oligomers are present in heterogeneously distributed and spatially restricted PM areas of
root epidermal cells. Similar findings were reported for the mammalian receptor tyrosine
kinase (RTK) epidermal growth factor receptor (EGFR). Application of live cell imaging
(Bader et al., 2009; Abulrob et al., 2010) and electron microscopy (Hsieh et al., 2010; Rong
and Reinhard, 2011) showed the clustering of EGFRs in the PM of mammalian cells.
Notably, Bader et al. (2009) could additionally observed that around 40% of PM-residing
EGFR receptors form ligand-independent dimers, a phenomenon reported for several
mammalian PM receptor families (Ehrlich et al., 2011; Van Craenenbroeck et al., 2011).
Constitutive receptor oligomerization was recently also reported in plants (Shimizu et al.,
2010). This study showed preformation of the chitin-sensing receptors in rice (Shimizu
et al., 2010). Interestingly, preformation of receptor hetero-oligomers was proposed for
the BR signaling unit BRIT-SERK3 as well (Wang et al., 2005), however it was not further
investigated at that time. Our FRET-FLIM data provide evidence that BRI1 and SERK3 exhibit
similar interaction patterns as observed for mammalian and the rice PM receptors. After

113



114

Chapter 4

BRZ treatment dispersed BRI1-SERK3 hetero-oligomers were maintained in the PM of the
imaged epidermal root cells.

Using the conventional FRET-FLIM analysis procedure we speculated that ligand deple-
tion may lead to a slight reduction in receptor complexes, indicated by the decrease of the
average FRET efficiency from around 6% in the presence of BL to approximately 5% after
strongly reduced ligand availability. However, due to the minor differences in FRET efficien-
cies interpretation of the obtained results was difficult. To obtain quantitative measures for
BRI1-SERK3 hetero-oligomers under the different physiological conditions we established a
novel analysis procedure. This approach determines the number of interaction pixels (IPS)
within a fluorescence lifetime image and revealed that approximately 70% of BRI1-SERK3
PM receptor complexes were preformed. Stimulation of BR signaling by exogenous ligand
application resulted in an increase of IPS to approximately 10%, compared to about 6.7%
under BRZ-cultured conditions. These findings are in line with recently reported in silico
modeling data (van Esse et al., 2012) and semi-quantitative coimmunoprecipitation experi-
ments (Albrecht et al., 2012) suggesting that only a low percentage of BRI1 receptors are
participating in active BR signal transduction.

Since our FRET-FLIM analysis procedure is pixel-based it also allowed coupling the pro-
tein interaction results to available quantitative confocal microscopy data (van Esse et al.,
2011). By combining the results of both imaging approaches we estimated that around
263 of the PM-located BRI1 receptors are in physical contact with SERK3 coreceptors after
BL addition. Being able to approximate absolute interacting protein populations and to
discriminate quantitatively between different phyisiological conditions clearly shows the
advantages of applying imaging techniques in particular FRET-FLIM for investigating signal-
ing events.

Recent developments in FLIM methodologies like acceptor rise time measurements in
combination with global analysis (Grecco et al., 2009; Laptenok et al., 2010; Visser et al.,
2010) in principle offer similar read-outs. Global analysis assumes discrete fluorescence
lifetimes for the interacting and non-interacting populations. Using this analysis procedure
results in amplitudes for donor fluorescence lifetimes representing FRETting and non-
FRETting populations. These amplitudes in turn correspond to certain pixel or molecule
fractions and thus the amount of oligomers can be approximated. This situation can be
easily achieved in cuvette experiments. Though, for measurements in live cells it may be a
too harsh assumption (Sun et al., 2011).

A very promising alternative for in vivo measurements is the acceptor rise time method.
Here, the fluorescence rise time of the FRET acceptor fluorophore can be simultaneously
recorded along the fluorescence lifetime decrease of the donor molecule. This provides
a direct measure for energy absorbing acceptor populations. Even though this approach
allows quantitative read-outs and provides an excellent internal control, the technical
feasibility still needs progress. Thus the introduced approach, which can be applied to
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conventional FLIM setups and data processing software, offers an easy applicable alterna-
tive for obtaining quantitative FRET-FLIM measures.

However, our refined analysis procedure also has its limitations. The selection criteria ap-
plied to extract IPS cannot be generalized and need to be considered for each application.
Setting a fluorescence lifetime interaction threshold for determining IPS may result in an
underestimation of interacting species. Only pixels with strongly reduced donor fluores-
cence lifetimes are taken into account, whereas weak interactions remain unconsidered. To
damp this effect no absolute fluorescence lifetime limit was used, but instead the interac-
tion threshold was determined for each data set analyzed. Similar considerations apply for
the low and high fluorescence lifetime borders. Taking too small or too large fluorescence
lifetime intervals can result in over- and underestimations of oligomer containing pixels.
A careful manual assessment of the recorded time-resolved fluorescence intensity images
is required and individual decay profiles have to be inspected. Depending on the pixel
resolution used for FLIM also the goodness-of-fit limit may be adjusted. Since in the pres-
ent example a pixel resolution of 64 x 64 was used the goodness-of-fit value was set to
2.5. However, when using higher pixel resolutions lower values may be applicable. Even
though individual selection criteria need to be reconsidered for different FRET-FLIM data
sets, the principles of our analysis procedure can be universally applied to fluorescence
lifetime measurements.

Analysis of confocal images

Next to the quantitative analysis of protein-protein interactions in fluorescence microscopic
images, also quantitative colocalization analysis was performed during this study. Colocal-
ization of BRI1-GFP with ARA6-mRFP and ARA7-mRFP labeled endosomal compartments
enabled us to discriminate different endocytotic BRI1 popluations. Furthermore, we dem-
onstrated increased BRIT-GFP/SERK3-mCherry colocalization at the PM of live epidermal
root cells upon BFA treatment. Due to the PM-stabilizing effect of BFA on BRI1 receptors
(Irani et al., 2012) this increased colocalization between the two BR signaling components
was not unexpected. But the finding that both Manders colocalization coefficients in-
creased after drug treatment additionally suggests PM stabilization of SERK3 in response
to BFA. Thus retention of receptors or proteins at the PM may be a general effect of the
fungal toxin BFA, similar as observed for the protein translational inhibitor cyclohexamide
(Geldner, 2011).

The observation that BRIT1-GFP preferentially colocalized with ARA7-mRFP positive endo-
somal structures most likely reflects the ligand-independent recycling of BRI1, as previously
demonstrated (Geldner et al., 2007). However, Geldner et al. (2007) did not support their
findings by colocalization analysis of BRI1 with endosomal marker proteins like ARA6 and
ARA7. Recently, constitutive recycling was also reported for the plant immune receptor
Flagellin sensing 2 (FLS2) (Beck et al., 2012). In line with our findings, also this LRR-RLK
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predominately localizes to ARA7-mRFP endosomal structures while exhibiting recycling
(Beck et al., 2012). A biological explanation for these observations may be given by the
identity of the ARA6- and ARA7-containing endomembrane compartments. ARA6 local-
izes mainly to LE (Ueda et al., 2004, Ebine et al., 2011), which are determined for vacuolar
fusion and subsequent protein degradation. In contrast, ARA7 resides in LE as well as EE
(Ueda et al., 2004; Ebine et al., 2011). The latter are part of the cellular recycling machinery
(Reyes et al., 2011). Since ARA7 labels compartments both for recycling and degradation
it is reasonable to find an increased amount of BRI1 receptors in the respective endosomal
structures.

To verify that the obtained colocalization coefficients indeed originate from a true co-
localization between the fluorescently labeled proteins, one of the image channels was
rotated by 90 © prior to image analysis. Under this condition only random colocalization is
observed and therefore such images can be used as a negative control (Dunn et al., 2011).
This analysis setup abolished the colocalization for BRI1-GFP and the two marker proteins
completely, independent of the applied analysis approach (data not shown).

Colocalization analysis can be a powerful tool to quantitatively assess the information
present in confocal images. Though, a common difficulty of this type of analysis is the
interpretation of the acquired colocalization coefficients. This accounts especially for
intermediate Pearson correlation and Spearman rank coefficients (Dunn et al., 2011). Even
though the Pearson correlation coefficient is considered as the most quantitative measure
for colocalization, Manders colocalization coefficients are sometimes seen as the biological
more meaningful read-outs (Costes et al., 2004). One of the reasons is the assumption of
a linear relationship between the analyzed fluorescence intensities, which forms the basis
of Pearson correlation coefficients, but is often not fulfilled in biological samples (Adler
and Parmryd, 2010; Dunn et al., 2011). Moreover, Manders colocalization coefficients
provide two separate measures for the two images, which is of particular value if the two
proteins of interest differ largely in their expression levels (Manders et al., 1993). However,
Manders colocalization coefficients are largely independent of the fluorescence intensities
and only represent overlapping pixel fractions. Here, the Pearson correlation coefficient is
superior, which determines correlation between fluorescence intensities and thereby con-
siders signal strengths (Dunn et al., 2011). Another advantage of the Pearson correlation
coefficient is the low sensitivity for background and noise (Adler and Parmryd, 2010; Dunn
et al., 2011). To circumvent misinterpretations of Pearson-based colocalization analysis
due to the assumption of linearity a modified version of the Pearson correlation coefficient
can be applied, the Spearman rank coefficient. Thus, in summary neither the Manders
colocalization coefficients nor the Pearson correlation and Spearman rank coefficients are
superior to the other (Dunn et al., 2011).

This indeed was observed during our comparative colocalization analysis. Both ap-
plied analysis approaches resulted in similar colocalization read-outs demonstrating the
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reliability of the two applied methods. However, an influence of image pre-processing on
the resulting colocalization coefficients was noted. Image denoising led to dramatically
increased Pearson correlation and Spearman rank coefficients for the analysis of endo-
somal compartments. On the contrary, this processing procedure resulted in a loss of
colocalization sensitivity for the analyzed PM fragments. Both effects can most likely be
attributed to the underlying processing algorithm. In the case of the dispersed and intense
endomembrane compartments the consideration of neighboring pixel intensities during
thresholding enhances the signal-to-noise ratio (Luisier et al., 2011). Hence, by suppressing
the low and uncorrelated background signals, the correlation between intense endosomal
compartments is enhanced. For the intense and continuously fluorescently labeled PMs, in
turn, denoising leads to an equalization of fluorescence intensities and thereby a loss of lo-
cal intensity fluctuations. Thus denoising is a suitable thresholding procedure for dispersed
cellular structures and can clearly improve the colocalization analysis. But this procedure
should be omitted in conjunction with bright and continuous fluorescent entities.

Based on our comparative colocalization analyses, we conclude that both tools are
applicable to investigate localization and colocalization patterns in living plant tissues.
Even though the interpretation of individual colocalization coefficients may be difficult, a
comparative analysis of image data sets, recorded under the same imaging conditions, of-
fers the possibility of reliable and quantitative colocalization read-outs (Dunn et al., 2011).
Which approach to choose, depends on the spatial profile of the fluorescently labeled
cellular structures and the colocalization read-outs aimed for.

Collectively, we could show that the choice of appropriate quantitative image analysis
methods enables identifying even minor variations in colocalization and interaction pat-
terns. Using our novel FRET-FLIM analysis procedure moreover allowed the approximation
of absolute interacting protein species. This clearly demonstrates how quantitative fluores-
cence microscopy can improve our understanding of molecular processes by illuminating
proteins in their natural habitat.

MATERIALS AND METHODS

Growth conditions and plant lines

Arabidopsis (Arabidopsis thaliana) plants (ecotype Columbia [Col-0]) were used as wild
type. Seeds were surface sterilized and germinated on %2 Murashige and Skoog medium
(Duchefa) supplemented with 1% sucrose (Sigma) and 0.8% Daishin agar (Duchefa).
Plants were grown at 22 °C under fluorescent light, with 16 h light/8 h dark photoperiods,
unless otherwise specified. Transgenic seedlings were selected on %> Murashige and Skoog
medium containing either 50 mg/L kanamycin (Duchefa), 15 mg/L phosphinothricin (PPT,
Duchefa) or both. Col-0 plants expressing BRI1 fused to GFP under its native promoter re-
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sulting in an about three-fold overexpression were provided by J. Chory (Friedrichsen et al.,
2000). The double-transgenic BRI1-GFP/SERK3-mCherry line was generated as described
previously (Chapter 3). ARA6-mRFP and ARA7-mRFP lines were obtained from K. Schum-
acher (Heidelberg, Germany). Double-transgenic BRI1-GFP lines coexpressing ARA6-mRFP
or ARA7-mRFP were generated by crossing and F1 generations were used for imaging.

Confocal imaging

Live root imaging was performed on five day old seedlings using a confocal laser scan-
ning microscope (Leica TCS SP5 X system, Mannheim, Germany). Confocal imaging was
performed using internal filter-free spectral photomultiplier tube (PMT) detectors. GFP was
excited using an argon laser (488 nm) and fluorescence emission was detected from 500-
540 nm. mCherry and mRFP were excited using a white light continuum laser selecting the
580 nm laser line. Fluorescence was detected from 590-640 nm. Images were captured using
a 63x water immersion objective with a numeric aperture of 1.2 with a pinhole set to 1 Airy
unit. Confocal images were analyzed with FlJI software (ImageJA 1.45j, Max Planck Society).

Brassinazole (BRZ, TCI Europe) was applied in a final concentration of 5 uM (25 mM stock
solution in 80% ethanol) dissolved in liquid %2 Murashige and Skoog medium (Duchefa)
and supplemented with 1% sucrose (Sigma). For BRZ treatment seedlings were transferred
3 days after germination to 24-well plates containing 1 mL of liquid %2 Murashige and
Skoog medium (Duchefa) and supplemented with 1% sucrose (Sigma) containing 5 pM
BRZ per well and seedlings were cultured for two additional days.

Brefeldin A (BFA) was applied in a final concentration of 50 pM (50 mM stock solution in
DMSO) dissolved in liquid %2 Murashige and Skoog medium (Duchefa) and supplemented
with 1% sucrose (Sigma). The incubation time was 1 h.

For live root imaging roots were embedded in liquid 2 Murashige and Skoog medium
(Duchefa) supplemented with 1% sucrose (Sigma) and the respective agents.

FRET-FLIM

A Leica TCS SP5 X system equipped with a 63x 1.20 NA water-immersion objective lens
was used for confocal/FLIM imaging. Confocal and FLIM images were acquired by exciting
the respective fluorophores GFP/mCherry using a white-light laser (WLL; or super con-
tinuum laser). This laser emits a continuous spectrum from 470 to 670 nm, within which
any individual excitation wavelength in 1 nm increments can be selected.

For FRET- FLIM experiments, the WLL (470 nm) at a pulsed frequency of 40 MHz was
used. For recording of donor fluorescence, an external fiber output was connected to
the Leica SP5 X scan head and coupled to a Hamamatsu HPM-100-40 Hybrid detector
(Becker & Hickl), which has a time resolution of 120 ps. Selection of GFP fluorescence was
performed using a band pass filter 505-545 nm. Images with a frame size of 64 x 64 pixels
were acquired with acquisition times of up to 90 sec.
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From the fluorescence intensity images the decay curves were calculated per pixel and
fitted with either a mono- or double-exponential decay model using the SPCimage soft-
ware (Becker & Hickl, version 3.2.3.0). The mono-exponential model function was applied
for donor samples with only GFP present. For samples containing two fluorophores, GFP
and mCherry, respectively, a double-exponential model function was used without fixing
any parameter.

To calculate the fraction of interaction pixels (IPS), fluorescence intensity and the cor-
responding fluorescence lifetime data for each pixel were exported from SPCimage and
imported into an Excel spreadsheet (Microsoft® Excel® for Mac 2011, version 14.1.3).
Quantification of interacting pixels was set according to the following criteria. The photon
counts per pixel must be at least 1,200 counts in total using a binning factor of 1, ensuring
a statistically required peak value (= 200 counts) in the respective photon histogram used
for fluorescence lifetime calculation. To ensure a reliable fit, only pixels with x> < 2.5 were
selected. Additionally, fluorescence lifetimes below 1.6 ns and above 2.6 ns respectively
were excluded from the calculation of interacting fractions. The reason for setting these
values was to avoid false positive or negative interactions. The total amount of pixels for
each fluorescence intensity image was set after applying these above-mentioned criteria
resulting almost exclusively in pixels representing PM or adjacent areas. Subsequently, the
average donor fluorescence lifetimes were determined. The individual minimum of a set of
measurements was used to calculate the interaction threshold, which usually corresponded
to a FRET-efficiency of about 13%. Only pixels with fluorescence lifetimes below the inter-
action threshold were collected as interaction pixels. The ratio between interaction pixels
and total amount of selected pixels represented the value of interaction pixels (IPS).

Colocalization analysis

Colocalization analysis of images acquired by confocal laser scanning microscopy was per-
formed using the software FlJI (ImageJA 1.45], Max Planck Society). The plugin “Coloc 2"
allows the quantitative determination of colocalizing fluorescence intensities acquired
in different channels using the methods of Manders and Costes (Manders et al., 1993;
Costes et al., 2004). The obtained modified Manders coefficients were used as fraction
of colocalization for both channels, i.e. colocalization of BRIT-GFP with SERK3-mCherry
or the endosomal markers ARA6-mRFP and ARA7-mRFP and vice versa. Next to modified
Manders coefficients, Pearson correlation coefficients were obtained as a second measure
for colocalization.

Additionally, the FlJI plugin “PSC Colocalization” (French et al., 2008) was applied. Using
this method Pearson correlation and Spearman rank coefficients are obtained as colocaliza-
tion read-outs. Confocal images were either denoised and an intensity threshold of 10 grey
levels was applied prior to the calculation of colocalization coefficients or raw images and
the intensity thresholds as mentioned were applied.
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Statistical Analysis
Statistical analysis was performed using the Excel® sofware (Microsoft® Excel® for Mac
2011, version 14.1.3).

Accession Numbers

Sequence data from this chapter can be found in the Arabidopsis Genome Initiative or
EMBL/GenBank data libraries under accession numbers: BRI1 (AT4G39400), SERK3/BAK1
(AT4G22430), ARA6/RABF1 (AT3G54840) and ARA7/RABF2B (AT4G19640).
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ABSTRACT

Brassinosteroid (BR) signaling in Arabidopsis requires the hetero-oligomerization of the
ligand-perceiving receptor BRI1 and its SERK coreceptors. Recently, it was shown that BRI1
and SERK3 reside as constitutive receptor complexes in the plasma membrane (PM) of root
epidermal cells. However, it is still unknown where or when receptor hetero-oligomers
are established. Here, we performed a comparative colocalization analysis for the two
LRR-RLKs and revealed that both receptors colocalized during anterograde and retrograde
trafficking. In addition, application of FRET-FLIM enabled us to identify BRI1-SERK3 hetero-
oligomers early after biogenesis in restricted areas of the endoplasmic reticulum membrane
system and on the secretory pathway. We conclude that SERK3 and BRI1 hetero-oligomers
are established shortly after biosynthesis and that these preformed BR signaling units are
inserted into the PM of root epidermal cells.
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INTRODUCTION

Steroid hormone signaling plays an essential role in growth and development of animals
and plants (Bishop and Koncz, 2002). In contrast to animal cells, which perceive steroids
by cytosolic receptors (Jensen and DeSombre, 1973), ligand binding in plant cells occurs
at the plasma membrane (PM) (Kinoshita et al., 2005). Brassinosteroids (BRs) bind to
the extracellular island domain of the leucine-rich repeat (LRR) receptor-like kinase (RLK)
Brassinosteroid Insensitive 1 (BRI1) resulting in partial activation of the cytosolic BRI1 kinase
domain by auto-phosphorylation (Wang et al., 2008). Auto-phosphorylated BRI1 kinase
subsequently trans-phosphorylates the BRI1-Kinase Inhibitor 1 (BKI1), which causes dis-
sociation of BKI1 from the ligand bound receptor (Jaillais et al., 2011b). Successively, BRI1
can associate with another LRR-RLK, BRI1-associated kinase 1 (BAK1, Li et al., 2002; also
known as SERK3 for Somatic Embroygenesis Receptor-like Kinase 3) (Wang et al., 2008;
Jaillais et al., 2011a). Through trans-phosphorylation events within this receptor complex
BRI1 gains its full kinase and signaling activity. This way, extracellular perception of BRs by
BRI1 at the PM can be transduced intracellularly via phosphorylation-dependent cascades
and eventually regulates gene transcription via the action of BZR1 and BES1/BZR2 in a BR-
dependent fashion (Wang et al., 2002; Yin et al., 2002; Yin et al., 2005; Kim et al., 2009).

However, recent findings have led to modifications of the BR signaling model, in particu-
lar concerning the early steps of BRI1-mediated signal transduction, the BRI1-BAK1(SERK3)
hetero-oligomerization and the origin of signal propagation. Geldner et al. (2007) proposed
BRI1 to signal predominantly from endosomal compartments, whereas Irani et al. (2012)
showed that the main signaling activity originates from PM-localized BRI1 receptors. Gou et
al. (2012) provided further details for BRIT-mediated signal transduction by demonstrating
the essential role of the SERK1 (Shah et al., 2001), BAK1(SERK3), and BAK1-like 1 (BKKT,
He et al., 2007; also known as SERK4) coreceptors for initiating downstream BR signaling,
instead of only enhancing basal BRI1 activity (Wang et al., 2008). This implies that hetero-
oligomerization of BRI1 and SERK coreceptors is a prerequisite for BR signal transduction
and that BRI1-coreceptor complexes form a BR signaling unit. Additionally, our recent work
(Blcherl et al., submitted) showed that BRIT-BAK1(SERK3) hetero-oligomers reside in the
PM independent of ligand, and are internalized in complex. The biological consequences
of receptor complex preformation are however not fully understood.

Assembly of receptor complexes or subunits prior to localization at the site of signal
perception has so far only been shown in mammalian systems. Subunits of the kainate
receptor (KAR), for example, oligomerize early after biogenesis in the endoplasmic re-
ticulum (ER) followed by their targeted transport through the Golgi apparatus to the PM
(Ma-Hogemeier et al., 2010). Similar observations were made for the PM-localizing type
I and Il transforming growth factor beta (TGFB) receptors. Both types form homodimers
already in the ER and persist at the PM (Gilboa et al., 1998). A possible explanation for

127



128

Chapter 5

such early receptor complex formation may be additional quality control in the ER. Besides
correct folding also initial functionality of the receptor oligomers could be verified before
entering the secretory pathway to the PM (Fleck, 2006; Achour et al., 2008).

Popescu (2012) has recently proposed a model for the anterograde or secretory trans-
port of PM receptors in plants. The biogenesis of PM-localized receptors starts with the
translation in the ER. After maturation, including polypeptide folding and addition of
post-translational modifications (Jirgens, 2004), the nascent receptors undergo ER quality
control, followed by targeted transport from ER exit sites (ERES) (daSilva et al., 2004;
Langhans et al., 2012) to the Golgi apparatus. In contrast to mammalian cells, the higher
plant Golgi apparatus is polydisperse and made up of rapidly moving individual Golgi
stacks (Boevink et al., 1998; Nebenflhr et al., 1999). Here, post-translational modifications
are further processed and additional quality control of the maturing receptors takes place.
Successfully processed receptors leave the Golgi and are sorted in the trans-Golgi network
(TGN) for PM secretion (Richter et al., 2009). Signaling competent receptors reach their
destination through fusion of TGN-derived vesicles with the PM.

Inactive PM receptors often undergo constitutive recycling as described for BRIT and
FLS2 (Geldner et al., 2007; Beck et al., 2012). This endosomal pathway overlaps with but
is distinct from the degradative route, which leads to proteasomal or vacuolar breakdown
of endocytosed PM receptors. Together, these pathways form the retrograde transport
route. Sorting of receptors for recycling or degradation commonly takes place at the TGN,
an interface between anterograde and retrograde trafficking and therefore also called the
early endosome (EE) compartment. However, sorting can also occur later, at the stage of
multivesicular bodies (MVBs), which are matured forms of EEs also known as late endo-
somes (LEs) (Reyes et al., 2011).

The identification of anterograde and retrograde compartments that harbor both
receptors simultaneously is of particular interest, since hetero-oligomerization of BRI1
and BAKT(SERK3) is required for BR signal transduction. For BRI1, localizations to various
endosomal compartments of the two pathways has been documented, whereas little is
known about the cellular distribution of BAK1(SERK3). Besides PM and tonoplast local-
ization (Bucherl et al., submitted), BAK1(SERK3) was only observed in EEs (Russinova et
al., 2004). In contrast, BRI1 was identified at the PM, Golgi, TGN/EE and MVBs using
electron microscopy (Viotti et al., 2010) and live-cell imaging (Friedrichsen et al., 2000;
Geldner et al., 2007; Viotti et al., 2010; Irani et al., 2012). However, neither a comparative
colocalization analysis for the individual receptors nor for both receptors together has
been performed to date. Colocalization and physical interaction of both receptors has only
been described for the PM and brefeldin A (BFA) bodies (Blicherl et al., submitted), which
contain Golgi and TGN/EE moieties (Nebenfuhr et al., 2002).

In this study, we investigated the spatial distribution of BRI1 and BAK1(SERK3) using live-
cell confocal imaging. Colocalization analysis of double transgenic plant lines expressing
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fluorescently tagged organelle markers and either BRI1-GFP or BAK1(SERK3)-GFP led to
the identification of different anterograde and retrograde compartments, to which the two
LRR-RLKs localize during their endosomal trafficking. Subsequently, we defined the cellular
compartments harboring both receptors simultaneously in Arabidopsis protoplasts express-
ing both LRR-RLKs and the respective markers. The ER was identified as the first organelle,
where BRI1T and BAK1(SERK3) colocalize. To test whether the two PM receptors also
physically interact at the site of their biogenesis we performed FRET-FLIM on Arabidopsis
protoplasts expressing BRI1 and BAK1(SERK3) in the presence of an ER marker and hetero-
oligomerization of the two receptors at the ER membrane was revealed. In addition, short-
term heat-shock induction of BRIT was used to confirm hetero-oligomerization of BRI1 and
BAK1(SERK3) on the anterograde transport route to the PM. Thus, the BRIT-BAK1(SERK3)
signaling unit is established shortly after synthesis of its two main components.

RESULTS

BRI1 and SERK3 follow the traditional anterograde transport route

To investigate the localization of BRIT and BAK1(SERK3) at subcellular level, double trans-
genic plants harboring BRI1-GFP (Friedrichsen et al., 2000) or BAK1(SERK3)-GFP (Li et al.,
2002) and the corresponding markers tagged with either mCherry or mRFP were generated.
For convenience we will only refer to SERK3 in the following sections, without its BAK1
designation. The first cellular compartment, where BRI1 and SERK3 were expected to local-
ize to, was the ER. WAVE6-mCherry was used (NIP1;1, Geldner et al., 2009) as ER-marker
and confocal live-cell imaging revealed BRIT-GFP and SERK3-GFP fluorescence at their site
of biogenesis in Arabidopsis root epidermal cells. As shown in Figure 1C and 1L, BRI1-GFP-
and SERK3-GFP-positive vesicular structures located closely to the ER network. Only a few
of these ER-associated endomembrane compartments were visible in each image for both
of the receptors. However, colocalization analysis using Pearson and Spearman correlation
coefficients as read-out showed clear positive correlation between WAVE6-mCherry and
either BRIT-GFP or SERK3-GFP fluorescence signals (Table 1), whereby higher correlation
coefficients were obtained for BRI1-GFP.

After translation in the ER, proteins are usually targeted to the Golgi apparatus. WAVE18-
mCherry (Got1p homolog, Geldner et al., 2009), which is a marker for Golgi stacks, was
coexpressed with either BRI1-GFP or SERK3-GFP in Arabidopsis roots. Due to the mobile
nature of the Golgi apparatus (Boevink et al., 1998; Nebenfuhr et al., 1999) confocal time-
lapse imaging was performed to determine whether BRI1 and SERK3 associate with this
organelle. As reported previously, BRI1-GFP was present in numerous vesicular structures
(Friedrichsen et al., 2000; Geldner et al., 2007; Viotti et al., 2010; Irani et al., 2012), similar
to the appearance of WAVE18-mCherry-labeled Golgi stacks. Many BRI1-GFP-positive en-
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Figure 1: BRI1 and SERK3 follow the traditional anterograde transport route from ER to PM.
Live-cell confocal imaging was performed on 5 day old Arabidopsis seedling roots harboring either
BRI1-GFP or SERK3-GFP and the respective markers tagged with mCherry or mRFP. For labeling of the
ER WAVE6-mCherry was used, Golgi stacks were marked using WAVE18-mCherry and the TGN/EE was
visualized with mRFP tagged VHAa1. Scale bars represent a distance of 5 pm.

(A-C) Confocal images of BRI1-GFP (A) and the ER marker WAVE6-mCherry (B) as well as the
corresponding merged image (C).

(D-F) Confocal images of BRI1-GFP (D) and Golgi stacks labeled with WAVE18-mCherry (E) as well as
the corresponding merged image (F).

(G-I) Confocal images of BRIT1-GFP (G) and VHAa1-mRFP marked TGN/EE (H) as well as the
corresponding merged image (1).

(J-L) Confocal images of SERK3-GFP (J) and WAVE6-mCherry labeled ER (K) as well as the
corresponding merged image (L).

(M-0) Confocal images of SERK3-GFP (M) and WAVE18-mCherry as Golgi marker (N) as well as the
corresponding merged image (O).

(P-R) Confocal images of SERK3-GFP (P) and TGN/EE labeled with VHAa1-mRFP (Q) as well as the
corresponding merged image (R).

domembrane compartments were closely associated with Golgi structures, however, only a
few compartments showed a true overlap in fluorescence (Figure 1F), which is in line with
the findings of Viotti et al. (2012) using electron microscopy. The colocalization quantifica-
tion using Pearson and Spearman correlation coefficients also reflected this observation.
Both coefficients were lower compared to the ER colocalization analysis (Table 1), but the
positive values clearly indicate interdependency of fluorescence intensities derived from
the Golgi-marker and BRI1-GFP. Similar results were obtained when SERK3-GFP was coex-
pressed with WAVE18-mCherry. Both correlation coefficients decreased in respect to the
colocalization analysis performed on the ER compartment as shown in Table 1. Comparable
to the findings for BRI1-GFP, SERK3-GFP-positive vesicular structures were found to associ-
ate with Golgi stacks, but only a minority showed direct fluorescence overlap (Figure 10).
This hints towards a short residence time and only transient localization of both receptors
in the Golgi apparatus. In contrast to BRIT1-GFP, the total number of vesicular structures
harboring SERK3-GFP was low (Figure 1).

The limited number of SERK3-GFP-positive endomembrane structures also resulted in
low correlation coefficients for the next compartment during the secretory transport, the
TGN. Analysis of confocal time-lapse images obtained from Arabidopsis root epidermal
cells expressing SERK3-GFP and the TGN-marker VHAa1-mRFP (Dettmer et al., 2006)
revealed only a low number of endosomal compartments harboring fluorescently tagged
SERK3 and TGN-marker simultaneously, as shown in Figure 1R. This observation was also
reflected by Pearson and Spearman correlation coefficients of 0.02 £ 0.03 and 0.16 + 0.05,
respectively (Table 1). The situation changed completely when BRI1-GFP and VHAa1-mRFP
were coexpressed. BRI1 clearly localized to the TGN, as also shown by Viotti et al. (2010)
and Irani et al. (2012), and a high overlap of GFP and mRFP fluorescence was observed
(Figure 11 & Table 1). A large number of endomembrane compartments was doubly labeled
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Table 1: Quantification of colocalization between BRI1-GFP or SERK3-GFP with different
organelle markers of the anterograde transport route.

Confocal images or time-lapse series of epidermal cells in 5 old Arabidopsis roots coexpressing
BRI1-GFP or SERK3-GFP with the respective subcellular markers tagged with mCherry or mRFP
were analyzed for colocalization using ImageJ 1.47g and the plugin “PSC Colocalization”. Given
are the Pearson correlation and Spearman rank coefficients = S.E.M.. “N” represents the number
of images or time-lapse series analyzed.

WAVE6-mCherry WAVE18-mCherry VHAa1-mRFP

r(Pearson) r(Spearman) N r(Pearson) r(Spearman) N r(Pearson) r(Spearman) N

BRIT-  043%0.04 0.56+0.05 15 0.24%0.03° 0.37 +0.05 23 0.71 +0.02:> 0.62 +0.03° 22
GFP

SERK3- 0.33+0.03 0.43+0.03 27 -0.13 +0.04* 0.06 + 0.06" 24 0.02 + 0.03** 0.16 % 0.05* 22
GFP

2 The mean difference is significant at the p < 0.05 level compared to WAVE6-mCherry (two-tailed
Student’s t-test for equal variance).

® The mean difference is significant at the p < 0.05 level compared to WAVE18-mCherry (two-
tailed Student’s t-test for equal variance).

with BRIT-GFP and VHAa1-mRFP and were maintained during a time course of 2.5 min
used for time-lapse imaging.

Taken together, the colocalization analysis of BRIT-GFP and SERK3-GFP with the corre-
sponding markers for ER, Golgi and TGN revealed that both LRR-RLKs follow the traditional
anterograde transport route, whereby high colocalization values for both receptors were
obtained for the ER, the site of their biogenesis.

BRI1 and SERK3 localize to MVBs

After localization of BRI1 and SERK3 in different secretory compartments was identified,
also colocalization of both receptors with specific markers for the retrograde transport was
investigated. The TGN/EE as bifunctional organelle involved in exo- and endocytosis repre-
sents the first endocytic compartment. However, localization of both receptors to TGN/ EE
was already visualized using VHAa1-mRFP (Figure 1 and Table 1). Therefore ARA7/Rab F2b,
which labels both EE and LE/MVBs (Ueda et al., 2004; Ebine et al., 2011), was selected as
suitable marker to study the subsequent retrograde trafficking route of BRI1 and SERK3. As
shown in Figure 2A, for BRIT-GFP and ARA7-mRFP high fluorescence overlap was observed
during confocal time-lapse imaging, which resulted in Pearson and Spearman correlation
coefficients of 0.73 £ 0.01 and 0.68 + 0.01 (Table 2), respectively. In contrast, SERK3-GFP
localized only marginally to ARA7/Rab F2b-mRFP-positive endosomal compartments. Only
for a small number of vesicular structures direct GFP and mRFP fluorescence overlap was
observed (Figure 21), which is also indicated by the low values of Pearson and Spearman
correlation coefficients given in Table 2.
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Figure 2: BRI1 and SERK3 localize to EE and LE/MVBs during their retrograde trafficking.
Confocal live-cell imaging was performed on 5 day old Arabidopsis seedling roots expressing either
BRI1-GFP or SERK3-GFP in combination with ARA7/Rab F2b-mRFP or ARA6/Rab F1-mRFP for labeling
EE and LE or LE/MVBs, respectively. Scale bars represent a distance of 5 pm.

(A-C) Confocal images of BRI1-GFP (A) and ARA7/Rab F2b-mRFP labeled EE and LE (B) as well as the
corresponding merged image (C).

(D-F) Confocal images of BRI1-GFP (D) and LE/MVBs labeled with ARA6/Rab F1-mRFP (E) as well as the
corresponding merged image (F).

(G-I) Confocal images of SERK3-GFP (G) and the EE/LE marker ARA7/Rab F2b-mRFP (H) as well as the
corresponding merged image (1).

(J-L) Confocal images of SERK3-GFP (J) and ARA6/Rab F1-mRFP labeled LE/MVBs (K) as well as the
corresponding merged image (L).

(M) Electron microscopic image showing the localization of SERK3-GFP to the limiting membrane of a PVC.
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Table 2: Quantitative colocalization between BRI1-GFP or SERK3-GFP with markers for
retrograde trafficking compartments.

Confocal time-lapse series of epidermal cells in 5 old Arabidopsis roots coexpressing BRI1-GFP or
SERK3-GFP with either ARA6-mRFP labeling MVBs or ARA7-mRFP labeling EEs and MVBs were
analyzed for colocalization using ImageJ 1.47g and the plugin “PSC Colocalization”. Given are
the Pearson correlation and Spearman rank coefficients = S.E.M.. “N” represents the number of
time-lapse series analyzed.

ARA6-mRFP ARA7-mRFP
r(Pearson) r(Spearman) N r(Pearson) r(Spearman) N
BRI1-GFP 0.66 +0.03 0.60 +0.04 22 0.73 +0.01° 0.68 + 0.01° 20
SERK3-GFP 0.08 £ 0.04 0.18 +0.07 23 0.03 +£0.05 0.15 + 0.07 18

2 The mean difference is significant at the p < 0.05 level compared to ARA6-mRFP (two-tailed
Student’s t-test for equal variance).
® The mean difference is significant at the p < 0.05 level compared to ARA6-mRFP (one-tailed
Student's t-test for equal variance).

A homolog of ARA7/Rab F2b, ARA6/Rab F1, was used to label the next step of endosomal
trafficking. ARA6/Rab F1 localizes mainly to LE/MVBs, which mature from EEs (Ebine et al.,
2011). Colocalization analysis of Arabidopsis roots coexpressing SERK3-GFP and ARA6/
Rab F1-mRFP resulted in a trend towards elevated correlation coefficients compared to the
results obtained with ARA7/Rab F2b (Table 2). Still, the majority of ARA6/Rab F1-labeled
MVBs did not show direct fluorescence overlap with SERK3-GFP-positive endosomal com-
partments (Figure 2I). Again, for BRIT-GFP a much higher colocalization with this MVB
marker was observed (Figure 2F and Table 2). However, in contrast to SERK3-GFP the
Pearson and Spearman correlation coefficients decreased slightly compared to the ARA7/
Rab F2b colocalization analysis, in accordance with the constitutive recycling of BRI1-GFP
(Geldner et al., 2007).

Using electron microscopy Viotti et al. (2010) also showed that BRIT-GFP localizes to
MVBs. In particular, localization of BRI1 to the inner vesicles of MVBs was observed. The
same experimental setup in addition revealed that SERK3-GFP localizes to the limiting
membrane of prevacuolar compartments (PVCs), which may be derived from TGN/EE or
Golgi vesicles (Wolfenstetter et al., 2012) after endocytosis (Figure 2M).

Thus, we conclude that both BRIT and SERK3 localize to MVBs during retrograde traf-
ficking, however, both receptors may also follow different routes after endocytosis from
the PM.

BRI1 and SERK3 colocalize during their antero- and retrograde transport

To address where BRI1-SERK3 hetero-oligomers reside or are established, the subsets of
cellular compartments that harbor both receptors needed to be identified. For this purpose
BRIT and SERK3 were transiently expressed in Arabidopsis mesophyll protoplasts in the
presence of the respective organelle markers. Subsequently, the number of endomem-
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brane compartments for both receptors and the corresponding marker as well as the
amount of vesicular structures harboring all three proteins simultaneously was determined.
An endomembrane compartment was defined as circular, fluorescently intense structure
of approximately the size of an individual TGN/EE (Figure 3). First, protoplasts expressing
ARA6/Rab F1-mRFP were transfected with SERK3-sCFP and BRI1-sYFP. BRI1-sYFP was pres-
ent in a larger number of endomembrane compartments than SERK3-sCFP, similar to the
observations in planta (Figure 3). The ratio between BRI1- and SERK3-positive vesicular
structures was approximately two and stayed constant throughout the protoplast experi-
ments, independent of the marker background (Table 3). BRI1-sYFP and SERK3-sCFP were
found together in about 38% of ARA6/Rab F1-mRFP labeled MVBs, the highest value
observed for any of the organelle markers (Table 3). Finding a high degree of BRIT-SERK3
colocalization in LE/MVBs suggests that a considerable amount of endocytosed receptor
hetero-oligomers is subject to vacuolar degradation. The total number of endomembrane
structures that were positively labeled by the two LRR-RLKs and the marker protein was
almost identical for ARA6/Rab F1 and ARA7/Rab F2b, as shown in Table 3. However, the
higher amount of ARA7/Rab F2b-mRFP vesicular structures compared to ARA6/Rab F1-
mRFP (Figure 30 & 39) led to reduction in colocalization of BRI1 and SERK3 with ARA7/Rab
F2b to around 25% (Table 3).

SERK3-sCFP and BRI1-sYFP also colocalized in VHAa1-mRFP labeled TGN/EE and WAVE 18-
mCherry labeled Golgi compartments in protoplasts (Figure 3H & 3L). The percentage of
colocalization was determined to approximately 14% and 11% for TGN/EE and Golgi,
respectively (Table 3). The total numbers of colocalizing endomembrane compartments
containing both LRR-RLKs and the respective fluorescently labeled marker protein were
reduced as well in respect to the results obtained for the retrograde markers ARA7/Rab F2b
and ARA6/Rab F1, as shown in Table 3. Whereas around two TGN/EE compartments per
confocal section contained BRI1-sYFP and SERK3-sCFP simultaneously, the value decreased
to below one for the colocalization of both LRR-RLKs with Golgi stacks (Table 3).

Since the ER is a continuous endomembrane compartment, colocalization of BRI1 and
SERK3 with the ER-marker AtVMA21 (Neubert et al., 2008) was determined analogous
to the in planta analysis. BRI1-sYFP and SERK3-sCFP showed a clear fluorescence overlap
in AtVYMA21-mRFP labeled endomembranes, as shown in Figure 3A. Similar as observed
for the individual receptors (Figure 1 & Table 1), high Pearson and Spearman correlation
coefficients were obtained for the colocalization of both proteins in the ER.

Taken together, BRI1 and SERK3 not only localize individually to different stages of the
retrograde and secretory pathways, but also colocalize in the respective endomembrane
compartments. Colocalization of the BR signaling unit forming LRR-RLKs was most promi-
nent at late stages of their lifespan and at the site of their biogenesis.
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Figure 3: BRI1 and SERK3 colocalize during secretory and endocytic endosomal trafficking.
BRI1-sYFP and SERK3-sCFP were coexpressed in Arabidopsis mesophyll protoplasts with markers

for antero- and retrograde trafficking. Confocal imaging of the protoplasts was performed 16-24 h
after transfection. For labeling the ER AtVMA21-mRFP was additionally cotransfected. For all other
compartments protoplasts were isolated from the respective transgenic lines and cotransfected with
the BRIT and SERK3 constructs. For Golgi stack-labeling WAVE18-mCherry was used. TGN/EE was
labeled using VHAa1-mRFP and EE/LE or LE/MVBs were marked using ARA7/Rab F2b-mRFP or ARA6/
Rab F1-mRFP, respectively.

(A-D) Confocal images of BRI1-sYFP (A), SERK3-sCFP (B), AtVMA21-mRFP labeled ER (C), and the
corresponding merged image (D).

(E-H) Confocal images of BRIT-sYFP (E), SERK3-sCFP (F), Golgi stacks labeled with WAVE18-mCherry
(G), and the corresponding merged image (H).
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(I-L) Confocal images of BRIT-sYFP (I), SERK3-sCFP (J), VHAa1-mRFP labeled TGN/EE (K), and the
corresponding merged image (L).

(M-P) Confocal images of BRIT-sYFP (M), SERK3-sCFP (N), EE and LE labeled with ARA7/Rab F2b-mRFP
(0), and the corresponding merged image (P).

(Q-T) Confocal images of BRI1-sYFP (Q), SERK3-sCFP (R), ARA6/Rab F1-mRFP labeled LE/MVBs (S), and
the corresponding merged image (T).

Scale bars represent a distance of 5 pm.

Table 3: Quantification of endosomal compartments harboring BRI1-sYFP2 and SERK3-
sCFP3A during the anterograde and retrograde transport.

The number of endosomal compartments labeled by the respective marker as well as BRI1-sYFP
and SERK3-sCFP was counted and colocalization was quantified based on confocal images
obtained from protoplasts transiently transfected with the corresponding vector constructs.

For quantification of ER colocalization (AtVMA21-mRFP) colocalization was determined analog
to Table 1 and 2. "EMCs" represents the number of endomembrane compartments and the
“Qverlap” is given as absolute number or as percentage of “Marker EMCs”. “N"” represents the
number of images analyzed. “r(P)” and “r(S)" represent the Pearson and Spearman correlation
coefficients, respectively.

AtVMA21-mRFP WAVE1S- VHAa1-mRFP ARA6-mRFP ARA6-mRFP
mCherry

rP) r(S) N BRI1T SERK3 N BRI1 SERK3 N BRI1T SERK3 N BRI1 SERK3 N

0.72+0.75 % 9.84+ 547 + 11.24 6.11 = 11.03 6.72+ 1149 6.49 +
0.02 0.02 22 EMCs 0.79 0.65 38 +0.73 0.53 37 +0.90 0.56 32 +0.95 0.40 »

Marker
EMCs

Overlap [#] 0.68 +0.17 1.92 +0.19° 2.94 +0.26%° 2.71 £0.18%

24.69 =
2.6420¢

532 +0.66 15.65+1.19 9.28 +0.76 13.69 £ 1.13

Overlap [%] 11.3+3.14 14.37 £ 1.52 37.58 + 4.572°

2 The mean difference is significant at the p < 0.05 level compared to WAVE18-mCherry (two-
tailed Student'’s t-test for equal variance).

> The mean difference is significant at the p < 0.05 level compared to VHAa1-mRFP (two-tailed
Student's t-test for equal variance).

< The mean difference is significant at the p < 0.05 level compared to ARA6-mRFP (two-tailed
Student’s t-test for equal variance).

BRI1 and SERK3 hetero-oligomerize soon after biogenesis in the ER

Based on the high degree of colocalization of both receptors especially in the ER, direct
physical interaction between BRI1 and SERK3 was probed first in this particular organelle.
Therefore FRET-FLIM was performed on double transfected Arabidopsis protoplasts ex-
pressing BRI1-sCFP and the ER-marker AtVMA21-mRFP or triple transfected protoplasts
expressing additionally SERK3-sYFP. A donor fluorescence lifetime of BRI1-sCFP of approxi-
mately 2740 ps was found along the AtVYMA21-mRFP labeled ER membranes (Table 4).
This fluorescence lifetime served as control and was compared to the donor fluorescence
lifetime of BRIT-sCFP in the presence of the FRET acceptor SERK3-sYFP. As shown in
Table 4, for triple transfected protoplasts an average donor fluorescence lifetime at the
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Table 4: Numerical FRET-FLIM analysis performed on ER compartments of transiently
transfected Arabidopsis protoplasts.

Physical interaction between BRI1 and SERK3 in the ER was determined by FRET-FLIM analysis
16-24 h after transient transfection of Arabidopsis mesophyll protoplasts expressing BRI1 or/
and SERK3 with the corresponding tags and AtVMA21-mRFP as ER marker. CERK1-sCFP in
combination with SERK3-sYFP served as negative control. “1” represents the average donor
fluorescence lifetime determined from sCFP fluorescence + S.E.M., “FRET" represents the FRET-
efficiency and “N” represents the number of ROIs analyzed.

T [ps] FRET [%] N
CERK1-sCFP 2908 + 14 33
CERK1-sCFP/SERK3-sYFP 2781 £ 17 4.19+0.56 35
BRI1-sCFP 2744 £ 18 17
BRI1-sCFP/SERK3-sYFP 2505 + 25 8.69 + 0.90° 34
SERK3-sCFP 2292 + 30 30
SERK3-sCFP/BRI1-sYFP 2039 £ 33 11.07 £ 1.42° 31

2 The mean difference is significant at the p < 0.05 level compared to the negative control (two-
tailed Student’s t-test for equal variance).

ER membrane of around 2510 ps was observed. This reduction in BRI1-sCFP fluorescence
lifetime corresponds to a FRET efficiency of about 9% and indicates that BRIT and SERK3
hetero-oligomerize already at the ER, the very beginning of the secretory pathway. In
Figure 4 the corresponding fluorescence intensity and color-coded fluorescence lifetime
images are presented and show that the reduction in donor fluorescence lifetime was not
uniform. Large parts along the ER membrane did not show a significant FRET efficiency,
even though BRI1-sCFP and SERK3-sYFP colocalized. Only in few spatially restricted areas
a drastic reduction in donor fluorescence became evident, resulting in FRET efficiencies up
to about 20% (Figure 4). This interaction pattern is in accord with our recent observations
of BRIT-SERK3 hetero-oligomers in planta, which showed a non-uniform distribution along
the PM (BUcherl et al., 2013). The obtained results for ER oligomerization of the two LRR-
RLKs were confirmed by swapping the fluorescence tags between BRI1 and SERK3, which
led to similar FRET efficiencies, and by comparison to a negative control, for which SERK3
was coexpressed with CERK1, a plant immunity receptor most likely not interacting with
the SERK coreceptor (Gimenez-lbanez et al., 2009) (Figure 4 and Table 4).

Thus, in contrast to the relative homogenous distribution and colocalization of BRI1 and
SERK3 along the ER membrane of Arabidopsis mesophyll protoplasts, hetero-oligomeriza-
tion of both receptors soon after biogenesis is restricted to distinct ER membrane areas.

Hetero-oligomers of newly synthesized BRI1 and SERK3 receptors are
maintained during anterograde transport in Arabidopsis roots

To verify that the observed complexes are indeed composed of newly synthesized receptor
molecules and to address whether hetero-oligomers are maintained during anterograde
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Figure 4: BRI1 and SERK3 hetero-oligomerize during their biogenesis in the ER.

In vivo confocal imaging and FRET-FLIM was performed on Arabidopsis mesophyll protoplasts 16-24 h
after transfection. The ER marker AtVMA21-mRFP was used to label ER membranes. FRET-donors were
tagged with sCFP and sYFP-labeling was used for the respective FRET-acceptor constructs.

(A1-A4) Fluorescence lifetime image (A1) and confocal fluorescence intensity images of CERK1-sCFP
(A2) and AtVMA21-mRFP labeled ER (A3) as well as the corresponding merged image (A4).

(B1-B5) Fluorescence lifetime image (B1) and confocal fluorescence intensity images of CERK1-sCFP
(B2), AtYMA21-mRFP labeled ER (B3), and SERK3-sYFP (B4) as well as the corresponding merged
image (B5).

(C1-C4) Fluorescence lifetime image (C1) and confocal fluorescence intensity images of BRI1-sCFP (C2)
and AtVMA21-mRFP labeled ER (C3) as well as the corresponding merged image (C4).

(D1-D5) Fluorescence lifetime image (D1) and confocal fluorescence intensity images of BRI1-sCFP
(D2), AtVMA21-mRFP labeled ER (D3), and SERK3-sYFP (D4) as well as the corresponding merged
image (D5).

Scale bars indicate a distance of 5 um and the color bar represents the false-color code for the
fluorescence lifetime images.

trafficking a stable transgenic Arabidopsis line expressing heat-shock inducible BRI1-YFP
(Geldner et al., 2007) and pSERK3::SERK3-mCherry was examined shortly after heat-shock
induction. BRIT-YFP requires more than 1 h after heat-shocking to reach a detectable
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Figure 5: Newly synthesized BRI1 and SERK3 receptors hetero-oligomerize during the
anterograde transport in Arabidopsis roots.

FRET-FLIM on roots of 5 day old Arabidopsis seedlings expressing heat-shock inducible BRI1-YFP or
coexpressing BRIT-YFP and SERK3-mCherry, grown for 2 days in medium containing 5 uM BRZ. PIN2-
GFP in combination with SERK3-mCherry served as negative control.

(A) Fluorescence lifetime image of heat-shock inducible BRI1-YFP after BFA treatment (50 uM, 1 h) and
heat-shock induction (30 min).

(B) Fluorescence lifetime image of heat-shock inducible BRI1-YFP in the presence of SERK3-mCherry
after BFA treatment (50 uM, 1 h) and heat-shock induction (30 min).

(C) Fluorescence lifetime image of heat-shock inducible BRI1-YFP after simultaneous BFA and Tyr23
application (50 pM each, 1 h) and heat-shock induction (30 min).

(D) Fluorescence lifetime image of heat-shock inducible BRIT-YFP in the presence of SERK3-mCherry
after simultaneous BFA and Tyr23 treatment (1 pM, 1 h) and heat-shock induction (30 min).

(E) Fluorescence lifetime image of PIN2-GFP after BFA application (50 uM, 1 h).

(F) Fluorescence lifetime image of PIN2-GFP in the presence of SERK3-mCherry after BFA treatment
(50 pM, 1 h).

(G) Fluorescence lifetime image of PIN2-GFP after simultaneous BFA and Tyr23 application (50 upM
each, 1 h).

(H) Fluorescence lifetime image of PIN2-GFP in the presence of SERK3-mCherry after simultaneous BFA
and Tyr23 treatment (50 pM each, 1 h).

Heat-shock induction was performed at 37°C in liquid half-strength MS for 30 min in the presence

of BFA or BFA/Tyr23. To avoid heat-shock artifacts the negative controls were also subjected to the
same heat-shock conditions. 24-epi-brassinolide (BL) was used throughout the experiments. Color bar
represents a false color-code for BRI1-GFP fluorescence lifetimes (t). Scale bars correspond to a size of
5pm.

fluorescence signal at the PM (Viotti et al., 2010). Within that time frame, we could not
obtain sufficient signal for reliable FRET analysis in the internal membrane compartments.
Therefore the secretory inhibitor brefeldin A (BFA) was employed to obtain a higher local
concentration of fluorescent proteins. Using immuno-gold labeling, Viotti et al. (2010)
showed the accumulation of BRI1-YFP prior to detectable fluorescence at the PM in Golgi
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Table 5: Fluorescence lifetime analysis of immuno-labeled BRI1-YFP.

Quantitative FRET-FLIM analysis of measurements performed on immuno-labeled roots of 5 day old
heat-shock inducible BRIT-YFP and BRI1-YFP/SERK3-mCherry expressing seedlings using PIN2-GFP
in combination with SERK3-mCherry as negative control. Endogenous BRs were depleted by BRZ
treatment (5 uM). Heat-shock induction of BRI1-YFP was carried out at 37°C in liquid half-strength
MS in the presence of BFA or BFA/Tyr23. BFA and Tyr23 were applied in concentrations of 50 uM.
The T values given represent Alexa488 donor fluorescence lifetimes of the immuno-labeled

YFP and GFP moieties of BRI1-YFP or PIN2-GFP, respectively, in ps £ S.E.M.. “N” represents the
number of analyzed fluorescence lifetime images.

BFA BFA+Tyr23
T [ps] FRET [%] N T [ps] FRET [%] N
PIN2-GFP 2031 + 12 31 2091 + 21 29
PIN2-GFP/SERK3-mCherry 1917 £ 17° 56+0.8 34 1994 + 172 46+0.8 30
BRI1-YFP 2237 +19 24 2019 + 12 28

BRI1-YFP/SERK3-mCherry 1965 +20*° 12.2+0.9° 33 1870+ 11*  7.4+06°> 32

2 The mean difference is significant at the p < 0.05 level compared to donor only (PIN2-GFP or
BRI1-YFP) samples (two-tailed Student’s t-test for unequal variance).

® The mean difference is significant at the p < 0.05 level compared to PIN2-GFP/SERK3-mCherry
samples (two-tailed Student's t-test for equal variance).

and TGN, compartments sensitive to BFA (Nebenfihr et al., 2002). Therefore BRZ-cultured
BRIT-YFP and BRI1-YFP/SERK3-mCherry seedlings were heat-shocked in the presence of
BFA and fixed 30 min after induction. Subsequently, roots were immuno-labeled with pri-
mary antibodies against the YFP and mCherry epitopes and visualized using Alexa488- and
Alexa568-conjugated secondary antibodies. As shown in Figure 5A and 5B, heat-shock
induced BRIT-YFP accumulated in BFA compartments of epidermal Arabidopsis root cells
but was absent at the PM, in contrast to constitutively expressed PIN2-GFP, which in com-
bination with SERK3-mCherry was used as a negative control (Figure 5E and 5F). To reveal
whether in the observed BFA compartments BRI1-YFP and SERK3-mCherry are already in
close physical proximity, FRET-FLIM was performed. The color-coded fluorescence lifetime
images of Alexa488-labeled BRIT-YFP or Alexa488-/Alexa568-labeled BRI1-YFP/SERK3-
mCherry expressing roots are presented in Figure 5. For BFA compartments containing
BRIT-YFP only a Alexa488 fluorescence lifetime of about 2200 ps was determined (Figure
5A and Table 5), while in the presence of Alexa568-labeled SERK3-mCherry a significant
reduction in donor fluorescence lifetime of approximately 300 ps was observed (Figure 5B
and Table 5). This indicates the existence of BRI1-SERK3 hetero-oligomers on the antero-
grade transport route.

To confirm that the observed BRIT-SERK3 hetero-oligomers are indeed formed by newly
translated BRI1-YFP and SERK3-mCherry moieties, these experiments were also conducted
under simultaneous application of BFA and Tyrphostin A23 (Tyr23), an inhibitor of clathrin-
mediated endocytosis. BRIT-YFP and SERK3-mCherry also associated under these condi-
tions in BFA compartments, though to a smaller extent, as shown in Figure 5D and Table 5.

141



142

Chapter 5

In conclusion, we could show that BRIT and SERK3 individually follow the traditional
secretory pathway and also localize to EE and LE after endocytosis from the PM. However,
we observed only subpopulations of both receptors trafficking together through the cel-
lular endomembrane system. Most importantly, we identified that the first endomembrane
compartment, in which BRI1T and SERK3 colocalize, the ER, is also the site where BRI1-
SERK3 hetero-oligomers are established to form a BR signaling unit. These BR signaling
units are maintained during the anterograde transport to the PM, the compartment of
ligand perception and exhibition of signaling activity.

DISCUSSION

In the present study, live-cell and immuno-fluorescence imaging was employed to illumi-
nate the endosomal trafficking of the BR signaling unit forming LRR-RLKs BRI1 and SERK3.
We showed that these RLKs individually follow the traditional secretory pathway, via ER,
Golgi, TGN/EE to the PM, that they reside in LE/MVBs, and that the two receptors also
colocalize in the respective endsomal compartments. Additionally, we revealed that the ER
is the organelle, where BRIT-SERK3 hetero-oligomers are established, and that complexes
of newly synthesized receptor molecules are maintained during the anterograde transport.

Homo- and hetero-oligomerization of plant PM receptors in the ER has not been re-
ported so far, in contrast to mammalian systems. Ma-Hogemeier et al. (2010) showed
the association of glutamate receptor subunits in the ER and additionally the target
transport to the PM, similar to our observations of newly synthesized BRI1-SERK3 hetero-
oligomers on the anterograde transport route. Receptor complex assembly at an early
stage of biogenesis was also demonstrated for other classes of PM-localizing proteins
like TGFR receptors (Gilboa et al., 1998) or G-protein coupled receptors (GPCRs) (Boyd,
2002; Herrick-Davis et al., 2006; Canals et al., 2009; Van Craenenbroeck et al., 2011), for
which ER hetero-oligomerization has been studied most extensively. Van Craenenbroeck
et al. (2011) reported the functional significance of GPCR complex preformation in the
ER by demonstrating enhanced folding efficiency, ER export and cell surface trafficking.
Co- and post-translational interaction of nascent polypeptide chains is thought to mimic
chaperone functions and thereby accelerating the folding process. Receptor oligomeriza-
tion thus increases the probability of passing the ER quality control and of entering the
secretory pathway (Van Craenenbroeck, 2012). A similar explanation could account for
the observation of reduced amounts of BRI1-GFP in serk 1serk3 coreceptor loss-of-function
mutant backgrounds (Supplemental Figure S1). The lack of BRI1-coreceptor interactions
may increase ER residence time of newly synthesized BRI1-GFP and lead to enhanced ER-
associated degradation (ERAD) (Van Craenenbroeck, 2012). The essential role of ERAD for
BRI1 biogenesis has been shown by several studies that revealed mechanistic details of
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bri1-5 and bri1-9 ER retention (Hong et al., 2008; Hong et al., 2009; Su et al., 2011; Hong
et al., 2012; Huttner et al., 2012).

Besides assisting receptor biogenesis and cell surface trafficking, ligand-independent
receptor oligomerization was shown to directly affect the signaling of PM-localized
receptors. Receptor complex preformation can enhance ligand binding by reducing the
dimensionality due to elevated local receptor density and increased avidity for the ligand
(Ehrlich et al., 2012). Ligand availability can also lead to enhanced oligomer formation of
PM receptors as shown for epidermal growth factor receptor (EGFR) (Hofman et al., 2010),
TGFp receptor (Rechtman et al., 2009), bone morphogenetic protein (BMP) receptor (Nohe
et al., 2002), and also the receptor combination investigated here, BRI1 and SERK3 (Wang
et al., 2005; Biicherl et al., submitted). Notably, for BMP receptors differential signaling
responses (Nohe et al., 2002) and endocytotic routes (Hartung et al., 2006) for preformed
and ligand-induced receptor complexes were observed. This led to the hypothesis that
low ligand concentrations predominantly activate signaling from preassembled receptor
complexes, while increased ligand availability shifts the equilibrium towards signaling
from complexes induced by ligand-dependent recruitment. Such a mechanism could have
important implications, for example, for morphogenic gradients in development (Ehrlich
etal., 2011). This hypothesis for animal systems could also be addressed by a comparative
receptor complex analysis in respect to BRIT-SERK mediated BR signaling, since especially
young and developing tissues show high BR contents (Shimada et al., 2003).

Next to the identification of the ER as an important assembly line for ligand-independent
BRIT-SERK3 hetero-oligomers, the present study also revealed other cellular compart-
ments for BRI1 and SERK3 endosomal trafficking. This was of particular interest, since
BRIT was reported to signal from PM (Irani et al., 2012) as well as endosomes (Geldner
et al.,, 2007) and requires hetero-oligomerization with SERK coreceptors for initiating
downstream responses (Gou et al., 2012). BRI1 localizes to Golgi and TGN/EE during the
anterograde transport, as observed by Viotti et al. (2010) using electron microscopy, which
was extended in this study by observing BRI1 at the ER. Additionally, colocalization of BRI1
with SERK3 along the secretory pathway was shown, suggesting that BRI1-SERK3 receptor
complexes, which are established in the ER, remain associated and are inserted in the PM
in a hetero-oligomerized form. Similar observations were found in mammalian systems for
KAR (Ma-Hogemeier et al., 2010) and TGFp receptors (Gilboa et al., 1998). The marginal
colocalization of fluorescently tagged BRIT and SERK3 with WAVE18-mCherry-labeled
Golgi stacks indicates a short transit time for the individual receptors as well as for the
BRI1-SERK3 hetero-oligomers (Figure 1 and 3, Table 1 and 3). A possible explanation could
be the specific biochemical processes occurring in the individual biosynthetic compart-
ments. In the Golgi apparatus only post-translational modifications take place, whereas in
the ER processes like translation, folding, hetero-oligomerization and quality control occur.
These processes most likely require a longer turnover time than enzymatic reactions carried
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out in the Golgi. The TGN/EE represents the main sorting machinery for endosomal traf-
ficking and is moreover part of the retrograde pathway. Thus, BRIT and SERK3 receptors
colocalizing with the TGN/EE marker VHAa1-mRFP are most likely combined populations
of the secretory and endocytic transport. This accounts in particular for BRI1, which was
shown to undergo ligand-independent constitutive recycling (Geldner et al., 2007).

Constitutive recycling was recently also reported for another plant LRR-RLK (Beck et al.,
2012), Flagellin Sensing 2 (FLS2). This RLK is a PM receptor involved in bacterial immunity
(Gomez-Gémez and Boller, 2000) and forms strictly ligand-dependent hetero-oligomers
SERK3 (Chinchilla et al., 2007; Schulze et al., 2010). In contrast to BRI1, FLS2 showed
enhanced internalization upon exogenous activation with flg22, the minimal epitope
of bacterial flagellin recognize by this LRR-RLK. Live-cell imaging additionally revealed
activation- and time-dependent colocalization of FLS2 with ARA7/Rab F2b and ARA6/
Rab F1, both markers for the retrograde transport route. In general, a higher colocaliza-
tion of FLS2 with ARA7/Rab F2b was observed, which is a Rab GTPase that labels EE and
LE/MVBs simultaneously (Ueda et al., 2004; Ebine et al., 2011). This is in line with our
observations for BRI1, whereas individual SERK3 receptors and SERK3 in combination
with BRI1 colocalized preferentially with ARA6/Rab F1 (Table 2), which is a marker for
LE/MVBs (Ueda et al., 2004, Ebine et al., 2011) and labels more specifically endosomal
compartments directed for vacuolar degradation. A reason for finding higher colocaliza-
tion of BRI1 and FLS2 with ARA7/Rab F2b may be the overlapping populations of labeled
vesicular structures composed of EE and LE/MVB, which therefore harbor receptors de-
termined for both recycling and degradation. That SERK3 was predominately associated
with ARA6/Rab F1-labeled LE/MVBs suggests a differential endocytic route compared to
the ligand binding receptors FLS2 and BRI1, in agreement with the different BFA sensi-
tivities reported for SERK3 and BRI1 (Blcherl et al., 2013). The observation of elevated
colocalization between BRI1 and SERK3 with ARA6/Rab F1 in respect to ARA7/Rab F2b
also shows a certain degree of overlap in retrograde trafficking. A possible scenario is
that activated endocytosed BRIT-SERK3 hetero-oligomers remain intact and are subject
to vacuolar degradation, whereas the non-interacting receptor pool follows a separate
trafficking pathway. However, based on the electron microscopic details provided by
Viotti et al. (2010) and here, this has to be seen with caution. The observation of BRI1
in luminal MVB vesicles (Viotti et al., 2010) indeed would lead to vacuolar degradation.
SERK3 instead was found at the limiting membrane of PVCs. Fusion of PVCs with the
vacuole therefore would result in localization of SERK3 to the tonoplast, as observed
by Blcherl et al. (submitted). These PVCs may originate from TGN/EE- or Golgi-derived
vesicles after the endocytosis of SERK3 from the PM (Wolfenstetter et al., 2012). To find
SERK3 at this particular membrane entity supports the hypothesis that BRI1 and SERK3
may indeed follow distinct endoytic routes. But it also means endocytosed SERK3 may
undergo recycling independent of BRI1.
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Another scenario is therefore the disassembly of BRI1-SERK3 hetero-oligomers at the
transition from TGN/EE to LE/MVB, followed by vacuolar degradation of activated BRI1
receptors and reinsertion of SERK3 into the PM to establish de novo receptor complexes
with ligand bound BRI1 at the cell surface as also discussed by Beck et al. (2012). This
possibility is very tempting, especially since SERK3 protein is less abundant than BRI1 (van
Esse et al., 2011) and only a small fraction of this coreceptor participates in BR response
(Albrecht et al., 2012), whereas the majority is involved in various other signaling pathways
(Chinchilla et al., 2009). Differences in protein abundance were still visible in this study,
even though overexpression systems were employed that may give rise to aberrant protein
levels compared to endogenous expression. However, these systems are of great value,
especially for investigating endosomal trafficking, and produce reliable data (Denecke et
al., 2012).

In summary, live-cell confocal imaging was conducted for visualizing endosomal traf-
ficking of the BR signaling components BRI1 and SERK3. Our study showed that sub-
populations of BRI1 and SERK3 shuttle together through the endomembrane system of
Arabidopsis during antero- and retrograde transport. A possible compartment of BRI1-
SERK3 BR signaling unit disassembly may be the TGN/EE, whereas the ER was defined as
the compartment of receptor complex assembly. Biogenesis of both receptors in the ER
is accompanied by hetero-oligomerization, which emphasizes functional importance and
the notion that protein oligomers or supramolecular structures instead of sole linear signal
transduction pathways are an inevitable component of PM receptor signaling.

MATERIALS AND METHODS

Growth conditions

Arabidopsis (Arabidopsis thaliana) plants (ecotype Columbia [Col-0]) were used as wild
type. Seeds were surface sterilized and germinated on %2 Murashige and Skoog medium
(Duchefa) supplemented with 1% sucrose (Sigma) and 0.8% Daishin agar (Duchefa). Plants
were grown at 22 °C under fluorescent light, with 16 h light/8 h dark photoperiods, unless
otherwise specified. Transgenic seedlings were selected on %> Murashige and Skoog me-
dium (Duchefa) supplemented with 1% sucrose (Sigma) and 0.8% Daishin agar (Duchefa)
containing 50 mg/L kanamycin (Duchefa), 15 mg/L phosphinothricin (PPT, Duchefa) or both.

Col-0 plants expressing BRI1 fused to GFP under its native promoter resulting in an
about three-fold overexpression were provided by J. Chory (Friedrichsen et al., 2000). Col-0
plants expressing BRIT-YFP under control of a heat-shock promoter were obtained from
N. Geldner (Geldner et al., 2007). SERK3-mCherry was generated as described previously
(Chapter 3). The PIN2::PIN2-GFP (Abas et al., 2006) expressing line was provided by C.
Schwechheimer.
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Dual-color fluorescently tagged plant lines were generated by crossing either BRI1-GFP
(Friedrichsen et al., 2000), BRI1-YFP (Geldner et al., 2007), PIN2-GFP (Abas et al., 2006) or
SERK3-GFP (BAK1-GFP, Li et al., 2002) with SERK3-mCherry (Chapter 3), WAVE6-mCherry
(Geldner et al., 2009), WAVE18-mCherry (Geldner et al., 2009), VHAa1-mRFP (Dettmer
et al., 2006), ARA7/Rab F2B-mRFP (provided by K. Schumacher, Heidelberg, Germany),
and ARA6/Rab F1-mRFP (provided by K. Schumacher, Heidelberg). F1 lines were used for
marker colocalization imaging experiments. For FRET-FLIM using the heat-shock inducible
BRI1-YFP line homozygous BRI1-YFP/SERK3-mCherry seedlings were used.

Fixation and Immuno-cytochemical labeling

For the immuno-labeling experiments 5 day old seedlings were used. Treatments and fixa-
tion were performed in 24-well plates used for cultivation. Prior to treatments, seedlings
were washed once with 1 mL %2 Murashige and Skoog medium (Duchefa) supplemented
with 1% sucrose (Sigma). For stimulation experiments seedlings were incubated for 1 h in
1 mL %2 Murashige and Skoog medium supplemented with 1% sucrose and the respective
agents. Final concentrations used were 50 uM brefeldin A (Sigma) and 50 uM tyrphostin
A23 (Sigma). The stock solutions were 50 mM brefeldin A and 50 mM tyrphostin A23, both
dissolved in dimethylsulfoxide (Merck). After treatment, seedlings were washed once with
PBS buffer pH 6.9. Subsequently, seedlings were fixed, placed on SuperFrost object slides
(Menzel-Glaser) and immuno-labeled (Sauer et al., 2006). Antibodies used were rabbit-
anti-GFP (generated by Eurogentec), mouse-anti-mCherry, goat-anti-rabbit-Alexa488 and
goat-anti-mouse-Alexa568 (all Invitrogen).

Heat-shock induction

To induce BRIT-YFP expression and translation seedlings were transferred to preheated
liquid half-strength MS medium containing either 50 uM brefeldin A or 50 uM brefeldin A
and 50 pM tyrphostin A23. Seedlings were incubated for 30 min at 37 °C. After heat-shock
application seedlings were transferred back to liquid half-strength MS medium contain-
ing the respective agents, followed by incubation under the regular growth conditions.
Fixation of brefeldin A treated samples occurred after 30 min of recovery time, whereas
brefeldin A/ tyrphostin A23 treated samples were fixed 1.5 h after heat-shock induction
due to the delay of BRIT-YFP translation in the presence of tyrphostin A23.

Confocal imaging

Live root imaging was performed on a confocal laser scanning microscope (Leica TCS SP5
X system, Mannheim, Germany). GFP was excited using an argon laser (488 nm) and
fluorescence emission was detected from 500-540 nm. mCherry and mRFP were excited
using a white light continuum laser selecting the 580 nm laser line. Fluorescence was
detected from 590-640 nm. Images were captured using a 63x water immersion objective
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with a numeric aperture of 1.2 with a pinhole set to 1 Airy unit. Confocal images were
analyzed with FlJI software (ImageJA 1.45j, Max Planck Society).

Transmission Electron Microscopy

Four- to five-day-old Arabidopsis root tips were cut from the seedling, submerged in freez-
ing media composed by 140 mM sucrose, 7 mM trehalose and 7 mM Tris buffer (pH
6.6), transferred into planchettes (Wohlwend GmbH, Sennwald, Switzerland; type 241
and 242) and frozen in a high-pressure freezer (HPM010; Bal-Tec). Freeze substitution was
performed in a Leica EM AFS2 freeze substitution unit (Leica; Germany) in dry acetone
supplemented with 0.4% uranyl acetate at —85°C for 16 h before gradually warming up
to =50 °C over an 5-h period. After washing with 100% ethanol for 60 min, the roots
were infiltrated and embedded in Lowicryl HM20 at =50 °C (intermediate steps of 30, 50,
75% HM20 in ethanol, 1 h each), and polymerized for 3 days with ultraviolet (UV) light
in the freeze substitution apparatus. To increase sectioning quality, the blocks were then
hardened with UV light for another 4 h at room temperature. Ultrathin sections were cut
on a Leica Ultracut S (Leica) and incubated with antibodies against GFF at a dilution of
1:150, followed by incubation with 10-nm gold-coupled secondary antibodies (BioCell
GAR10; BioCell) at a dilution of 1:50 in PBS supplemented with 1% BSA. Sections were
post-stained with aqueous uranyl acetate/lead citrate and examined in a JEM1400 trans-
mission electron microscope (JEOL, Japan) operating at 80 kV. Micrographs were recorded
with a FastScan F214 digital camera (TVIPS, Germany). This procedure was also previously
applied in Viotti et al. (2010).

Colocalization Analysis

Colocalization analysis was performed using the “PSC colocalization” plugin for Image)
(version 1.47g). Prior to colocalization analysis confocal images or time-lapse series were
processed using the ImageJ plugin “Pure Denoise”. Subsequently, regions of interest (ROIs)
were selected and colocalization analysis was carried out using a threshold of 10. For
z-stack or time-lapse series all images were analyzed in one set. For colocalization analysis
of confocal images obtained from Arabidopsis protoplasts denoising was performed as
well, prior to manual counting of endosomal compartments.

FRET-FLIM

FRET is a photo physical process in which the excited-state energy from a fluorescent donor
molecule is transferred non-radiatively to an acceptor molecule. FRET is based on weak di-
pole—dipole coupling and therefore can only occur at molecular distances. There are several
methods to quantify and visualize FRET, of which donor fluorescence lifetime imaging is
the most straightforward, since a fluorescence lifetime is concentration-independent prop-
erty. However, fluorescence lifetimes are sensitive to the environment, which is the basis
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for FRET-FLIM. FRET-FLIM experiments consist of measuring donor fluorescence lifetimes
in the absence (tD) and presence (1,,) of acceptor molecules resulting in spatially resolved
color-coded lifetime images. Observation of a decreased donor fluorescence lifetime is
used as read-out for molecular interactions (Borst and Visser, 2010).

A Leica TCS SP5 X system equipped with a 63x 1.20 NA water-immersion objective
lens was used for confocal/FLIM imaging. Confocal and FLIM images were acquired by
exciting the respective fluorophores GFP/mCherry/mRFP using a white-light laser (WLL;
or super continuum laser). This laser emits a continuous spectrum from 470 to 670 nm,
within which any individual excitation wavelength in 1 nm increments can be selected.
For excitation of sCFP3A and sYFP2 (Kremers et al., 2006), a diode laser (440 nm) or the
514 nm line of an Argon laser was used, respectively. Confocal imaging was performed
using internal filter-free spectral photomultiplier tube (PMT) detectors. For GFP detection
a spectral window of 500-550 was selected, whereas mCherry/mRFP was detected using
590-640 nm. Detection of sCFP3A and sYFP2 was accomplished using a spectral window
of 450-500 or 520-560 nm, respectively. Confocal images were acquired with 512 x 512
pixels.

For FRET- FLIM experiments, a pulsed diode laser (440 nm) or WLL (470 nm) at a pulsed
frequency of 40 MHz was used. For recording of donor fluorescence, an external fiber
output was connected to the Leica SP5 X scan head and coupled to a Hamamatsu HPM-
100-40 Hybrid detector (Becker & Hickl), which has a time resolution of 120 ps. Selection
of sCFP3A fluorescence was performed using band pass filters 470-500. Images with a
frame size of 64 x 64 pixels were acquired with acquisition times of up to 90 sec.

From the fluorescence intensity images the decay curves were calculated per pixel and
fitted with either a double- or triple-exponential decay model using the SPCImage software
(Becker & Hickl, version 3.2.3.0). The double-exponential model function was applied for
donor samples with only sCFP3A and mRFP present. For samples containing three fluoro-
phores, sCFP3A, sYFP2, and mRFP respectively, a triple-exponential model function was
used without fixing any parameter.

Statistical Analysis

Statistical analysis was performed using the Excel® sofware (Microsoft® Excel® for Mac
2011, version 14.1.3).

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome Initiative or EMBL/
GenBank data libraries under accession numbers: BRIT (AT4G39400), PIN2 (AT5G57090),
SERK3/BAK1 (AT4G22430), WAVE/NIP1;1 (AT4G19030), WAVE18/Gotlp homolog
(AT3G03180), ARA6/RABF1 (AT3G54840), ARA7/RABF2B (AT4G19640) and VHA-A1
(AT2G28520).
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SUPPLEMENTAL MATERIAL

Figure S1: The BRI1-GFP level is reduced in absence of the SERK1T and SERK3 coreceptors.
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Figure S1: The BRI1-GFP level is reduced in absence of the SERK1 and SERK3 coreceptors.
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Confocal imaging was performed on 5 day old live Arabidopsis seedling roots expressing BRI1-GFP in
wild type or the indicated serk? serk3 loss-of-function mutant backgrounds. Meristematic epidermal
root cells were imaged. Subsequently, fluorescence intensities were quantified for whole cells or
separate for PM and cytosol. Scale bars indicate a distance of 5 pm.

(A) Quantification of total BRI1-GFP fluorescence intensities in wild type, serk1-1 serk3-1, and serk1-3
serk3-2 double mutant backgrounds.

(B) Confocal images of BRIT-GFP in wild type and serk7-3 serk3-2 loss-of-function mutant
backgrounds.

(C) Quantification of the subcellular BRI1-GFP distribution.

Quantification of BRI1-GFP fluorescence intensities derived from wild type and mutant backgrounds
showed a reduction of BRI1-GFP protein abundance in absence of the SERK1 and SERK3 coreceptors.
Still, the subcellular distribution remained constant.

The reduced amount of BRI1-GFP may result from enhanced ERAD of newly translated BRI1-GFP due
to the loss of interaction with the coreceptors in the ER during receptor biogenesis.
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SUMMARY

Living matter is continuously challenged by the dynamics of its environment and intrinsic
fluctuations. In the course of evolution, cells have developed mechanisms to detect and
adapt to environmental and endogenous cues by the use of a wide array of receptors (Afzal
et al., 2008). These receptors perceive specific signals, which, in turn, initiate a sequence
of molecular events within the cells that convert signal perception into an adequate physi-
ological response. Collectively, these processes of signal perception, signal transmission
and cell adaptation represent so-called signal transduction pathways.

For the perception of signals such as hormones or pathogens cells are equipped with
receptors that are often located at the cell surface. In plants, many of these receptors be-
long to the class of leucine-rich repeat receptor-like kinases (LRR-RLKs) (Shiu and Bleecker,
2001). They comprise an extracellular LRR domain for ligand binding, a transmembrane
domain, which anchors them within the plasma membrane (PM) of their host cells, and
an intracellular kinase domain for transducing the event of ligand binding into the cell
interior. One of the best-described plant LRR-RLKSs is the Brassinosteroid insensitive 1 (BRIT)
receptor. Since the discovery in 1997 (Li and Chory, 1997) its mode of action has been
studied extensively and has resulted in the elucidation of a complete set of molecular com-
ponents constituting the brassinoteroid (BR) signal transduction pathway (Clouse, 2011).
BRs, the ligands of BRI1, are a group of polyhydroxy lactones that are structurally similar
to animal steroid hormones (Grove et al., 1979). This class of phytohormones regulates
several aspects of plant growth and development (Kutschera and Wang, 2012). During the
last decade it has been shown that BRI1 indeed perceives BRs at the PM (Kinoshita et al.,
2005), however, initiation of BR signal transduction requires interaction of BRI1 with other,
non-ligand binding receptors (Nam and Li, 2002; Wang et al., 2008; Gou et al., 2012).
These coreceptors belong to the family of Somatic embryogenesis receptor-like kinases
(SERKs) and have a related structural architecture to BRI1, but with a smaller extracellular
domain. Three members of this protein family are involved in BR signaling: SERK1, SERK3
(also known as BAK1 for BRI1-associated kinase 1), and SERK4 (also known as BKK1 for
BAK1-like kinase 1). Besides their role as coreceptors of BRI1, the SERKs have also been
implicated in various other signaling processes like somatic embryogenesis, male fertility,
cell death regulation and plant immunity (Chinchilla et al., 2009).

In the first Chapter of this thesis, the BR signaling pathway was introduced in further
detail and it was highlighted how genetic and biochemical approaches attributed to the
identification of cellular components that link signal perception of BRs at the PM to BR-
dependent transcriptional regulation in the nucleus. Based on these findings a model for
BRI1-mediated signal transduction was established, which often serves as a paradigm for
plant PM receptor signaling. Even though the molecular determinants of BR signaling
have been revealed, full mechanistic detail is still missing. The aim of this thesis was to
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describe BRI1-mediated signal transduction and the respective role of SERK3, the main
coreceptor of BR signaling (Albrecht et al., 2008), at (sub)cellular level in Arabidopsis roots.
For this purpose different fluorescence imaging techniques were applied, which allowed
investigating the spatiotemporal localization and interaction dynamics of BRI1 and SERK3
in their natural environment.

One of the main microscopic methods applied throughout this thesis was fluorescence
lifetime imaging microscopy (FLIM). Most imaging approaches, like confocal microscopy,
only rely on fluorescence intensities as read-outs. However, the fluorescence lifetime 1 is
an additional parameter of fluorescence microscopy. This parameter is sensitive to the local
environment of fluorescent probes and therefore can be exploited to illuminate cellular
processes in live cells and tissues. In Chapter 2, the theoretical background of FLIM was
introduced and it was illustrated how this technique can be used to reveal protein-protein
interactions in Arabidopsis mesophyll protoplasts based on Forster resonance energy trans-
fer (FRET). Next to a protocol for protoplast isolation and transient transfection, we provided
a tutorial for analyzing time-resolved fluorescence intensity images using the software pack-
age SPCImage (Becker & Hickl). By determining the fluorescence lifetimes of a FRET donor
fluorophore in the absence and the presence of a FRET acceptor chromophore physical
interaction between the fluorescently tagged proteins of interest can be deduced. If the two
proteins of interest, and thus the conjugated fluorophores, reside in close proximity FRET
can occur and will result in a decrease of donor fluorescence lifetime. Besides the applicabil-
ity to live cells and organisms, another important advantage of FRET-FLIM is the possibility to
spatially resolve protein interactions within the two-dimensional imaging plane.

In Chapter 3, this technique was applied to live Arabidopsis roots. In our attempt to
visualize the molecular events upon initiation of BR signaling, we performed FRET-FLIM on
a double transgenic plant line expressing BRI1-GFP (Friedrichsen et al., 2000) and SERK3-
mCherry. In accord with the current model of BR signal transduction (Jaillais et al., 2011a),
a time-dependent and ligand-induced hetero-oligomerization between BRI1 and SERK3
was observed, similar to previous reports using coimmunoprecipitation (Wang et al., 2005;
2008; Albrecht et al., 2012). In addition, the spatially resolved FLIM images enabled us
to localize these BRI1-SERK3 receptor complexes to restricted areas within the PM of live
epidermal root cells, a cell file known to exhibit active BR signaling (Hacham et al., 2011).
Application of brefeldin A (BFA), a fungal toxin reported to inhibit recycling (Nebenfuhr
et al., 2002), allowed the visualization of intracellular receptor oligomers, which were
most likely endocytosed from the PM. In contrast to the established BRI1 signaling model,
FRET-FLIM revealed that a substantial amount of the BRI1-SERK3 hetero-oligomers was
preformed. Constitutive receptor oligomerization is a well-established concept in animal
signaling research (Gadella and Jovin, 1995; Martin-Fernandez et al., 2002; Issafras et
al., 2002; Van Craenenbroeck et al., 2011), however in the plant field only a single study
reported similar findings (Shimizu et al., 2010).
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Besides the physical interaction between BRI1 and SERK3, also their localization and
colocalization patterns were investigated (Chapter 3). As expected, most of the fluores-
cently tagged receptors localized to the PM. The intracellular fraction of BRIT-GFP mainly
resided in punctate endosomal structures as documented previously (Geldner et al., 2007,
Viotti et al., 2010; Irani et al., 2012). Similar endomembrane compartments were also
observed for SERK3-mCherry, though to a lesser extent. In contrast to BRI1, for SERK3 an
additional intracellular compartment was elucidated, the tonoplast. A further difference in
the localization patterns of BRI1 and SERK3 was revealed when BFA was applied. Whereas
BRIT-GFP strongly accumulated in BFA bodies, SERK3-GFP was only marginally affected,
which hints at a differential endocytic pathway for both receptors. Although BRI1 and
SERK3 showed distinct localization patterns, the two fluorescently tagged proteins also
overlapped to some degree. Comparative colocalization analysis revealed that both the
PM and the intracellular overlap between both LRR-RLKSs is responsive to the BR signaling
status. Application of brassinolide (BL), an endogenous BRI1 ligand, as well as BFA, which
was demonstrated to elevate BR signaling activity (Geldner et al., 2007; Irani et al., 2012),
resulted in an increased number of colocalizing BRI1 and SERK3 proteins. Thus FRET-FLIM
and confocal imaging based colocalization analysis indicated that activation of the BR
signaling system is accompanied by spatially distinct association of the two signal transduc-
tion inducing receptors BRI1 and SERK3.

As just illustrated, fluorescence microscopy is a valuable tool for investigating signal
transduction processes in the natural environment of the executing molecular components.
Unfortunately, a major drawback of the various techniques is that often only qualitative
read-outs are obtained. Therefore we examined (Chapter 4) two different quantitative
colocalization approaches in their ability to discriminate varying colocalizing protein
populations. First, the cytosolic colocalization of BRI1-GFP with the endosomal marker
proteins ARA6 and ARA7 was investigated. Both tested and freely available ImageJ plugins
Coloc2 and PSC Colocalization (French et al., 2008) revealed that BRI1-GFP preferentially
localized to ARA7-mRFP labeled endosomal compartments. This finding was confirmed by
manual counting of the respective endosomal structures and verified the reliability of the
two quantitative colocalization methods. A biological explanation of the obtained result
is given by the identity of the labeled endomembrane compartments. ARA7 localizes to
both early endosomes (EEs), which enable recycling to the PM, and late endosomes (LEs;
also known as multivesicular bodies [MVBs]), which are determined for vacuolar fusion.
In contrast, ARA6 labels mainly LEs/MVBs. Thus both markers overlap to a certain degree
during the maturation of LE but still have distinct localization patterns (Ueda et al., 2004;
Ebine et al., 2011). Since BRI1 undergoes constitutive recycling (Geldner et al., 2007), our
finding of preferential colocalization between BRI1 and ARA7 is plausible. In addition,
similar observations were recently also reported for Flagellin sensing 2 (FLS2), an LRR-RLK
involved in plant immunity, which also exhibits constitutive recycling (Beck et al., 2012).
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After establishing the applicability of both colocalization approaches, we also intended
to confirm our previous observation of increased BRIT and SERK3 colocalization in response
to BFA obtained with the Coloc2 plugin (Chapter 3). The application of PSC Colocalization
indeed confirmed our initial colocalization results. The elevated colocalization of BRI1 and
SERK3 upon drug treatment mostly like reflects the PM-stabilizing effect of BFA (Irani et
al., 2012), which may also account for SERK3, since both Manders’ colocalization coef-
ficients were increased. Nonetheless, a difficulty of quantitative colocalization analysis is
the interpretation of colocalization coefficients obtained for individual images. However,
they enable to assess image data sets, recorded under the same imaging conditions, in a
comparative manner and that way allow to draw quantitative conclusions (Dunn et al.,
2011).

Colocalization analysis is not the only approach that suffers from qualitative read-outs
and interpretations. The same accounts for FRET-FLIM studies. In particular the observa-
tion of preformed BRIT-SERK3 hetero-oligomers triggered our interest in developing a
quantitative FLIM analysis procedure, which would be able to resolve ligand-independent
and ligand-induced receptor complex populations. The details of our approach, which
is based on time-correlated single photon count (TCSPC) measurements, were described
in Chapter 4. Using this novel FLIM analysis procedure enabled us to estimate the dif-
ferent populations of BRI1 and SERK3 complexes. Upon BL stimulation around 10% of
PM-located BRIT-GFP receptors were in complex with SERK3-mCherry. This finding is in line
with recently reported data based on an in silico modeling approach (van Esse et al., 2012)
and semi-quantitative coimmunoprecipitation (Albrecht et al., 2012), which suggested that
active BR signal transduction involves between 1-10% of BRI1 receptors. Unfortunately,
there are no quantitative data available for constitutive BRIT1-SERK3 hetero-oligomers, even
though their existence was proposed (Wang et al., 2005). Based on our imaging approach
and analysis procedure we estimate that approximately 70% of PM BRI1-SERK3 hetero-
oligomers are preformed.

Finding such a considerable amount of preformed BRI1-SERK3 receptor complexes in
the PM of root epidermal cells was intriguing since it contradicts the current view on
BR signaling, which assumes a strictly ligand-dependent association of the two LRR-RLKs
(Jaillais et al., 2011a). This posed the question when or where these preformed complexes
are established. To address this point we investigated in Chapter 5 which cellular compart-
ments harbor individual BRI1 and SERK3 receptors, and in which organelles these two
receptors colocalize. Comparative colocalization analysis in live Arabidopsis roots revealed
that both LRR-RLKs follow the traditional secretory and retrograde transport routes. These
observations confirmed and extended previous findings for BRI1 using live cell (Friedrichsen
et al., 2000; Geldner et al.,, 2007; Viotti et al., 2010; Irani et al., 2012) and electron
microscopy (Viotti et al., 2010). For SERK3, to date only localization to EEs was suggested
(Russinova et al., 2004).
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Using the transient expression system of Arabidopsis protoplasts we could moreover
show that both receptors also colocalize in the various endomembrane compartments
of anterograde and retrograde trafficking. However, using electron microscopy a striking
difference between their localization in retrograde endosomal compartments was eluci-
dated. Whereas BRI1 was previously shown to reside at the membranes of the enclosed
vesicles (Viotti et al., 2010), SERK3 was visualized at the limiting membrane of prevacuolar
compartments (PVCs). This finding also explains, why SERK3, but not BRI1, was observed
at the tonoplast (Chapter 3). Fusion of MVBs with the vacuole results in the release of BRI1
along with the inner MVB vesicles into the vacuolar lumen. PVC-localized SERK3 instead is
incorporated into the tonoplast after membrane fusion.

Collectively, the colocalization analysis of BRIT and SERK3 with respect to endomembrane
compartments revealed that subpopulations of both LRR-RLKs probably follow the same
route to the PM, but that after endocytosis from the PM, possibly during the maturation
of TGN/EEs to LEs/MVBs, a separation occurs. Still, these findings do not answer where or
when BRI1-SERK3 hetero-oligomers are established. For that reason we applied FRET-FLIM
on the subcellular compartment, in which BRI1 and SERK3 colocalized for the first time,
the endoplasmic reticulum (ER). Similar to our observations at the PM of root epidermal
cells (Chapter 3), most of the ER membrane did not show BRI1-SERK3 receptor complexes.
Still, in restricted ER membrane regions strongly reduced donor fluorescence lifetimes were
observed, indicating that BRIT-SERK3 hetero-oligomers are established already in the ER
before entering the anterograde trafficking pathway. Finally, using a heat-shock inducible
plant system we could confirm the establishment of BRI1-SERK3 hetero-oligomers shortly
after biogenesis on their way to the PM. Thus, the observed preformed receptor complexes
in the PM of root epidermal cells (Chapter 3) mostly likely originated from the ER and were
inserted via targeted transport into the PM, the site where they fulfill their function as BR
signaling units.
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GENERAL DISCUSSION

Growing evidence emphasizes the interplay between the spatiotemporal dynamics of sig-
naling components and the downstream signaling outputs (Dehmelt and Bastiaens, 2010).
Therefore in this thesis different fluorescence microscopic techniques were employed to
illuminate the subcellular fluctuations of BRI1 and SERK3, the basic components of the
main BR signaling unit (Nam and Li, 2002; Albrecht et al., 2008; Gou et al., 2012).

SERK3's autonomy at the tonoplast

The comparative localization analysis revealed that BRIT and SERK3 colocalize to a vary-
ing degree in all of the investigated cellular compartments. Only for one organelle, the
tonoplast, a difference was found. At first glance, the tonoplast localization of SERK3 may
not seem of significant importance. However, it actually could point to one of the SERK3
functions, to transmit the primary BR signal to downstream targets of the BR signaling
pathway.

The vacuole of plant cells has many different functions besides its role as the cellular
waste bin, such as the enormous storage capacity for ions, like K*, Mg?, NO*, or Ca*
(Peiter, 2011; Etxeberria et al., 2012). The release of ions from the vacuole is regulated
via tonoplast-resident ion channels (Peiter, 2011; Etxeberria et al., 2012). Interestingly, a
recent report suggests a possible link between BR and calcium signaling (Oh et al., 2012a).
Thus, to find SERK3 at this particular endomembrane compartment may indicate an ad-
ditional tie between these two signaling pathways.

Besides a possible role for tonoplast-localized SERK3 in regulating cytosolic Ca?* levels, it
could also be involved in the vacuolar release of additional classes of ions. An early cellular
response of BR signaling is the hyperpolarization of the PM (Caesar et al., 2011). Caesar et
al. (2011) could link this change of the electro-chemical potential to PM-bound H*-ATPase
(P-ATPase) activity. However, it cannot be ruled out that different ion sources, like the
vacuole, are involved in the observed PM hyperpolarization. A role of SERK3 in regulating
cellular ion concentrations, released from the vacuole or generated by other means, is a
tempting hypothesis since the heterologous expression of BRI1 alone in Nicotina benthami-
ana failed to alter the cellular electro-chemical potential, even though P-ATPase homologs
are present in the PM of this plant species (Caesar et al., 2011).

The same study revealed a P-ATPase-dependent cell wall expansion in response to
brassinolide (BL), which required the physical interaction of P-ATPase and BRI1 (Caesar et
al., 2011). But biosynthesis and modifications of cell walls not only involve P-ATPases, also
vacuolar H*-ATPases (V-ATPases) contribute to these processes in a BR-dependent fashion
(Kutschera et al., 2010). Therefore a possible scenario is that PM-residing H*-ATPases
underlie the control of BRI1, and that tonoplast-localized SERK3 regulates the activity of
their vacuolar counterparts. Hence, next to a regulative role of SERK3 in BRI1 trafficking
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(Russinova et al., 2004) and BRI1 kinase activation (Wang et al., 2008) this RLK could also
exhibit autonomous functions by controlling elements of cell wall biosynthesis and ion
transport.

This hypothesis is of particular interest in the light of the plentiful pathways this corecep-
tor participates in. In addition to its role in BRI1-mediated signal transduction, SERK3 is also
an essential component of plantimmunity and cell death regulation (Chinchilla et al., 2009).
One of the first reactions of plants in response to pathogenic invaders is calcium spiking
(NUrnberger et al., 2004). At latter stages, defense responses can include the fortification
of cell walls and the hypersensitive response, the locally restricted cell death of attacked
plant cells (Jones and Dangl, 2006). For both plant immunity and cell death the vacuole
plays an important role by providing a reservoir of defense proteins and lytic enzymes
(Hara-Nishimura and Hatsugai, 2011). To observe the multifaceted SERK3 coreceptor at the
tonoplast is therefore an intriguing finding and may help to understand why this particular
LRR-RLK has been hijacked by various functionally diverse ligand-binding receptors.

BR versus immune signaling

The participation of the SERK3 as a coreceptor in distinct physiological pathways, like
BR and immune signaling, also opens up the possibility to unravel different regulatory
principles of PM receptor signaling by studying a single protein. Here, | want to focus on
the hetero-oligomerization profile of SERK3 and the ligand-binding receptors BRI1 and
FLS2. Our FRET-FLIM analysis showed that activation of BR signaling results in the induction
of BRIT-SERK3 hetero-oligomers, although with slow kinetics, since a significant increase
was only observed 30 min after BL stimulation. Similar results were obtained by Albrecht et
al. (2012) using coimmunoprecipition and also the phosphorylation kinetics of BRI1 are in
line with our observations (Oh et al., 2012b). But these findings are in stark contrast to the
rapid association and trans-phosphorylation between SERK3 and FLS2, which occur almost
instantaneously upon ligand application (Schulze et al., 2010). This suggests fundamental
differences in the activation mechanisms of BR and immune signaling.

Activation of the first layer of plant immunity, to which FLS2 belongs (Monaghan and
Zipfel, 2012), is elicited by so-called danger-associated molecular patterns (DAMPs).
These elicitors are mainly derived from microbes and can indicate the onset of pathogen
invasion. This also accounts for the ligand of FLS2, which is derived from the bacterial
flagellin protein. Thus a rapid activation of immune signaling is desirable to restrict and
fight colonization of the plant by pathogenic invaders. In contrast, BRs are endogenous
phytohormones regulating many aspects of plant growth and development. Moreover,
they result in concentration-dependent opposing physiological responses (van Esse et
al., 2012). To avoid adverse effects of fluctuating hormone concentrations and to ensure
robustness of the signaling system, BR signaling may be subject to an activation threshold
or fold-change regulation (Hart and Alon, 2013). As a consequence, only changes in ligand
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availability over an extended time frame or above certain concentrations would result in
adjustments of signaling output.

An alternative, but not independent, explanation for the differences in immune and
hormone signaling could be given by another striking difference we observed for the
hetero-oligomerization profile of SERK3 with the two ligand-binding receptors BRI1 and
FLS2. Whereas coimmunoprecipitation experiments indicate that FLS2 and SERK3 only as-
sociate upon ligand binding (Schulze et al., 2010), we observed a substantial amount of
preformed BRIT-SERK3 receptor complexes using FRET-FLIM. These constitutive receptor
complexes may represent the perception system for endogenous and very low amounts of
ligand (Shimada et al., 2003). In response to further increasing ligand concentrations the
de novo formation of BRI1-SERK3 hetero-oligomers may follow.

That preformed receptor complexes indeed could make a difference for signaling regula-
tion is in line with observations for animal signaling systems. The dimerization of Toll-like
receptor 4 (TLR4), an innate immune receptor, is regulated by ligand binding (Saitoh et al.,
2004), whereas receptors that perceive endogenous ligands, like the epidermal growth
factor receptor (EGFR) (Martin-Fernandez et al., 2002; Bader et al., 2009), the insulin
receptor (Massague et al., 1980), or chemokine receptors (Issafras et al., 2002), form
constitutive oligomers. For EGFR and other receptor classes, an additional increase of de
novo oligomers in response to exogenously applied ligand has been shown as well (Martin-
Fernandez et al., 2002; Ehrlich et al., 2012), similar to our findings.

Functional significance of preformed receptor oligomers

The observation of preformed BRIT-SERK3 hetero-oligomers was intriguing, even though
we could not elucidate biological consequences for these constitutive receptor units to
date. However, their early establishment shortly after biosynthesis in the ER hints towards a
functional significance. Receptor biogenesis accompanied receptor oligomerization has not
been described for other plant signaling systems, but was observed for several classes of
animal receptors (Issafras et al., 2002; Ehrlich et al., 2011; Van Craenenbroeck et al., 2011).

Studies of these mammalian receptor systems revealed that constitutive receptor oligo-
merization affects receptor biogenesis itself as well as the trafficking and signaling of the
involved receptor protomers (Bai, 2004; Wang and Norcross, 2008; Springael et al., 2005;
Ehrlich et al., 2012; Van Craenenbroeck, 2012).

In particular for G-protein coupled receptors (GPCRs), increasing evidence has accumu-
lated that the interactions of newly translated polypeptide chains may mimic chaperone
functions and accelerate protein folding (Van Craenenbroeck, 2012). This in turn reduces
the residence time of maturing receptor molecules in the ER, avoids recognition by the
ER-associated protein degradation (ERAD) system, and thus increases the probability of
receptor oligomers to reach the cell surface. Experimentally this was shown by rescuing the
PM expression of a folding mutant in response to coexpression with a wild type protomer
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variant (Van Craenenbroeck et al., 2011). The importance of ER processing and ERAD
components during the biogenesis of BRI1 has been revealed by several studies (Hong
et al., 2012; 2008; 2009; Su et al., 2011; Cui et al., 2012). In addition, our imaging data
showed reduced BRI1 protein abundance in serk1serk3 mutant backgrounds (Chapter 5).
Therefore it is tempting to speculate that the observed hetero-oligomerization of BRI1 and
SERK3 in the ER facilitates the cell surface translocation.

Besides the possibly intrinsic chaperone function of ER receptor oligomerization, it was
also shown that dimerization of nascent receptors can mask ER-retention signals within the
polypeptide chains, which is required to enter the anterograde transport route. An example
is the hetero-oligomerization of y-aminobutyric acid B (GABA,) receptors. These receptors
form obligate heterodimers. Oligomerization, thus the full assembly of functional signaling
units, is required for their ER exit and trafficking to the PM (Margeta-Mitrovic et al., 2000).
Similar findings were obtained for the heterodimerization of a- and 3-adrenergic receptors
(Uberti et al., 2005; Canals et al., 2009). But are the various influences of receptor oligo-
merization on biogenesis and trafficking as described above also applied in our biological
system? A possible experimental setup to test this hypothesis could be the overexpression
of SERK coreceptors in ER-retained bri1 mutant backgrounds (Hong et al., 2008), which
should elevate the PM abundance of the mutant BRI1 protein.

That coexpression of SERK3 indeed affects the trafficking of BRI1 was noted by Russi-
nova et al. (2004), yet, with respect to endocytosis. Upon coexpression of both LRR-RLKs
increased endosomal BRI1 populations were observed. Unfortunately, it is unknown if
preformation of BRI1-SERK3 hetero-oligomers played a role in this finding. Interestingly, for
mammalian bone morphogenic protein (BMP) receptors differential retrograde trafficking
of preformed and ligand-induced receptor oligomers was observed (Hartung et al., 2006).
Constitutive receptor complexes followed a clathrin-depedent endocytic pathway, whereas
induced oligomers were subjected to caveolar-mediated uptake (Hartung et al., 2006). The
same study also elucidated differential signaling of the two receptor complex populations.
This is a fascinating finding in the light of BRI1-mediated BR signaling. As mentioned
earlier, BRs elicit opposing physiological responses depending on their concentrations. For
example, low, endogeneous levels of BRs result in root growth stimulation; on the contrary
a high exogenous BR dosage inhibits root growth. Taken together with the time-course of
BRIT-SERK3 hetero-oligomerization, a plausible hypothesis is that preformed BRIT-SERK3
hetero-oligomers account for signaling under low BR concentrations. Instead, signaling un-
der elevated ligand availability may involve de novo induced receptor complexes. In other
words, the stimulatory effect of low BR concentrations could be exhibited by preformed
BRI1-SERK3 oligomers and the inhibitory effect may be executed by the ligand-dependent
oligomerization of the two LRR-RLKSs.

Commonly, receptor complex preformation is suggested to elevate the signaling efficien-
cy. Constitutive receptor oligomers are thought to increase the avidity for ligands (Ehrlich et
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al., 2012), lateral signal propagation (Martin-Fernandez et al., 2002), as well as accelera-
tion of signal transduction (Yu et al., 2002). Furthermore, it was reported that receptor
clustering enhances the recruitment efficiency of intracellular adapter proteins (Hsieh et al.,
2010). These likely effects of preformed receptor complexes are actually in contradiction
to the observed time course for BRIT-SERK3 hetero-oligomerization after application of
exogeneous ligand at concentrations inhibitory to root growth. This again favors a model
for differential signaling of preformed and ligand-induced BRI1-SERK3 hetero-oligomers,
especially since the de novo formation of receptor complexes was substantially delayed. At
the same time, it questions whether BRI1-coreceptor hetero-oligomerization is an appro-
priate read-out for BR signaling. As shown by Yu et al. (2002), receptor oligomerization is
a distinct step from ligand-induced receptor activation. Therefore alternative experimental
read-outs like the interaction or phosphorylation of downstream regulators of BR signaling
should be considered as well.

It was previously demonstrated that receptor hetero-oligomerization is required for ef-
ficient BR signaling (Wang et al., 2008; Gou et al., 2012). But receptor hetero-oligomers
not only impact signaling efficiency, additionally alternative receptor combinations can
also influence signaling specificity. This phenomenon has been observed for many classes
of animal PM receptors, like the EGF family (Pines et al., 2010), transforming growth
factor (TGF) and BMP receptors (Ehrlich et al., 2011), as well as several families of GPCRs
(Wang and Norcross, 2008). Hetero-oligomerization with different complexes partners
can result in altered ligand specificities, differential signaling routes and distinct trafficking
patterns (Ehrlich et al., 2011; Rozenfeld and Devi, 2010). Thus receptor hetero-oligomers
allow a high degree of plasticity in response to similar ligands (Rozenfeld and Devi, 2010).
Even though in most BR-related studies BL (24-epi-brassinolide) is used as the activat-
ing ligand, the class of BR hormones comprises many more endogenous compounds
(Shimada et al., 2003). It is not known if there exists any specificity between them in
addition to their varying capacities of inducing downstream signaling. Furthermore, not
only BRIT but also its homologs the BRI1-like (BRL) proteins BRL1 and BRL3 can perceive
BRs (Cafo-Delgado and Wang, 2009). Besides SERK3, also the SERK family members
SERK1 and SERK4 are involved in BR signal transduction (He et al., 2007; Gou et al.,
2012). This offers a plethora of combinatorial ligand and hetero-oligomer combinations
that may participate and differentially regulate BR signal transduction. Support for this
hypothesis was obtained from preliminary data, which suggest a different oligomerization
profile of BRI1 and SERK1 as revealed for BRIT-SERK3 hetero-oligomers. In principle, not
only heterodimer combinations are possible, but also higher-order receptor oligomers,
as observed for BR signaling components (Karlova et al., 2006) and animal receptor
systems (Rozenfeld and Devi, 2010). Consequently, even more combinatorial possibilities
would arise. However, usually receptor dimers are considered as the basic functional unit
(Rozenfeld and Devi, 2010).
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FRET-FLIM versus coimmunoprecipitation

If receptors in general function in at least a dimeric configuration, why are not all receptor
complexes preassembled? This would allow the cellular quality control systems to verify
their functional integrity before risking the delivery of possibly oligomerization incompe-
tent receptors to the PM. In this respect, it is interesting to discuss the techniques used to
reveal protein oligomers.

In this thesis FRET-FLIM was applied to investigate the hetero-oligomerization of the
BR signaling unit composed of BRI1 and SERK3. In principle, this approach resulted in
the same trend as previously observed using coimmunopreciptiation (Wang et al., 2005;
2008; Albrecht et al., 2012). Both approaches showed the existence of preformed and
ligand-induced receptor complexes. The two major differences were the fold changes upon
activation of BR signaling and the detection of in general lower amounts of receptor com-
plexes using the biochemical approach. In comparison to the approximately 50% induction
of BRI1-SERK3 hetero-oligomers suggested by FRET-FLIM experiments, coimmunoprecipita-
tion usually revealed an increase of several folds. Also the amount of BRI1 receptors in
complex with SERK3 after BL application was different. Whereas semi-quantitative coim-
munoprecipitiation suggests that approximately 5% of BRI1 receptors hetero-oligomerize
with the coreceptor (Albrecht et al., 2012), based on FRET-FLIM an amount of around 10%
was estimated. The discrepancy between the two methods most likely stems from different
sensitivities for detecting ligand-independent receptor complexes and the dissociation of
receptor oligomers during the protein isolation steps required for coimmunoprecipitation.

Identification of protein-protein interactions using FRET read-outs, like the decrease of
donor fluorescence lifetime, is mainly dependent on the distance between the fluorophores
conjugated to the proteins of interest. An additional factor influencing the FRET efficiency
is the orientation between the transition dipole moments of the fluorophores. Thus FRET
approaches can reveal even weak and transient interactions between proteins, as long as
the interaction is maintained during the time window of acquisition and the prerequisites
of favorable orientation and close proximity between the fluorescent labels are fulfilled.
In contrast to the low invasive imaging technigue, coimmunoprecipitation requires a
stable association between complex partners that can withstand the different steps of
protein extraction from their natural environment. Therefore this technique is prone to
underestimate protein interactions, in particular weak or transient ones. This phenomenon
was not only encountered during our investigation, but also during the studies of other
receptor proteins (Springael et al., 2005; Wang and Norcross, 2008). As a consequence,
initial receptor recruitment models were established that afterwards have been modified
by including ligand-independent receptor oligomers into the signaling schemes.

However, it has to be noted, coimmunoprecipitation is still the method of choice for
revealing higher-order receptor complexes. FRET-FLIM is based on a 1:1 ratio of donor and
acceptor and consequently reveals the physical interaction of proteins of interest, which
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represents a protein oligomer in the narrow sense. Instead, coimmunoprecipitation enables
to reveal also indirect interactions, mediated by additional protein complex components.
This emphasizes the need of combined biochemical and biophysical approaches. By unfold-
ing their synergistic effects they allow us to take a step closer to the true nature of the
molecular events during signaling activity.

BRI1 on its own
The combined findings presented here obtained using an imaging approach and indepen-
dent investigations based on modeling (van Esse et al., 2012) and coimmunoprecipitation
(Albrecht et al., 2012) still leave a puzzling question — what is the role of the vast excess
of BRI1 receptors?

A seemingly straightforward explanation is that the remaining BRI1 receptors, which do
not associate with SERK3, undergo hetero-oligomerization with the two additional SERK
family members involved in BR signaling SERK1 and SERK4 (Gou et al., 2012). This could
give rise to signaling specificity by differential hetero-oligomerization as discussed earlier.
If the amount of BRIT-SERK1T and BRIT-SERK4 receptor complexes were in a comparable
magnitude as estimated for SERK3 this would also be in line with the observation that 50%
of total BRI1 protein is sufficient for wild type-like growth (van Esse et al., 2012). Similar
reasoning is also possible with respect to the many endogenous brassinosteroids (Shimada
et al., 2003). Different ligands could result in the formation of specific receptor complexes,
which were simply not revealed during this study since only BL was applied. However, this
point of view contradicts the in silico studies of van Esse et al. (2012), who showed that
only a very limited amount of BRI1 is required for proper plant growth.

Alternatively, BRIT could hetero-oligomerize with so far undiscovered RLKs. The Ara-
bidopsis genome harbors more than 600 RLKs and more than 240 LRR-RLKs (Shiu and
Bleecker, 2003). Most of them are still unassigned and some of them may represent further
BRI1-interacting receptors. A possible function of these hypothetical BRI1 hetero-oligomers
could be the regulation of pathway crosstalk since BR signaling coregulates many other
hormonal and stress-related signal transduction cascades (Wang et al., 2012).

Similarly, association of BRI1 with other ligand-binding receptors like FLS2 or EFR
is conceivable. This could create direct crosstalk circuits within the PM. That different
ligand-binding receptors hetero-oligomerize and influence each other’s signaling activity
was shown for mammalian PM receptors (Borroto-Escuela et al., 2011; Fuxe et al., 2007,
Flajolet et al., 2008). An example is the constitutive interaction of EGFR with KISS1R, a
receptor of the GPCR family, which resulted in EGFR transactivation by KISS1R ligand (Zajac
etal., 2011).

Another hypothesis is based on the finding that not the amount of BRI1 but the BRI1
receptor density is maintained in Arabidopsis roots (Wilma van Esse et al., 2011). Taken
together with the limited transport of BRs within the plant organism (Symons et al., 2008)
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it seems that cells create an optimal spatial distribution of BRI1 receptors in their PMs to
sense hormone availability and fluctuations. Since most of the PM-residing BRI1 receptors
are most likely not associated with coreceptors required for downstream signaling a pos-
sible scenario is that ligand binding induces by an yet unknown mechanism the propagation
of lateral activation waves that initiate BR signaling by BRI1-coreceptor hetero-oligomers.
Lateral signal propagation was shown for EGFR (Reynolds et al., 2003), however, in that
case it represented an early step of signal amplification.

Thus, even though BRI1 represents one of the best characterized plant receptors (Kem-
merling et al., 2011), still many aspects remain purely speculative. Nonetheless, by combin-
ing the current view on BR signal transduction with the results presented in this thesis an
adapted model of BR signaling is proposed in the following.

A refined BR signaling model

Collectively, the results presented and discussed in this thesis lead to a refined model for BR
signaling (Figure 1). A subset of BRIT and SERK3 hetero-oligomerize shortly after biosyn-
thesis in the ER. Targeted transport of the receptor complexes through the Golgi apparatus
and TGN culminates in the PM insertion of preformed BRI1-SERK3 hetero-oligomers, where
the two LRR-RLKs reside as a signaling-competent receptor unit. Transport of receptor
monomers probably follows the same route, but is not specifically portrayed in the model.
Ligand binding to BRI1 most likely results in conformational changes and subsequently in
activation of the cytoplasmic kinase domains. After release of the BRI1-kinase inhibitor
1 (BKI1) (Jaillais et al., 2011b) the BR signaling unit gains full signaling competence (not
shown in Figure 1). The initiation of BR signaling at the PM is followed by the endocytosis
of BRIT-SERK3 hetero-oligomers. Disassembly of the BR signaling unit may occur during
the maturation of TGN/EE to LE/MVB. Whereas ligand-bound BRI1 receptors are targeted
for protein degradation in the vacuole lumen, activated SERK3 receptors are incorporated
into the tonoplast to exhibit further BRIT-autonomous functions. After fulfilling their sig-
naling activities also the SERK3 receptors are taken up into the vacuolar lumen for protein
degradation.

This scenario is thought to represent a possible mechanism for stimulatory BR actions.
The model can be expanded to include high BR concentrations, which result in inhibitory
signaling outputs possibly transduced by ligand-induced BRIT-SERK3 hetero-oligomers.
In addition, other hetero-oligomeric configurations including BRLs and other SERK family
members may extend the described BR signaling model. For simplicity other downstream
regulators of BR signal transduction are omitted. Still, it should be discussed that pre-
formed BRIT-SERK3 hetero-oligomers could comprise more components than only the
two LRR-RLKs. In principle, interacting BRI1 and SERK3 receptors represent a signaling
competent configuration. Thus they have to be kept inactive until BR binding to BRI1
elicits signaling. The most likely candidate to inhibit accidental kinase activation is BKI1.
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Figure 1: Schematic overview of the endosomal trafficking of BRI1-SERK3 hetero-oligomers.
After the translation of BRI1 and SERK3 (1) subpopulations of the two LRR-RLKs hetero-oligomerize

in restricted ER regions (2). Targeted transport via the Golgi apparatus (3) and trans-Golgi network

(4) leads to PM insertion (5) of preformed receptor complexes. Binding of brassionsteroids (BR)

results in activation and trans-phosphorylation of the cytosolic kinase domains of BRI1 and SERK3

(6), followed by the initiation of downstream signaling. Activated hetero-oligomers are endocytosed
and sorted in the trans-Golgi network/early endosome compartment (7). Here, the disassembly of
activated BRI1-SERK3 hetero-oligomers may occur (8). Subsequently, early endosomes mature to late
endosomes/multi-vesicular bodies, accompanied by the uptake of BRI1 into the multivesicular body
lumen (9). SERK3 instead is sorted into prevacuolar compartments (10). Alternatively, partial recycling
of hetero-oligomers or the individual BRI1 and SERK3 receptors may occur, marked by “?“. The fusion
of prevacuolar compartments and multi-vesicular bodies with the vacuole (11) leads to incorporation
of activated SERK3 into the tonoplast, whereas BRI1 is released into the vacuolar lumen. Tonoplast-
residing SERK3 may exhibit autonomous functions (12) prior to its degradation.

This scheme represents a model for BRIT-SERK3 hetero-oligomers that transduce stimulatory signaling
under low BR concentrations. However, high concentrations of BRs may induce the de novo formation
of BRIT-SERK3 hetero-oligomers, which initiate inhibitory BR signaling (13).

For simplicity only BRI1 and SERK3 are shown in the schematic representation, without referring to
other regulators of BR signal transduction. Also the transport of individual BRI1 and SERK3 receptors,
which most likely follow the same secretory pathway, is not shown.

Therefore preformed BRIT-SERK3 hetero-oligomers may contain additional regulatory or
signaling components, and even about the preformation of whole signalosomes orga-
nized around scaffold proteins and including positive as well as negative regulators can
be speculated.
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Future Perspectives

We have to keep in mind that the presented model is only a snapshot of the current
knowledge and like the signaling event itself of transient nature. Likewise the described
receptor interactions are only transient and are subject to the dynamics of living matter.
To improve our understanding of BR signal transduction, and signaling mechanisms in
general, more multi-dimensional and spatiotemporally resolved experimental setups are re-
quired, like recently shown for the FLS2 signal transduction pathway by Beck et al. (2012).
The complexity of primary and derivative receptor interactomes, which eventually dictate
the cellular and organism fate, is inaccessible by one-dimensional approaches but requires
the integration of complementary technologies (Poorgholi Belverdi et al., 2012).

Here, mainly aspects of PM-associated signal transduction were discussed, but increasing
evidence accumulates for the correlation of endosomal trafficking and signaling outputs
(Lemmon and Schlessinger, 2010). Local interactions between signaling components and
fluctuations in their densities are crucial for cell survival and adaptation (Dehmelt and Bas-
tiaens, 2010). Whereas signal transduction was traditionally seen as a linear sequence of
signal relay processes, especially the introduction of novel imaging technologies changed
this concept into a more holistic view of interconnected, spatially organized states of the
cell that are dynamically regulated (Dehmelt and Bastiaens, 2010). Hence, signal trans-
duction can also be considered as the communication of changes in the organization of
supramolecular structures (Dehmelt and Bastiaens, 2010). Such supramolecular structures
could be formed around hub receptors with moonlighting characteristics and could act
similar to computational processors that integrate and transmit different signaling inputs
concurrently into the cell (Ciruela et al., 2010). A likely candidate for a moonlighting recep-
tor, thus a protein that exhibits various distinct functions based on the same amino acid
sequence (Jeffery, 2003; Borroto-Escuela et al., 2011), is SERK3.

In summary, this thesis highlights how fluorescence microscopy as a low invasive meth-
odology can deepen our understanding of signal transduction processes in the natural
environment of signaling components. Colocalization and FRET-FLIM approaches allowed
us to investigate the BR signaling pathway in more detail and extended our view on the
regulation of RLK signaling in different aspects. Nonetheless, future investigations are
needed to illuminate further mechanistic details and the real-time dynamics of BR signaling
under physiological conditions.
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Samenvatting in het Nederlands

De Oostenrijkse fysicus en medegrondlegger van de kwantummechanica Erwin Schro-
dinger karakteriseert het leven als volgt: “Levende materie vermijdt verval naar een
evenwichtstoestand”'. Het begrip evenwichtstoestand heeft betrekking op de fysisch-
chemische samenstelling waaruit volgt dat levende materie op een hoger fysisch-chemisch
niveau staat dan haar omgeving. Een verlaging van dit hogere niveau naar dat van de
omgeving zou daarom tot stilstand en uiteindelijk tot de dood leiden.

Om voor een hoog fysisch-chemisch niveau te zorgen moeten levende organismen,
waaronder eencelligen, mens, dier en planten voortdurend de dynamische toestand van
de omgeving waarnemen. Hiervoor zijn in de loop van de evolutie een scala van sensoren,
receptoren genoemd, ontwikkeld. Deze receptoren zijn eiwitten die zich ofwel binnen in de
cel of aan het oppervlak bevinden, daar waar signalen zoals licht, temperatuur ionen, voe-
dingsstoffen, pathogenen of hormonen kunnen worden waargenomen. De waarneming
van een externe fysische of chemische prikkel opgevangen door een receptor heeft als
gevolg dat er een reactie binnenin de cel plaats vindt die er voor zorgt dat de fysiologisch
toestand van de cel of organisme zal veranderen tijdens gewijzigde omstandigheden. De
verschillende stappen van signaalwaarneming, overdracht en vertaling in een cellulaire
respons staan bekend als signaaltransductie-route.

In dit proefschrift is een dergelijke route onderzocht van het plantenhormoon brassinos-
teroide waarbij Arabidopsis thaliana (ook wel zandraket genoemd) als modelorganisme
wordt gebruikt. Net als bij de werking van steroiden bij dieren hebben brassinosteroiden
ook invloed op de ontwikkeling en groei van planten. De brassinosteroiden en dierlijke
hormonen tonen ook grote gelijkenis op structureel gebied. In tegenstelling tot dierlijke
cellen die de aanwezigheid van hormonen intracellulair kunnen waarnemen, hebben
planten receptoren die aan het oppervlak of buitenkant van de cel opereren. Een van
de belangrijkste plantenreceptor die het hormoon brassinosteroide herkent is Brassinos-
teroid insensitive 1 (BRI1). Deze receptor behoort tot de leucine rijke repeats receptor
achtige kinases (LRR-RLKs voor leucine-rich repeat receptor-like kinases) welke tot een van
de grootste receptor families in planten behoort. De schematische architectuur van de
BRI1 receptor omvat een extracellulair LRR domein met een regio waar het homoon kan
binden, een intracellulair domein met kinaseactiviteit die er voor zorgt dat het signaal
wordt doorgegeven en een membraantussenstuk die de extracellulaire en intracellulaire
domeinen met elkaar verbindt (zie hoofdstuk 1). Genetisch en biochemisch onderzoek
hebben aangetoond dat deze receptor die het hormoon brassinosteroide bindt alleen maar
goed kan functioneren wanneer een samenwerking met een ander LRR-RLK aanwezig is.
Deze LRR-RLK is de Somatic embryogenesis receptor-like kinase 3 (SERK3) receptor, die
ook onder een andere naam bekend is, BAK1 voor BRI1-geassocieerde Kinase 1 (BRI1-
associate kinase 1). De schematische opbouw van SERK3 is hetzelfde als die van BRI1,

1 uit "Was ist Leben?” van Erwin Schrodinger en Ernst Peter Fischer (1989)
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echter is het extracellulaire domein van deze RLK beduidend kleiner. Huidige modellen die
de functie van beide receptoren proberen te verklaren gaan ervan uit dat bij het ontbreken
van brassinosteroiden, BRI1 en SERK3 aanwezig zijn als inactieve dimeren in de PM van
plantencellen. Hierbij wordt de kinaseactiviteit van BRI1 kinase geremd door binding van
een “inhibitor” molecuul BRI1 kinase inhibitor 1 (BKI1), die tegelijkertijd de associatie van
BRIT met SERK3 voorkomt.

Binding van het brassinosteroide aan de extracellulaire domein van BRI1 heeft een confor-
matieverandering van het BRI1 dimeer tot gevolg. Deze structurele verandering geeft een
basale activering van het intracellulaire BRI1 kinase domein wat resulteert in de fosforylatie
en dissociatie van BKI1. Daaropvolgend wordt SERK3 “gerekruteerd” en vormt een hetero
oligomeer met BRI1. Door fosforylatie binnen het receptorcomplex worden beide kinase
domeinen volledig geactiveerd die voor “downstream” signaal transmissie en brassinoste-
roide afhankelijke genregulatie zorgt.

Echter nieuwe experimentele data hebben twijfel gebracht over het huidige model
over de vorming van BRI1-SERK hetero-oligomeren. Genetische data hebben aangetoond
dat SERK3 en andere leden van de SERK familie niet alleen de kinase activiteit van BRI1
versterken maar deze zijn essentieel voor brassinosteroid signaaltransductie route. Ad-
ditionele data over de moleculaire structuur van de BRI1 ectodomein spreekt het huidige
beeld tegen dat BRI1 dimeren voor de hormoonbinding verantwoordelijk zijn. Hierover kan
men speculeren of SERK3 niet een belangrijk element van het hormoon bindend receptor-
complex is.

De huidige modellen over de brassinosteroide signaaltransductieroutes zijn volledig op
biochemisch en genetisch onderzoek gebaseerd. In dit proefschrift is voor een andere
aanpak gekozen namelijk fluorescentie microscopie welke de mogelijkheid geeft om de
subcellularie signaatransductieroute te belichten in een levende plant.

In het eerste hoofdstuk wordt naast een gedetailleerde introductie over de bras-
sinosteroide signaaltransductieroute ook een beschrijving van de gebruikte fluorescentie
microscopie technieken weergeven. In hoofdstuk 2 wordt een bijzondere methode gede-
tailleerd beschreven die ons in staat stelt de interactie van eiwitten of receptoren zichtbaar
te maken.

Het gaat hierbij om een speciale techniek met de afkorting FRET-FLIM welke een acro-
niem is voor Forster Resonantie-Energietransfer (FRET) gemeten met behulp van fluores-
centie levensduurmicroscopie (FLIM voor fluorescence lifetime imaging microscopy). Dit
type microscopie stelt ons in staat om interacterende eiwitmoleculen te visualiseren in
levende cellen van een compleet organisme. In dit onderzoek is FRET-FLIM gebruikt om
de complexformatie tussen BRIT en SERK3 in levende wortelpuntjes van Arabidopsis te
onderzoeken. In overeenstemming met de huidige modellen kon worden aangetoond dat
na activering van de BRI1 signaaltransductieroute een tijdsafhankelijke complexformatie
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met SERK3 zichtbaar werd (hoofdstuk 3). Echter, niet alleen de tijdsafhankelijke vorming
van receptor complexen werd aangetoond, maar in afwezigheid van brassinosteroiden
kwamen BRI1 en SERK3 ook al als hetero-oligomeer voor in het plasmamembraan.

In hoofdstuk 4 wordt een nieuwe methode beschreven waarbij kwantificering van FRET-
FLIM data informatie over receptor complexen geeft. Dit heeft geresulteerd dat rond 70%
van BRI1 en SERK3 hetero-oligomeren onafhankelijk van hormoon in het plasmamembraan
van Arabidopsis wortels aanwezig zijn.

Nu vroegen wij ons af waar en wanneer deze receptorcomplexen gevormd worden. Om
hier een antwoord op te vinden wordt in hoofdstuk 5 verschillende cellulaire markers
gebruikt om de compartimenten waar BRI1 en SERK3 bevinden vast te stellen. Het eerste
compartiment waar BRIT en SERK3 colocaliseren was het endoplasmatisch reticulum
(ER) wat de eerste plaats is waar eiwitten geproduceerd worden. De FRET-FLIM methode
heeft het mogelijk gemaakt om de hetero-oligomerisatie van BRI1 en SERK3 in dit vroege
stadium te demonstreren. Deze experimenten konden echter alleen in geisoleerde plan-
tencellen (protoplasten) worden uitgevoerd. Deze resultaten worden ondersteund door
recent onderzoek in Arabidopsis worteltjes waar de handhaving van BRI1-SERK3 com-
plexen op de transport route naar de plasmamembraan wordt aangetoond. Hiermee kan
worden geconcludeerd dat BRIT en SERK3 al in een vroeg stadium na de biosynthese als
hetero-oligomeer aanwezig kunnen zijn en als receptorcomplex naar het plasmamembraan
getransporteerd worden waar ze als brassinosteroid transductie unit kunnen functioneren.

In het laatste hoofdstuk worden de resultaten van het gehele proefschrift samengevat
en een nieuwe visie op de signaleringsroute van BRI1 bediscussieerd.

Samengevat toont dit proefschrift aan hoe met behulp geavanceerde fluorescentie
microscopie methoden meer inzicht in signaaltransductie gebeurtenissen kan worden
verkregen. Echter om een volledig beeld van biologische processen te verkrijgen, is het
gebruik van interdisciplinaire methoden noodzakelijk.
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Zusammenfassung in Deutsch

Der 6sterreichische Physiker und Mitbegriinder der Quantenmechanik Erwin Schrédinger
charakterisierte Leben wie folgt: ,Die lebende Materie entzieht sich dem Abfall in den
Gleichgewichtszustand”'. Der Begriff Gleichgewicht bezieht sich in diesem Zusammen-
hang auf physikalisch-chemische Potentiale, woraus folgert, dass belebte Materie ein
hoheres physikalisch-chemisches Potential aufweist als deren Umgebung. Ein Abfall in den
Gleichtwichtszustand, das heiB3t, ein Ausgleich der Potentiale zwischen lebender Materie
und deren Umgebung, wirde unweigerlich zu einem Stillstand, in anderen Worten, zum
Tod fihren.

Um sich diesem Ausgleich der Potentiale zu entziehen, missen Lebewesen jeglicher Art,
ob Einzeller, Mensch oder Pflanze, standig den dynamischen Zustand ihrer Umgebung be-
obachten. Zu diesem Zweck haben Zellen und Organismen im Laufe der Evolution ein be-
trachtliches Repertoire an Sensoren, sogenannte Rezeptoren, erworben. Diese Rezeptoren,
welche ihrer chemischen Natur nach meist der Klasse der EiweiBe (Proteine) angehoren,
befinden sich entweder im Inneren von Zellen oder an deren Oberflache und dienen zur
Wahrnehmung unterschiedlichster Signale, wie etwa Licht, Temperatur, Nahrung, Krank-
heitserreger, lonen oder auch Hormonen. Das Wahrnehmen eines physikalischen oder che-
mischen Reizes durch einen daflr spezialisierten Rezeptor |6st eine intrazelluldre Abfolge
von Reaktionen aus, welche in einer Anpassung des physiologischen Zustandes der Zelle
oder des Organismus an die veranderte Umgebung miindet. In ihrer Gesamtheit werden
die verschiedenen Schritte der Signalwahrnehmung, Reizweiterleitung und —umwandlung
in eine zellulare Antwort als Signaltransduktionswege bezeichnet.

In dieser Dissertation wurde der Signaltransduktionsweg der pflanzlichen Steroid-
hormone, der sogenannten Brassinosteroide, untersucht, wobei Arabidopsis thaliana
(Acker-Schmalwand oder auch Schotenkresse) als Modelorganismus diente. Ahnlich der
Wirkungsweise tierischer Steroide beeinflussen Brassinosteroide Entwicklung und Wachs-
tum des pflanzlichen Organismus. Auch strukturell zeigen sich Gemeinsamkeiten zwischen
Brassinosteroiden und der tierischen Hormonklasse. Im Gegensatz zu tierischen Zellen,
welche die Anwesenheit von Steroiden durch Rezeptoren im Zellinneren wahrnehmen,
verwenden Pflanzen allerdings Rezeptoren an der Zelloberflache. Der wichtigste Rezeptor
zur Erkennung von Brassinosteroiden in Pflanzen ist Brassinosteroid insensitive 1 (BRI1). Er
gehort der Familie der Leucin-reichen Wiederholung Rezeptor-ahnlichen Kinasen (LRR-RLKs
fur leucine-rich repeat receptor-like kinases) an, einer der gréten Familien an pflanzlichen
Rezeptoren. Die schematische Architektur des BRI1 Rezeptors umfasst eine extrazellulare
LRR-Domane zur Hormonbindung, eine intrazelluldre Domane mit Kinaseaktivitat zur Sig-
nalweiterleitung und eine Region innerhalb der Plasmamembran, welche beide Domanen
verknUpft und den Rezeptor in der Plasmamembran verankert (siehe Kapitel 1). Genetische

1 aus “Was ist Leben?” von Erwin Schrodinger und Ernst Peter Fischer (1989)
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und biochemische Untersuchungen haben gezeigt, dass dieser Rezeptor zwar Brassinos-
teroide binden kann, jedoch zur Signaltransduktion auf das Zusammenwirken mit einem
weiteren Vertreter der LRR-RLK Familie angewiesen ist. Bei dieser weiteren LRR-RLK handelt
es sich um den Somatic embryogenesis receptor-like kinase 3 (SERK3) Rezeptor, der auch
unter dem Namen BAK1 fir BRI1-assozierte Kinase 1 (BRI1-associate kinase 1) bekannt
ist. Der schematische Aufbau von SERK3 ist jenem von BRI1 sehr dhnlich, allerdings ist die
extrazelluldre Domain deutlich kleiner. Gegenwartige Modelle, welche versuchen die Funk-
tionsweise dieser beiden Rezeptoren zu erklaren, gehen davon aus, dass in Abwesenheit
von Brassinosteroiden BRI1T und SERK3 getrennt von einander als inaktive Dimere in der PM
von Pflanzenzellen vorliegen. Die Hemmung der Kinaseaktivitat von BRI1 wird dabei durch
die Anlagerung eines Inhibitors, BRI1 kinase inhibtor 1 (BKI1), gewahrleistet, der zugleich
die Assoziation mit SERK3 unterbindet. Den Modellen zu folge duBert sich das Binden von
Hormonen an die extrazelluldre Doméne in einer Konformationsanderung der BRI1-Dimere.
Dieser strukturelle Wandel wiederum bewirkt eine basale Aktivierung der intrazellularen
BRI1-Kinasedomane und resultiert in der Phosphorylierung und Dissoziation des Inhibitors
BKI1. Daraufhin erfolgt die Rekrutierung von SERK3 und die Ausbildung von BRI1-SERK3
Hetero-Oligomeren. Durch gegenseitige Phosphorylierung innerhalb dieser Rezeptorkom-
plexe erlangen beide Kinasen ihre volle Funktionsfahigkeit, was schlieBlich die intrazellulédre
Signalweiterleitung und Brassinosteroid-abhangige Genregulation erméglicht.

Neueste experimentelle Ergebnisse haben allerdings gewisse Zweifel an diesen Modellen
geweckt, vor allem in Hinsicht auf die Bildung von BRIT-SERK3 Komplexen. Genetische
Daten konnten zeigen, dass SERK3 und weitere Mitglieder der SERK-Familie nicht nur
die Kinaseaktivitat von BRI1 steigern, sondern unabdingbar fir den Brassinosteroid- Si-
gnaltransduktionsweg sind. Weitere Erkenntnisse, gewonnen aus der Aufklarung der
molekularen Struktur der BRI1-Ektodoméane, widersprechen zudem der Ansicht, dass BRI1-
Dimere fur die Hormonbindung verantwortlich sind. Vielmehr wird darlber spekuliert, ob
nicht SERK3 bereits Bestandteil des Hormon-bindenden Rezeptorkomplexes ist.

Wie bereits erwahnt, basieren die derzeitigen Modelle des Brassionsteroid- Signaltrans-
duktionsweges vorwiegend auf genetischen und biochemischen Untersuchungen. In der
vorliegenden Dissertation wurde deshalb ein Fluoreszenz-mikroskopischer Ansatz gewahlt,
um diesen Signalweg auf subzellularer Ebene zu beschreiben.

Das erste Kapitel dieser Arbeit umfasst eine detaillierte Einfihrung in die Brassions-
teroid-Signaltransduktionskaskade und eine Beschreibung Fluoreszenz-mikroskopischer
Methoden, die zur Untersuchung molekularer Signaltransduktionsvorgdnge verwendet
werden kénnen.

Eine besondere Methode, welche es ermdglicht die Interaktion von Proteinen bezie-
hungsweise wie im vorliegenden Fall von Rezeptoren zu analysieren, wurde tiefergehend
in Kapital 2 erldutert. Dabei handelt es sich um FRET-FLIM, ein Akronym aus Forster
Resonanz-Energietransfer (FRET) und Fluorezenzlebensdauer-abbildende Mikroskopie
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(FLIM fur fluorescence lifetime imaging microscopy). Diese Art der Mikroskopie erlaubt
die Visualisierung von wechselwirkenden Proteinen in lebenden Zellen oder Organismen
und gestattet ferner, diese Proteinkomplexe innerhalb einer zweidimensionalen mikrosko-
pischen Abbildung zu lokalisieren.

Nachfolgend wurde FRET-FLIM zur Untersuchung der Hetero-Oligomerizierung von BRI1
und SERK3 in lebenden Arabidopsis-Wurzeln angewendet. In Ubereinstimmung mit den
bisherigen Modellen zur BR Signaltransduktion konnte gezeigt werden, dass die Aktivie-
rung dieses Signalweges tatsachlich zu einer zeitabhangigen Formierung von BRI1-SERK3
Rezeptorkomplexen fuhrt (Kapitel 3). Allerdings wurde nicht nur die Ausbildung neuer
Proteinkomplexe beobachtet. Im Gegensatz zu bisherigen Annahmen konnte mit Hilfe
von FRET-FLIM auch die Existenz von konstitutiven BRI1-SERK3 Hetero-Oligomeren enthullt
werden.

Zur Quantifizierung dieser Rezeptorkomplexe wurde in Kapitel 4 eine neue Methode
zur FRET-FLIM Datenanalyse eingefihrt. Dies ermoglichte abzuschatzen, dass in etwa 70%
der BRIT-SERK3 Hetero-Oligomere unabhdngig von aktivierend Hormonen innerhalb der
Plasmamembran von epidermalen Wurzelzellen vorliegen.

Nun stellte sich die Frage, wann oder wo diese Rezeptorkomplexe gebildet werden. Um
eine Antwort darauf zu finden, wurden in Kapitel 5 zunachst die verschiedenen zellularen
Kompartimente definiert, welche beide Rezeptoren zugleich beherbergen. Das erste Kom-
partiment, in dem BRI1 und SERK3 kolokalisierten, war das endoplasmatische Reticulum
(ER), der Ort, an dem beide Rezeptoren synthetisiert werden. Die Anwendung von FRET-
FLIM erméglichte Uberdies, die Hetero-Oligomerisierung von BRIT and SERK3 in diesem
frhen Stadium der Rezeptorbiogenese zu demonstrieren. Diese Experimente wurden
jedoch in isolierten Pflanzenzellen (Protoplasten) durchgefuhrt. Aber auch nachfolgende
Untersuchungen in Wurzeln unterstiitzen die Ergebnisse der Protoplasten-Studien, indem
die Aufrechterhaltung von BRIT-SERK3 Rezeptorkomplexen auf dem zelluldren Transport-
weg zur Plasmamembran nachgewiesen werden konnte. Dies fuhrte zur Schlussfolgerung,
dass BRI1 und SERK3 bereits kurz nach ihrer Biosynthese im ER hetero-oligomerisieren und
als Rezeptorkomplexe zur PM transportiert werden, dem Kompartiment, in welchem sie
ihre Funktion als Brassinosteroid-Signaltransduktionseinheit erfdllen.

Im abschlieBenden Kapitel 6 dieser Arbeit wurden die Ergebnisse dieser Fluoreszenz-
mikroskopischen Studien zusammengefasst und die Auswirkungen auf das Model der
Brassinosteroid-Signaltransduktionskaskade ausfuhrlich diskutiert.

Zusammenfassend zeigt diese Dissertation eindricklich, wie die Anwendung von
Fluoreszenz-Mikroskopie das Verstandnis von Signaltransduktionsvorgangen vertiefen
kann. Sie zeigt aber auch, dass ein umfassendes Bild biologischer Vorgange nur durch
interdisziplinares Vorgehen zu bewerkstelligen ist.
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