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Chapter 1

Regulation of cell-surface receptors

José Aker and Sacco de Vries
This chapter has partly been published as a review article in
Plant Physiology (2008) Vol. 147 (4) 1560-64



Chapter 1

Abstract

Membrane receptors are important proteins to relay a signal, by perception of a chemical
or physical signal. This usually takes place from the outside of the cell to the inside and ul-
timately leads to activation or inhibition of transcription and therefore genetic control of a
cell. Degradation regulates the level and activity of membrane receptor proteins, using two
processes: endocytosis after mono-ubiquitination, leading to signaling, sorting and either
recycling or finally to degradation in the lysosomes or vacuoles, or endocytosis after poly-
ubiquitination that leads directly to degradation in the proteasome.
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General Introduction

Receptors involved in brassinosteroid signaling

Brassinosteroids (BRs) are plant hormones recognized by the Brassinosteroid receptor like
kinase BRI (Brassinosteroid Insensitivel), a member of the leucine rich repeat receptor like
kinase (LRR-RLK) family in Arabidopsis. BRI contains 25 LRRs, separated by a 70 amino
acid island domain between LRR 21 and 22, a single transmembrane domain (TM), and an
intracellular kinase domain. Its co-receptor, SERK3 (Somatic Embryogenesis Receptor like
Kinase) or BAK1 (BRI associated kinasel) was identified based on genetic and yeast two-hy-
brid screens (Li et al., 2002; Nam and Li, 2002). SERK3 comprises a short, 5 LRR containing
extracellular domain, a TM domain and a kinase domain. Together they function in stimula-
tion of cell elongation, leaf unrolling, xylem differentiation and cell division, and in inhibi-
tion of root elongation, radial stem expansion and anthocyan biosynthesis. Other processes
involving BRs are male sterility, timing of flowering and senescence and leaf development
(Altmann, 1999; Kauschmann et al., 1996; Li and Chory, 1997; Nam and Li, 2002; Szekeres et
al., 1996). Brassinosteroid mutants, lacking the ability to synthesize or perceive BRs, exhibit
a dwarfed stature, round leaves and reduced male fertility.

The model for BRI1’s activation is derived from the work of Wang et al. (Wang et al., 2005).
BRI in the absence of BRs is in a homodimeric state. The BRI1- receptors are kept in an
auto-inhibitory conformation by the C-terminal (CT) domain of BRIl due to hyperphos-
phorylation of the kinase-domains. Upon binding of BL, the most active brassinosteroid, to
the extracellular domain of BRI, a conformational change of the kinase domain is induced
and leads to phosphorylation of the CT domain that releases auto-inhibition and enhances
autophosphorylation further. The fully activated receptor then forms a multimeric complex
with its co-receptors which transduces the BR signal. After steroid binding to the extracel-
lular domain of the BRIl-kinase, BKII, an inhibiting substrate of BRIl kinase is released
from the PM, which increases the affinity of BRIl for BAK1/SERK3 (Wang and Chory,
2006). Oligomerization of the BRI1I/BAKI receptors and transphosphorylation of the kinase
domains takes place (Wang et al., 2005). This inhibits, via an unknown pathway, the phos-
phorylation of BZR1 (Brassinazole resistant 1), by the BIN2 (BR insensitive 2) kinase, and
when phosphorylated, is translocated to and retained in the cytoplasm via the 14-3-3) protein
(Gampala et al., 2007). Moreover BR activates the phosphatase BSU1 (BRI1 suppressor pro-
teinl), that dephosphorylates BES1 (BRIl EMS Suppressor 1). Subsequently, accumulation
of BSU1- mediated dephosphorylated nuclear-localized BES1 and BZR1 transcription factors
induces gene transcription (Vert and Chory, 20006). (Fig. 1)
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Chapter 1

BRI SERK1/SERK3

8;) 14-3-3

Figure 1. The brassinosteroid signaling pathway (Aker and de Vries, 2008).

Upon hetero-dimerization of the receptors, transphosphorylation of the kinase domains takes
place, resulting in dephosphorylation of the nuclear-localized BES1 and BZRI1 transcription
factors that control gene transcription, by BIN2 and BSU1. A 14-3-3 protein retains phos-
phorylated BZR1 in the cytoplasm.

Recent evidence suggests that BAKI/SERK3 is not the only co-receptor of BRII.
Another family member of SERK3, SERKI also interacts with BRI (Karlova et al., 2006).
The SERKI1 complex was immuno-precipitated from transgenic seedlings and found to con-
tain both the BRI1 and SERK3 proteins. In addition, were identified the KAPP (Kinase As-
sociated Protein Phosphatase) protein, a member of the 14-3-3 family, and the AAA ATPase
CDC48A (Cell Division Cycle protein A), as well as two putative transcriptional regulators.
Of these the KAPP, 14-3-3, and CDC48A proteins were previously also found in a yeast
two-hybrid screening (Rienties et al., 2005), suggesting a direct interaction with the SERK1
receptor. For SERK1, SERK3, and BRI1, it was shown that they localize to the PM as well as
in to endosomes and co-localize there with the phosphatase KAPP (Russinova et al., 2004;
Shah et al., 2002).

BAKI1/SERK3 was also found to interact with the LRR-RLK FLS2 (Flagellin Sensitive 2)
that is involved in plant defense (Chinchilla et al., 2007). Furthermore BAK1 participates in
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General Introduction

FLS2-independent PAMP (pathogen-associated molecular patterns) recognition, possibly via
interaction with other receptors, and together with SERK4/BKK1 (BAK like 1) regulates BR
dependent growth and BR independent cell death (He et al., 2007).

The binding of a ligand to their extracellular part activates receptors. But how are the levels
and activities of membrane receptor proteins regulated? After dimerization and trans-phos-
phorylation the signal is ultimately transduced to proteins in the nucleus that regulate trans-
scriptional activation. After triggering, the receptors need to be de-activated and degraded,
or recycled to the PM. The CDC48A protein could function in degradation of the SERK1
protein. It has been shown to function in ERAD (Endoplasmic Reticulum-associated
degradation) for the barley (Hordeum vulgare) MLO-1 receptor (Miiller et al., 2005), and
could likewise play a role in targeting of misfolded SERKI1 proteins to the proteasomal path-
way. Another function could be the inactivation of plasma membrane receptors after endo-
cytosis. The proteasomal pathway as well as the endosomal pathway will be described in the
following sections. The signal for degradation of receptors in the proteasome is ubiquitina-
tion, and aberrations in this process lead to several serious diseases in animals (Mukhopad-
hyay and Riezman, 2007). Ubiquitination is also the signal for receptors to enter into the
endosomal pathway.

Ubiquitination as a signal for de-activation of receptors

For animal receptors, after ligand binding and subsequent phosphorylation, ubiquitination is
used as a sorting signal for translocation into endosomes or to the proteasomal machinery.
Phosphorylation itself is probably the signal for post-translational modification by the small
molecule ubiquitin (Tang et al., 2003). Ubiquitin is a 76-amino acid protein that binds cova-
lently to mostly lysine residues on the substrate protein. Ubiquitin binding is a three-step pro-
cess, involving an El ubiquitin-activating enzyme, an E2 ubiquitin-conjugating enzyme and
an E3 ubiquitin-ligase, which determines the specificity (Figure 2, and reviewed in (Hicke
and Dunn, 2003). Among the E3-ligases, the Skp (in plants ASK1), Cullin and F-box contain-
ing SCF complex is the best understood. The F-box is responsible for target recognition, and
Cull and ASK1 together with a fourth protein, RBX1, form the active E3-ligase (Jurado et
al., 2008).

Proteins can be modified by a single ubiquitin (mono-ubiquitination), more single ubiquitins
at different places (multi-ubiquitination), or by polymeric ubiquitin chains (poly-ubiquitina-
tion). The kind of ubiquitin modification determines the fate of the substrate protein. Mono-
ubiquitination serves as a signal for endocytosis of PM proteins, sorting of proteins to the
MVBs, budding of retroviruses, DNA-repair and transcriptional activation. Poly-ubiquitina-
tion has mainly been associated with targeting substrates to the proteasome. However, other
functions, like DNA repair, inflammatory response, the endocytic pathway and ribosomal
protein synthesis are also described. Different linkages between the single ubiquitins are
possible between each of the seven internal lysines in one, and the C-terminal glycine in
another ubiquitin molecule. Linkage through Lys48 seems to be important for targeting to
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the proteasome, while linkage through Lys63 leads to other functions (reviewed in (Haglund
et al., 2003).

Many lines of evidence showed that different ubiquitin-dependent processes occur in animal
cells as well as in plant cells. The best-characterized function of ubiquitin is its role as a signal
for the entry of endocytic cargo into vesicles both at the PM and at the late endosome. In the
yeast Saccharomyces cerevisiae, ubiquitin appears to be the major signal to recruit G-protein
coupled receptors (GPRCs) and other cargo into vesicles budding form either the PM or the
MVB (Reggiori and Pelham, 2001). Signal transducing receptors are one class of proteins
that undergo regulated internalization after receptor stimulation. Animal Receptor tyrosine
kinases (RTKs) like the EGF receptor (Shtiegman and Yarden, 2003) use ubiquitination as a
signal to promote internalization into early endosomes and to sort the receptors for delivery
into the MVB or lysosomes. Unlike the yeast GPCRs and the RTKs, the known mammalian
GPCRs appear to require ubiquitination only as a sorting signal at the MVB level, not at the
PM. Although then at the PM, other ubiquitinated proteins, like B-arrestin, bind to the tail of
GPCRs to recruit the receptor after ligand stimulation to the clathrin-dependent endocytic
machinery. So lysine residues in the receptor itself are not required for ubiquitination, but -
arrestin-ubiquitination promotes rapid endocytosis (Shenoy and Lefkowitz, 2003).

Signaling receptors of the immune system are also regulated by ubiquitination. Ubiquitina-
tion-dependent endocytosis has also been co-opted by viruses to down-regulate the host im-
mune system as an evasion system. Virus encoded E3-ligases modify normally stable PM
proteins like the MHC class 1 (major histocompatability classl) molecules, functioning in
antigen presentation, with an ubiquitin signal that directs them to lysosomes for irreversible
inactivation and degradation (Coscoy et al., 2001; Hewitt et al., 2002).

Transporters and channels account for another large class of molecules that undergo ubiqui-
tin-mediated endocytosis. In yeast, peptide and sugar transporters are ubiquitinated and use
the signal for internalization and endosomal sorting (Katzmann et al., 2002). In mammalian
cells, ion channels are down regulated by lysosomal degradation after ubiquitination (Staub
O etal., 1997).

As ubiquitination is a post-translational modification so widely used to regulate cellular pro-
cesses, aberrations in ubiquitination can lead to various diseases. Inhibition of degradation
of the epidermal growth factor receptor family member ERBB2 has emerged in a variety of
cancers (reviewed (Warren and Landgraf, 2006). On the other hand, enhanced degradation of
tumor suppressor proteins has the same effect. In plants, much less is known about the role of
ubiquitination in regulation of receptors. Recently, a multidimensional Protein identification
technology (Mudpit) was employed to analyze ubiquitinated proteins in Arabidopsis (Maor et
al., 2007). The authors could, amongst other proteins, identify several plant receptors; a puta-
tive ethylene receptor ETR2, a LRR-transmembrane protein kinase, and a Toll-like receptor
involved in plant disease resistance TIR-NBS-LRR (Toll/Interleukinl receptor-nucleotide
binding site-LRR), showing that ubiquitination also plays a role in regulation of plant recep-
tors. The receptors mentioned were all found to be mono-ubiquitinated. Poly-ubiquitination
also plays a role in regulation the levels of plant receptors. The barley stem rust-resistance
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General Introduction

protein Rpgl, a receptor-like protein kinase, is degraded in the proteasome after poly-ubiqui-
tination, upon infection with the stem rust fungus Puccinia graminis. It is proposed that the
degradation process itself, or the products, activate a signaling pathway that results in disease
resistance (Nirmala et al., 2007). How the plant proteasome functions will be discussed in
the next section.

The plant proteasome

In eukaryotes the proteasome serves as the proteolytic component in the Ubiquitin Protea-
some System (UPS), which controls the degradation of misfolded and damaged proteins. In
the Arabidopsis genome about 5% of the genome encodes proteins with a function or homol-
ogy to proteins of the UPS system. The UPS system recognizes two classes of proteins; first
the misfolded and damaged proteins that are recognized by their loss of tertiary structure.
The second class comprises functional proteins that carry specific degradation signals; sec-
ondary modifications like phosphorylation or dephosphorylation that changes the protein’s
stability after signaling and promotes interaction with an E3 ligase. As a consequence, two
general functions of the UPS can be distinguished: first, the quality control of misfolded and
damaged proteins and second, the cellular regulation through degradation of regulatory pro-
teins (Kurepa and Smalle, 2008).

The Arabidopsis 26S proteasome consists of the 20S core particle (CP) and the 19S regulatory
particle (RP) that contains a base and a lid (Fig. 2). In the CP, proteins are degraded, while
the RP base contains RPT proteins; mostly ATPases necessary for ATP hydrolysis to unfold
target proteins and to open the entrance to the core proteolysis compartment. The RP base
also contains non-ATPase proteins (RPNs) for docking of ubiquitinated proteins. The RP lid
contains RPN proteins for assembly and integrity of this subunit and 1 RPN that harbors de-
ubiquitination activity.

The role of proteasomal degradation in plants

Proteasomal degradation plays an important role in many processes including plant develop-
ment. Developmental responses to the phytohormone auxin are controlled by the activity
of the auxin-inducible genes. Without auxin, transcription is repressed by the AUX/IAA
transcriptional repressors. In response to auxin, AUX/IAA repressors are degraded, thereby
inducing gene expression. The F-box protein TIR1 (conferring E3 ligase specificity), which
was identified as the auxin receptor in plants (Dharmasari et al., 2005; Kepinski and Leyser,
2005), binds to these proteins in an auxin-dependent manner, thereby controlling this process
(Gray et al., 2001).
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Protein ubiquitination

20S (CP) 198 (
a-ring
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Figure 2. The plant UPS system.

Ubiquitin binding is a three-step process, involving a ubiquitin-activating enzyme (E1), a ubiquitin-
conjugating enzyme (E2) and a ubiquitin-ligase (E3), which determines the specificity. Poly-ubiqui-
tination leads to degradation in the proteasome, consisting of the 20S core particle (CP) and the 19S
regulatory particle (RP) that contains a base and a lid. (J Aker, adapted from Kurepa and Smalle,
2008).

Ub-dependent degradation A/
peptides and Ub
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\%

The ubiquitin-specific protease AtUBPI14 is essential for disassembly of multi-ubiquitin
chains. Mutants of AtUBP14 cause an embryo-lethal phenotype, and arrested seeds contain
increased levels of multi-ubiquitin chains, showing that the proteasomal pathway and UBP14
in particular is essential for early embryo development (Doelling et al., 2001). Mutations in
CULA4, one of 11 cullin proteins in Arabidopsis that functions in a protein-complex as an E3
ligase, severely affect various aspects of development (Bernhardt et al., 20006).

Secondly, proteasomal degradation plays a role in transcriptional regulation. An example
in plants is the involvement of an SCF E3 Ub ligase in the degradation of DELLA proteins,
the transcriptional repressors of gibberelin (GA) responsive growth. GA binds to the soluble
Gibberelin receptor GID1 (GIBBERELIN-INSENSITIVE DWARF1). Upon binding of GA to
GIDI, the formation of a GID1-DELLA complex enhances the interaction with the SLEEPY1
(SLY1) SCF E3 ligase and promotes poly-ubiquitination and degradation of the DELLAs
(Griffiths et al., 2006).

Proteasomal activity also plays a role in regulation of the amount of cell cycle regulators
and rapid degradation of the spindle apparatus and phragmoplast. The proteasome subunits
expression is highly upregulated in actively dividing cells, showing that it plays an important
role in cell division (reviewed in (Kurepa and Smalle, 2008).
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Another function is the reprogramming of the cellular metabolism after developmental
changes that involve dramatic changes in reorganization of cells and tissues, as e.g. after
artificially induced somatic embryogenesis (Stasolla et al., 2004).

Proteasomal regulation also plays a role in programmed cell death (PCD), although evidence
seems to be somewhat contradictionary. Several studies have shown that suppression of pro-
teasome activity leads to PCD in plants (Kurepa and Smalle, 2008), but a recent report states
that proteasome activity is required for the PCD in heat-shocked tobacco cells (Vacca et al.,
2007).

Furthermore, proteasomes where shown to be involved in the defense responses in a number
of plant species. A key component of the plant defense response system is the formation of
Reactive Oxygen Species (ROS), which suppresses directly pathogen viability and movement
to other cells. The expression of 3 din (defense induced) subunits of the 20S CP is correlated
with the induction of ROS (Suty et al., 2003).

To conclude, proteolysis is essential for cell survival and helps to regulate the cell’s response
to the changing environment.

Proteasomal degradation of membrane-proteins; the role of CDC48 proteins

A way to control the levels of receptors is degradation in the proteasome. Poly-ubiquitinated
substrates are delivered to the proteasome via ubiquitin receptors that bind to the ubiquitin
moiety and the proteasome. The AAA family of proteins (ATPases Associated with various
cellular activities) plays a role in this targeting. The yeast and animal AAA ATPases Cdc48
or p97/VCP are involved in various activities as diverse as cell cycle regulation, transcrip-
tional activation, membrane fusion and ERAD of misfolded proteins (Miiller et al., 2005;
Woodman, 2003). AtCDC48A is a member of this family and was found in a protein-com-
plex immuno-precipitated from Arabidopsis seedlings together with SERK1. Although the
ATPases are also involved in proteasome-independent functions, many substrates of CDC48
proteins are eventually degraded in the proteasome. The physiological role of AAA ATPases
is to generate mechanical force to disrupt or fuse molecular structures by means of ATP
binding and hydrolysis. AAA proteins are comprised of an N-domain, two stacked hexameric
rings; the domains D1 and D2 that are connected by a linker and are responsible for binding
and hydrolysis of ATP and a C-terminal tail.

P97/VCP or Cdc48p proteins participate in the fusion of the ER-membrane (Latterich et al.,
1995; Zhang et al., 1994), via stable binding to the cofactor p47 (Shpl), which together interact
with syntaxin 5. Syntaxin 5 is a membrane-localized p47-receptor and a family member of
the t-SNARE proteins (target soluble NSF (N-ethylmaleimide-sensitive) attachment protein
receptors (Rabouille et al., 1998). Syntaxin 5 proteins on two close membranes pair to form a
complex, resulting in fusion of these membranes. The p97/p47 complex is suggested to act as
a chaperone in this process. P47 recruits p97 via its ubiquitin regulatory X (UBX) domain and
mediates post-mitotic fusion of Golgi and ER-membranes. Halawani and Latterich (Halawani
and Latterich, 2006) propose a more active role for p97 in substrate recognition and presenta-
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tion to ubiquitin ligases, in contrast to the commonly accepted model where substrates are
recognized after being processed by the ubiquitination machinery.

Apart from the cofactor p47, other proteins like Ufd1/NP14 were found having ubiquitin
binding capacity. There is a difference in the recognition of mono- or poly-ubiquitinated sub-
strates. P47 binds preferentially to mono-ubiquitinated proteins, linking to non-degradative
functions of p97 in membrane fusions while Ufd1/Npl4 bind to poly-ubiquitinated substrates,
required for p97 functions related to the ubiquitin/proteasome pathway (Dai et al., 1998;
Meyer et al., 2002). The interaction between the mentioned cofactors and p97 takes place
at the N-terminus of the hexamer (Dreveny et al., 2004; Meyer et al., 2000). Other ubiquitin
binding cofactors, like Ufd2 and Ufd3, dock at the C-terminal domain of a substrate-occupied
p97 complex (Rumpf and Jentsch, 2006).

Furthermore, for both VCP as well as for Cdc48p, de-ubiquitination enzymes (VCIP135 and
Otul) where found to be associated, and this appeared to be important for organelle mem-
brane fusion (Rumpf and Jentsch, 2006; Uchiyama and Kondo, 2005).

AAA ATPases also facilitate the translocation of misfolded proteins over the ER-membrane
via interaction with cofactors that recognize and bind ubiquitinated substrates (Fig. 3). In
yeast an integral ER membrane UBX protein, Ubx2, was found that recruits Cdc48 to the
ER. Ubx2 mediates binding of Cdc48 to the E3 ligases Hrd1 and Doal0O and to ERAD sub-
strates.

ER-lumen

Der1? Dfm1?

Cytosol

Figure 3. The ERAD-system in yeast

ERAD substrate emerging from a dislocation pore in the ER-membrane speculatively composed of
Derl, Dfm1, and/or other pore proteins (‘?’) is recognized by an ERAD ubiquitin ligase (E3) and cova-
lently modified with a ubiquitin chain (circles). The ubiquitinated substrate is bound by Cdc48 in com-
plex with its cofactors Ufd1-Npl4 (U/N) (J Aker, adapted from (Schuberth and Buchberger, 2005).
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To conclude, all these different functions make the AAA ATPase p97/VCP/Cdc48p or CD-
C48A an intriguing membrane complex protein involved in recognizing ubiquitinated mem-
brane proteins. Because evidence in animal receptor biology suggest that ubiquitination is
one of the first events after receptor activation (Hicke, 1997; Lowe et al., 2006; Shenoy, 2007),
CDC4S8 proteins in plants may be involved both in the initiation and the termination of signal-
ing pathways.

Endocytosis

Endocytosis, the invagination of membrane compartments leading to small vesicles called
endosomes, can occur by several mechanisms. Endocytic pathways in mammals involve
clathrin-mediated, caveolae or lipid raft mediated, or caveolin independent endocytosis,
fluid-phase endocytosis and phagocytosis. The nature of the internalized cargo, the size of
the vesicles and the associated proteins determine the different mechanisms of endocytosis
(Samaj et al., 2005).

Clathrin-mediated endocytosis in animal cells is the best-understood; after the assembly of
clathrin coats on membranes, vesicle invagination and fission takes place, followed by move-
ment of vesicles into the cytoplasm. Subsequently the vesicle is uncoated and fusion takes
place with the early endosome. Adaptor proteins like Epsins and Adaptins AP2 and AP180
bind to cytoplasmic domains of receptors and recruit clathrin to form a clathrin coat on the
inner side of the PM. Endophilin is involved in invagination, and the GTPase Dynamin is
required for the fission of clathrin coated vesicles (CCVs) from the PM. SH3-domain contain-
ing proteins provide scaffolding for various proteins of CCV trafficking. In plants several
components involved in clathrin-dependent endocytosis have been identified. These include
clathrin itself (Blackbourn and Jackson, 1996), adaptor proteins like AP180, adaptins (Barth
and Holstein, 2004) and SH3P proteins involved in the fission and uncoating of clathrin-coat-
ed vesicles (Lam et al., 2001). Dhonukshe et al (Dhonushke et al., 2007) showed clathrin and
clathrin-coated pits at the PM of Arabidopsis cells, and co-localization of clathrin vesicles
with PIN1 and PIN2-GFP containing endosomes.

The classical view on receptor endocytosis has long been a mechanism to inactivate recep-
tors and down-regulate signaling. This view has been changed based on observations that
endosomes contain large amounts of receptors and key signaling components. This led to the
suggestion that endocytosis is required to bring the components for signaling to the activated
receptors and to the hypotheses that 1) endocytosis adds an additional layer of specificity to
signaling pathways through compartmentalization; and 2) endocytosis is required for traf-
ficking of signaling complexes to specific cellular locations (reviewed in (Lei and Martinez-
Moczygemba, 2008; McPherson et al., 2001; Varghese et al., 2008).
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The role of endocytosis in plants

Several lines of evidence suggest a role for regulated endocytosis in plant development. For
example, it was shown in growing root hairs and pollen tubes that FM4-64, a membrane-dye
extensively used to track endomembrane compartments, accumulated strongly in the apex of
growing root hairs and pollen tubes, soon after application (Samaj et al., 2000).

Endocytosis and endosomes play an important role in cell wall morphogenesis. Baluska et
al. (Baluska et al., 2002) showed that cell wall pectins were internalized and that these endo-
somal pectins serve as preformed building blocks for the formation of new cell walls. These
would also provide the cell plate that is established within minutes, with new building mate-
rial (Baluska et al., 2002; Dhonukshe et al., 2005).

Another function of endocytosis is the internalization of plant specific auxin efflux carriers
(PIN proteins) necessary for the regulation of auxin efflux (Geldner et al., 2003). Fast recy-
cling of PIN proteins is necessary for polar transport of auxin, therefore continuous cycling
of PIN between the PM and the endosomal compartment takes place. It was shown that auxin
promotes its own efflux by regulating endocytic activity of carrier proteins like PIN1 (Pacio-
rek et al., 2005) and PIN2 (Abas et al., 2006).

Endocytosis also plays a role in the regulation of ion channels and transporters. An example
in Arabidopsis is the boron transporter AtBorl, which accumulates in the PM under low bo-
ron conditions, whereas it gets internalized and degraded after boron concentrations rises to
toxic levels (Takano et al., 2005).

Endocytosis regulates activities and levels of receptors. The first example of receptor- mediat-
ed endocytosis (RME) in plants is the ligand-dependent internalization of the Flagellin Sen-
sitive2 (FLS2) receptor in Arabidopsis (Robatzek et al., 2006). The FLS2 receptor localizes
to the PM and gets internalized into endosomal compartments upon stimulation with fig22,
a 22 amino acid (AA) bacterial flagellin peptide, a known elicitor of basal defense response
(Gomez-Gomez et al., 2001). Prolonged stimulation of FLS2 fused to GFP led to a complete
loss of GFP fluorescence in epidermal and mesophyll cells, suggesting a degradation of the
FLS2 receptor. For Arabidopsis CRINKLY4 (ACR4) it was shown that the protein’s function
and internalization are linked to a rapid protein turnover (Gifford et al., 2005).

Compartments, markers and molecules of the plant endomembrane system

The endomembrane system in plants, like in animals, comprises membrane-derived organ-
elles of which the function is defined by the presence of specific resident proteins (Miiller et
al., 2007).

Receptors or other membrane proteins that are internalized, first show up in early endosomes
(EE). Proteins determined for recycling either go back to the PM immediately or first pass
the recycling or sorting endosomes (RE/SE). From the EEs they can also be transported to
the trans golgi-network (TGN). Proteins destined for degradation are packed and delivered
to multivesicular bodies (MVBs), also called prevacuolar compartments (PVCs). From these
PVCs, proteins can be degraded in lytic vacuoles or returned to the TGN, from which early
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Golgi
EE TGN
PM / nucleus
RE/SE
MVB/PVC

Figure 4. The plant endomembrane system.

Receptors or other membrane proteins that are internalized, first show up in early endosomes (EE).
Proteins determined for recycling either go back to the PM immediately or first pass the recycling or
sorting endosomes (RE/SE). From the EEs they can also be transported to the trans golgi-network
(TGN). Proteins destined for degradation are packed and delivered to multi vesicular bodies (MVBs),
also called prevacuolar compartments (PVCs), and can move on to the vacuoles or back to the TGN (J

Aker).

endosomes pinch off on their way to the PM (Dettmer et al., 2006; Geldner, 2004; Geldner
and Jurgens, 2006; Miiller et al., 2007) See Figure 4.

Early endosomes are the first station in the endocytic pathway in plants. They accumulate
endocytic tracers within 2-5 min and serve as sorting compartments for newly internalized
proteins.

The TGN is the station where major sorting events occur, being the only compartment in
the cell where endocytic and secretory pathways meet. Hence, this organelle must comprise
distinct sorting domains for receiving recycling receptors from the PM as well as recycling
proteins from the MV Bs. Furthermore specific domains must be involved in receiving newly
produced proteins from the Golgi. Recently, Lam et al. (Lam et al., 2007) proposed a model
where the TGN, EEs and REs are one continuous organelle serving all the above-mentioned
functions.

MVBs are spherical and contain inner luminal vesicles derived from membranous invagi-
nations. In plants, markers for the prevacuolar compartment (PVC) were recently localized
to the MVB (Tse et al., 2004), which makes PVCs and MVBs less distinct than in animals
and are probably the same compartment in plants. Recently it became apparent that like in
mammals, a retromer complex is present in Arabidopsis (Oliviusson et al., 2006). The ret-
romer is a protein complex known to be responsible for retrograde transport of vacuolar
cargo receptors from the MVB/PVC to the TGN. Other cargo of the MVB is destined for
the degradation pathway and from this station transported to the late endosomes (LE) or the
vacuoles. In animal and yeast it was shown that mono-ubiquitination is needed for proteins to
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become recognized by ESCRT complexes. These complexes first mediate the internalization
of mono-ubiquitinated proteins into luminal vesicles of the MVB before they are delivered to
the vacuole or lysosomes (Babst, 2005; Katzmann et al., 2001) All components of the ESCRT
complex are also encoded in the Arabidopsis genome (Spitzer et al., 2006).

Several Rab GTPases are specific markers of plant endosomes (Lam etal.,2007). Rab GT-
Pases play a role in tethering an incoming vesicle to the correct target organelle. Rab GTPases
constitute a large family of small G-proteins that function as molecular switches that oscillate
between GTP-and GDP bound conformations. Their regulatory function is restricted to the
membrane compartments where they are localized. Each transport step requires the binding
of activated Rab proteins to soluble effectors that mediate the process (reviewed by Nielsen
et al, 2008). In Arabidopsis 57 members are known. ARA6 (AtRaBF1) and ARA7 (AtRaBF2)
that have high homology with the mammalian Rab GTPase, RaB5, are most used as molecu-
lar markers. In Arabidopsis ARA6 and ARA7 co-localized with internalized membrane dye
FM4-64. ARA6, however, resides only on the early endosomal compartments, while ARA7
localizes to early and late endosomes like the prevacuolar compartment (Samaj et al., 2005;
Vermeer et al., 2006). Rhal is another Rab GTPase localized to early and late endosomes.
After the tethering of membranes through the Rab GTPases, the specific pairing of cognate
SNARESs (soluble NSF attachment protein receptor) between the two bilayers ensures pre-
cision in the fusion event. SNARESs are enriched in certain organelles, but during vesicle
transport spread inevitably throughout many cellular compartments. The Arabidopsis ge-
nome encodes 54 t-SNARES, of which 17 localize to both the PM and to endosomes (Uemura,
2004). Some SNARESs are characterized as specifically involved in fusion events on distinct
endosomal compartments and are therefore used as molecular markers. AtSYP4!1 for example
is used as a marker for the TGN, while SYP21 is associated with a late endosomal compart-
ment (Uemura et al., 2004).

Another often-used late endosomal marker is the FY VE-domain. In animal cells, the FYVE
domain is a conserved motif that localizes PI(3)P-binding proteins to endosomes (Gillooly et
al., 2000). In Arabidopsis protoplasts FY VE localized to endosomes and the nucleus, but also
strongly to the vacuole membrane (Vermeer et al., 2006).

Several drugs are used as tools to study endocytosis. The fungal toxin Brefeldin A (BFA)
is an inhibitor of several ADP ribosylation factor guanine exchange factor (ARF-GEF) by
binding to the ARF and its ARF-GEF. BFA was shown to inhibit Golgi-dependent secretion
and also endosomal post-Golgi trafficking. GNOM, the first ARF-GEF discovered in plants
is BFA-sensitive and necessary for PIN1 re-localisation (Geldner et al., 2001). BFA treatment
led to a rapid and reversible accumulation of PIN1 in “BFA” compartments. PINI remained
at the PM upon BFA treatment of GNOMMBO96L 146t tips, which suggested that the ARF-
GEF GNOM is responsible for the recycling of PIN1 from endosomes to the PM (Geldner et
al., 2003). BFA not only induced intracellular accumulation of plasma membrane proteins,
but also pectins of the cell wall (Baluska et al., 2002), which suggests that BFA induces also
uptake of material from the cell wall.

Tyrphostin A23, a generally used inhibitor of the recruitment of endocytic cargo in the clath-
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rin-mediated pathway, inhibited PIN2 endocytosis, while other proteins still internalized, as
shown by FM4-64 uptake. FM4-64 is a lypohylic membrane dye that stains the PM imme-
diately after application, and internalizes with the membrane. Ten minutes after application,
components of the endomembrane system are stained, but after longer incubation time also
the Golgi is stained.

Concanamycin A is used as a vacuolar (V) -ATPase inhibitor. This compound blocks H+
V-ATPases and causes alkalinization of the TGN and recycling endosomes and prevents re-
ceptor recycling between the Golgi and endosomal compartments (Machen et al., 2003; Rob-
inson et al., 2004).

Conclusions and perspectives

Remobilization by endocytosis and degradation of receptors together regulate the levels and
activities of membrane receptor proteins. Two processes lead to degradation of receptors;
first poly-ubiquitination of proteins, that targets them to the proteasome. Second, endocytosis
after mono-ubiquitination, that leads aside from recycling, to degradation in the lysosomes or
vacuoles. An important and yet unresolved question is how and when the decision is made for
mono- or poly-ubiquitination of proteins, and hence the direction of trafficking of membrane-
receptors. A hypothesis is that a modification like phosphorylation and subsequent conforma-
tional changes precedes ubiquitination and endocytosis (Tang et al., 2003). The sub-cellular
localization of interacting partners and/or the trafficking of signaling complexes to specific
cellular locations could determine the direction of the receptors. The research described in
this thesis tries to extend the knowledge on plant receptor endocytosis and trafficking, which
processes may start or terminate signaling activity.

Outline of this thesis

One of the major goals of this thesis is to understand the function of CDC48A when present
in the SERK1-complex. In addition, the function of SERK1 and SERK3 as the co-receptors
of BRI1 was investigated.

In this thesis we have investigated the interaction that was found between SERK1 and CD-
C48A, in a yeast two hybrid screen and subsequently in a complex immuno-precipitated from
Arabidopsis seedlings (Karlova et al., 2006; Rienties et al., 2005). In chapter 2 the location of
the co-localizing SERK1 and CDC48A proteins is described and the interaction is measured
at these sites of interactions, using Forster Resonance Energy Transfer based Fluorescence
Lifetime Imaging Microscopy (FRET-FLIM). SERK1 and CDC48A co-localize and interact
at the PM in domains comprising ER-membranes, confirming the possible role of CDC48A in
the ER-associated degradation of misfolded proteins. In chapter 3 it is shown that the SERK1
receptor interacts with the hexameric form of the CDC48A protein. FRET-FLIM revealed
that SERK1 fused to yellow fluorescent protein (YFP), interacts with the N-terminus as well
as the C-terminus of the CDC48 proteins fused to cerulean fluorescent protein (CFP). Also
it was shown that SERK1 interacts with the, active, hexameric form of the CDC48A protein
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and not with the monomeric form. In the N-domain of CDC48A, responsible for most of the
interactions with other proteins (Dreveny et al., 2004; Meyer et al., 2000), Ser-41 was found
to be phosphorylated by the SERKI1 kinase. The C-terminal peptides could not be recovered
by MS-MS, which might contain additional targets for the SERK1 receptor and explain the
interaction of SERK1 at the C-terminus of CDC48A. Calculation of the diffusion coefficient
of the hexameric full length CDC48A protein fused to an YFP tag, using Fluorescence Corre-
lation Spectroscopy (FCS), showed that the CDC48A protein diffuses very slowly. A deletion
mutant lacking the domain which is required for hexamerization, the D2 domain, diffused
much faster, confirming that in protoplasts the full length CDC48A-YFP fusion protein is a
hexamer. The calculated size of the CDC48A hexamer was much larger than expected, sug-
gesting that in the cell it is predominantly found in a bigger protein complex. Deletion of the
N-domain of the CDC48A indeed reduced the diffusion time of the complex.

In chapter 4 the role of the co-receptors SERK1 and SERK3 in endocytosis of the BRII
receptor is investigated. Over-expression of SERK3 enhanced BRIl endocytosis in Arabi-
dopsis root tips from double transgenic lines containing BRI1-GFP and SERK3-HA. How-
ever BRI1-mediated signaling was not enhanced. Roots of a double mutant line lacking both
SERKI1 and SERK3, was completely insensitive to BL. BR signaling of BRI1-GFP crossed
in this background was very much impaired, while the absence of the co-receptors in root
tips did not affect the distribution of fluorescent BRII protein on the PM compared to the cy-
toplasm in cells in which all 3 receptors are normally expressed. However, the total amount
of BRII protein was decreased, probably due to higher turn-over rate of the BRI1-receptor,
which suggested that SERK1 and SERK3 aid in stability of the main receptor BRII.

In chapter 5 the cellular compartment where interaction between BRI1 and its co-receptors
takes place is investigated. Therefore a double line expressing BRIl fused to GFP as well
as SERK3 fused to HA was employed. Using immuno-staining on fixed tissue, endosomal
compartments containing both receptors could be distinguished which accumulated after ap-
plication of BFA in so-called “BFA compartments”. BRI1-containing endosomes were fully
sensitive to BFA, while only a small part of the SERK3- or SERK-containing endosomes
appeared to be sensitive, suggesting that most of the SERK3 and SERK1 endosomes require
another ARF-GEF for recycling than the BFA-sensitive endosomes. However, a small por-
tion of SERK3 co-localized with BRII endosomes, which is probably the part that is active
in BRI-mediated signaling. In the absence of the co-receptors BR signaling in roots is largely
inhibited but the roots are also almost insensitive to BFA, compared to wt roots. BRII in roots
were the co-receptors are lacking is still sequestered to BFA-bodies, showing that BRI1-me-
diated signaling predominantly takes place from internalized BRI1/SERK1/SERK3 receptor
complexes. Finally, FRET-FLIM confirmed the interaction between the receptors in these
BFA-sensitive, accumulated, endosomal compartments.

In chapter 6 the conclusions are summarized.
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The Arabidopsis thaliana AAA protein CDC48A interacts in vivo
with the Somatic Embryogenesis Receptor-like Kinase 1 receptor
at the plasma membrane

José Aker, Jan Willem Borst, Rumyana Karlova, Sacco de Vries
Journal of Structural Biology (2006), Vol. 156, pp. 62-71.
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Abstract

Fluorescent Cell Division Cycle (CDC) 48 proteins were studied in living plant protoplasts.
CDC48A and SERK1 were found to co-localize in the endoplasmatic reticulum (ER) and at
the plasma membrane (PM), but not in endosomal compartments. Fluorescent lifetime imag-
ing microscopy (FLIM) was used to detect Forster resonance energy transfer (FRET) be-
tween CrFP/YFP tagged CDC48A and SERKI. FRET is indicative of direct protein-protein
interaction. CDC48A was found to interact only with SERK1 in small areas at the PM, but
not in endosomes. These findings confirm and extend our previous findings that CDC48A in
plants directly interacts with SERK1.
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Introduction

The transmembrane Somatic Embryogenesis Receptor like Kinase 1 (SERK1) is a member
of a small subset of leucine rich repeat receptor like kinases (LRR RLKs) in Arabidopsis
thaliana. In plants the SERK1 protein is found in the plasma membrane (PM) of both male
and female gametophytes and in the surrounding sporophytic cell layers such as the tapetum
and integument. Later the protein is found in all cells of the embryo and in seedlings it be-
comes restricted to vascular tissue of roots, shoots and leaves (Albrecht et al., 2005; Hecht et
al., 2001; Kwaaitaal et al., 2005). Ectopic expression of the SERK1 gene results in enhanced
embryogenic cell formation (Hecht et al., 2001), while a serk! knockout mutant does not show
a clear phenotype unless it is combined with the serk2 mutant. The serklserk2 double mutant
is male sterile due to a failure of tapetum specification (Albrecht et al., 2005).

Previously we have shown that in yeast the SERK1 kinase domain (amino acids 266-625)
interacts with the C-terminal part of the Cell Division Cycle (CDC) 48A protein (amino acids
747-806) and co-immunoprecipitates with the protein in Arabidopsis cultured cells (Karlova
et al., 2006). In vitro the SERKI kinase is able to transphosphorylate CDC48A (Rienties et
al., 2005) and in vivo CDC48A was identified in a complex with the SERKI receptor, im-
muno-precipitated from SERK1-expressing seedlings (Karlova et al., 2006). CDC48A gene
expression was shown in floral buds in the developing microspores and in tapetum cells, in
the vascular tissue of the anther and in ovules (Feiler et al., 1995). This expression pattern
overlaps with the SERK1 expression in plants (Kwaaitaal et al., 2005). At a sub cellular level,
the CDC48A protein was found in the nucleoplasm (Feiler et al., 1995), at the phragmoplast,
and also in punctate structures distributed in the cytoplasm of both dividing and non-dividing
cells (Rancour et al., 2002). CDC48A has 76% identity with the mammalian 97-kDa vasolin-
containing protein (p97-VCP).

CDC48A is a member of the ATP-ases Associated with various cellular Activities (AAA-
proteins). The central theme in the biochemical function of these ATP- ases is the coupling of
ATP hydrolysis to the unwinding, disassembly, or unfolding of protein substrates (Woodman,
2003). The overall structure of one protomer comprises a N-domain important for ubiquiti-
nated substrate and co-factor binding, two highly conserved AAA domains, a DI domain
important for hexamerization, a D2 domain responsible for the major ATPase activity and a
C-terminal tail. AAA proteins are only active as a hexamer (Wang et al., 2003a). One activity
of p97-VCP or the yeast orthologue CDC48p is to mediate the ubiquitin/proteasome-depend-
ent degradation of proteins. Evidence that mammalian VCP is involved in receptor protein
degradation comes from studies using the non tyrosine kinase-type cytokine surface recep-
tors 11-9, I1-2 and the Erythropoietin receptor (Yen et al., 2000). VCP undergoes tyrosine
phosphorylation in a cytokine dependent manner and associates with the receptor complex
leading to poly-ubiquitination of the receptor. This suggests that VCP targets the receptor to
the proteasome for degradation. The p97-VCP complex members Ufdland NP14 are co-fac-
tors forming heterodimers, binding to the N-domain of p97 and to ubiquitinated substrates
(Meyer et al., 2000). The p97-Ufd1-NPI4 complex was shown to be involved in ER associated
degradation (ERAD) of inositol 1,4,5-triphosphate (IP3) receptors in the ER membrane, upon
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ligand-induced receptor ubiquitination (Alzayady et al., 2005).

Not many functions are described for Arabidopsis CDC48A. (Rancour et al., 2002) showed
that the protein can be involved in membrane fusions, as it co-fractionated with the soluble
NSF attachment protein receptor (SNARE) proteins SYP21, SYP31 and the cell plate SNARE
KNOLLE from Arabidopsis suspension-cultured cells. SNARES are involved in heterotypic
fusion of secretory vesicles with their acceptor compartment as well as in homotypic fu-
sion of ER membranes and vacuoles. Arabidopsis CDC48A was also shown to play a role
in ERAD-like quality control. A dominant negative CDC48A mutant stabilized a mutant
barley (Holdeum vulgare) powdery mildew resistance o receptor (mlo-1) in Arabidopsis pro-
toplasts, showing that CDC48A is necessary for degradation of misfolded proteins (Miiller et
al., 2005). Substrate ubiquitination is an important feature in this process.

While we have previously shown that SERK1 and CDC48A are part of the same protein
complex in Arabidopsis seedlings, it is unknown in which cell compartment this CDC48- and
SERK1-containing complex resides. To answer this question, both CDC48 and SERK1 were
tagged with the green fluorescent protein (GFP) variants, cerulean and yellow fluorescent
protein (CrFP and YFP) and co-expressed in leaf mesophyll protoplasts. Forster Resonance
Energy Transfer (FRET) was measured using Fluorescence Lifetime Imaging Microscopy
(FLIM), a method increasingly used to measure protein-protein interactions in plant cells
(Nougalli Tonaco et al., 2005; Russinova et al., 2004).

Our results show that SERK1 and CDC48A co-localize in the ER and at the plasma mem-
brane but only interact in small ER domains at or close to the plasma membrane. No interac-
tion was observed in endosomal compartments.

Methods

Construction of the CFP/YFP tagged proteins

AtSERKI1-CrFP (tagged at the C-terminus), Ara6-YFP and YFP-HDEL-constructs were a
gift from E. Russinova. CDC48C was PCR amplified from an EST (RAFL09-46-C07) with
primers 5’GGGAGATCTCATATGTGAGGCATGGGGAGGAGAGGTCGC3’ and 5°CG-
GGGTACCCTCGAGGGTAAAAGATGGCCC3’ and fused to PCR amplified CrFP and YFP
after digestion with Kpnl. The full-length tagged cDNA was inserted into pMON999 (Mon-
santo, St. Louis, MO) using Bgl2 and BamH].

CDC48A was PCR amplified from an EST (RafL05-04-E20) with primers 5’GTACCCG-
GGCATATGTGAGGCATGTCTACCCCAGCTGAA3’ and
5’CGGGGTACCATTGTAGAGATCATCATCGTCCCC3’. The full-length ¢cDNA was ex-
changed with CDC48C into pMON999-CrFP and -YFP using Ndel and Kpnl, leading to C-
terminally fluorescent tagged CDC48A and C. The N-DI mutant of CDC48A was made by
deleting the D1-D2 linker plus the D2 domain from the second Ncol-site which was in frame
with the introduced Ncol-site at the start of the YFP. To generate the C-terminally tagged
CrFP fusion to CDC48A, CrFP-CDC48C was generated first. Thereby cloning sites Ndel and
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Nhel where introduced, by which CDC48A,, using PCR, was exchanged. The constructs were
verified by sequencing and the size of the fused proteins was verified on Western-blot, using
anti-GFP antibodies.

Arabidopsis protoplast isolation and transfection

Arabidopsis mesophyll protoplasts were prepared and transfected according to a protocol
described by Sheen (2001) with modifications. The enzyme solution contained 1.5% w/v cel-
lulase R10 (Yakult Hosha Co.) and 0.2% w/v pectinase from Rhizobus sp. (Fluka). Modifica-
tions were: 1)The enzyme solution did not contain B-mercapto-ethanol and BSA, and 2)The
transfection was done for only 5 minutes in MMG (containing 0.2 M mannitol, 15 mM MgCl,
2 mM Mes pH5.7). Thirty ug DNA per transfection was used. After transfection, protoplasts
were kept in W5 medium (154 mM NaCl, 125 mM CaCl2, 5 mM KCI, 2 mM Mes pH 5.7) in
the presence of 1 mM glucose in 25 C under light conditions. Transfection efficiencies ranged
from 10 to 50 % of the examined protoplasts.

FM4-64 was added in a concentration of 50 puM for 10 minutes on ice and cells were washed
twice with W5 medium. Cells were resuspended in W5 plus ImM of glucose and imaged im-
mediately.

SDS-PAGE, native-PAGE and Western blotting

Sixteen to twenty hours after transfection protoplasts were lysed in RIPA-buffer (50 mM
Tris pH 7.5, 150 mM NaCl, | mM MgCIl2, 1 % NP40, containing a protease inhibitor tablet
(Roche)) for 15 minutes on ice. Extracts were centrifuged for 7 minutes at 13.000 rpm at 4
degrees and soluble fractions were supplemented with SDS-PAGE loading buffer, denatured
at 95 C for 5 min before loading on an 8% gel, next to a pre-stained marker. Gels were blotted
on nitrocellulose. For Native PAGE, the soluble fractions were supplemented with Native-
PAGE loading buffer and loaded on a native gel of 4 to 8% acrylamide. Gels were blotted on
PVDF membrane. The marker part of the blot was stained with Coomassie immediately after
the blotting. Monoclonal antibodies against CDC48A (or the homologue VCP) were obtained
from BD Transduction Laboratories. Anti-YFP was generated by Isogen, according to stand-
ard procedure. The serum was purified on an YFP-protA column. Intensities of bands on the
blots were compared using Gel Pro Analyzer.

Confocal Laser Scanning Microscopy

The CrFP and YFP fluorescence in protoplasts was imaged using a Confocal laser Scanning
Microscope 510 (Carl Zeiss, Jena, Germany) excited at 458 and 514 nm with an Argon laser
and the fluorescence was detected via a bandpass filter (CrFP: 470-500 nm, YFP: 535-590
nm). Chlorophyll was detected using a 650 long pass filter. FM4-64 was excited with a green
He/Ne laser (543 nm) and fluorescence was detected with the bandpass filter 600-650 nm. In
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combination with FM4-64, YFP was excited at 488 nm and measured with the bandpass filter
505 and 550 nm.

Fluorescence Lifetime Imaging Microscopy

FLIM was performed using a Biorad Radiance 2100 MP system (Hercules CA) combined
with a Nikon TE 300 inverted microscope (Tokyo, Japan) as described by Russinova et al.
(2004). For the FLIM experiments, the Hamamatsu R3809U MCP PMT (Hamamatsu city,
Japan) was used, which has a time resolution of 50 ps. CrFP emission was selected using
a 480DF30 band pass filter. Images with a frame size of 64 x 64 pixels were acquired, and
the average count rate was around 104 photons per second for an acquisition time of 90
sec. (Borst et al. 2003). From the fluorescence intensity image the fluorescence lifetime is
determined for each pixel. The full fluorescence decay per pixel is calculated for the donor
molecule using a double exponential decay model. The fluorescence lifetime (t values) can
then be presented as a false color-coded image superimposed over the visible light image. The
fluorescence lifetime of the (CrFP-tagged) donor molecule was fixed to 2450 picoseconds (ps)
observed for SERK1-CrFP and to 2650 ps for CDC48A-CrFP.

From each cell expressing CrFP- and YFP- tagged proteins, three possibly interacting do-
mains were chosen to determine mean fluorescence lifetime. Areas of the images in which
chloroplasts were observed were not measured, due to high background fluorescence.

Results

SERK1 and CDC48A co-localize at the PM in confined regions

The subcellular localization of SERK1 and CDC48A was investigated in Arabidopsis cells.
Both proteins were tagged at the C-terminus with either CrFP or YFP and transiently ex-
pressed in Arabidopsis mesophyll protoplasts under control of the 35S Cauliflower mosaic
virus promoter. Confocal Laser Scanning Microscopy (CLSM) was used to examine the lo-
calization of the fluorescent proteins. CrFP and YFP fluorescence as well as chlorophyll auto-
fluorescence was recorded in separate channels, after which the combination of all three was
merged into an overlay image.

In single transfections CDC48A-CrFP was localized at the plasma membrane (PM) and in
the cytoplasm (Fig.1A). In putative membrane compartments in an optical cross-section close
to the nucleus, fluorescence is observed as well (Fig. 1D) while in about 20% of the positive
cells fluorescence was observed primarily in the nucleus. Single transfections of SERK1-YFP
demonstrated a localization at the PM (Fig. 1B), and in another optical cross-section of the
cell also in vesicle-like compartments in the cytoplasm (Fig. 1C). These vesicle-like com-
partments were tentatively identified as endosomal compartments (Russinova et al. 2004).
The amount of fluorescent SERKI protein at the PM compared to the amount in vesicles
varied from cell to cell and also varied in time after transfection. SERK1 tagged to YFP un-
der control of the SERK1 promoter was shown to complement the male sterility phenotype
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-
CDC48A-CrFP

CDC48A-CrFP

Figure 1. Co-localization of SERK1 and CDC48A in Arabidopsis protoplasts.

Confocal images of single transfections of CDC48A-CrFP at the plasma membrane (PM) (A), SERK1-
YFP at the PM (B) and in another optical cross-section in vesicles (C) and CDC48C-CrFP (G), com-
bined with chlorophyll in a merged image (H), recorded 16 h after transfection. CDC48A-CrFP (D)
was co-expressed with the ER-marker HDEL-YFP (E) and the combined image is shown in (F). The
arrowhead shows co-localization with the perinuclear ER.

The co-transfection of CDC48A-CrFP and SERK1-YFP is shown in image (I) to (Q). (I) to (K) show
co-localization of CDC48A-CrFP (I) and SERK1-YFP (J) and the merged image (K) at the PM. (L) to
(N) show co-transfection of CDC48A-CrFP (L) and SERK1-YFP (M) in another optical cross-section.
CDC48A-CrFP and SERKI1-YFP do not co-localize in vesicles in the cytoplasm. (O) to (Q) show a
detail of the PM, where CDC48A-CrFP and SERK1-YFP show more co-expression in specific regions.
Barsin A and [ = 10 pm.
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A. SDS-PAGE B. Native-PAGE
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Figure 2. Expression of CDC48A-CrFP and the D2 domain deletion mutant N-D1-YFP in Arabi-
dopsis protoplasts, shown by SDS- and Native-PAGE.

Panel A shows lysates of non-transfected and transfected protoplasts expressing CDC48A-CrFP, sub-
mitted to SDS-PAGE and detected with anti-VCP, recognizing the N-domain of both endogenous and
tagged CDC48A. The amount of tagged CDC48A protein was 4 times more then the endogenous
CDC48, where 50% of the cells were transfected.

Panel B shows lysates of protoplasts transfected with the non-hexamerizing mutant N-DI1-YFP and wt
CDC48A-CrFP submitted to native-PAGE and detected with anti-YFP. Ninety-five % of the wt tagged
CDC48A was in the hexameric state, whereas almost all of the N-D1-YFP protein retained the mono-
meric state. The marker is serum albumin, showing the monomer, 66 KD and the dimer 132 KD.

observed in sklsk2 double mutants, resulting in normal siliques and seeds (Albrecht et al.
2005). In addition SERKI-YFP was shown to be localized at the plasma-membrane and in
endosomal compartments in plants (Kwaaitaal et al. 2005), suggesting that the SERK1-YFP
fusion proteins in protoplasts are functional and the localization is in correspondence with
the localization in plants.

The identity of CDC48A-CrFP containing compartments close to the nucleus was investigated
by co-expression of CDC48A-CrFP (Fig. 1D) and YFP-HDEL as a marker for the endoplas-
mic reticulum (Fig. 1E). The latter construct contains the HDEL sequence, which was shown
to efficiently retain proteins in the ER of plant cells (Gomord et al., 1997). Co-localization
between CDC48A-CrFP and YFP-HDEL was indeed observed in this compartment (Fig. 1F),
suggesting that the CDC48A protein is in part located in the ER. The subcellular protein
localization of CDC48A-CrFP transiently expressed in protoplasts is similar to the localiza-
tion of CDC48 as observed “in planta” (Feiler et al., 1995). To exclude that the relatively high
amount of protein in the cytoplasm is due to over-expression, another AAA ATPase of Arabi-
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dopsis thaliana, CDC48C (At3g01610) having 42% homology at protein level with CDC48A,
was also expressed as a fluorescent fusion protein in protoplasts (Fig. 1G,H). The CDC48C-
CrFP protein was only found in the nucleus, up to 2 days after transfections and in all of
the transfected cells. The observed localization of the CDC48A-CrFP proteins therefore was
not due to over-expression of the introduced construct. We conclude that both CDC48A and
SERKI1 fluorescent proteins faithfully reflect the localization of the endogenous proteins.
When CDC48A-CrFP and SERK1-YFP were co-expressed, co-localization only occurred at
the PM (Fig. 11,J,K). Co-expression of the two different proteins did not change their localiza-
tion compared to the single transfections (Compare Fig. 1A with 11, 1B with 1J, and 1C with
IM). No co-localization with CDC48A-CrFP was observed in the vesicle-like compartments
that contain SERK1-YFP (Fig. 1L,M,N). Interestingly, in certain confined regions at the PM
(arrowheads in Fig. 10,P,Q), both SERK1 and CDC48A proteins appeared to be more con-
centrated. These regions resembled some of the SERK1-containing vesicles in the cytoplasm
(Fig. IM).

The amount of fluorescent CDC48A versions with a MW of 130 KD as compared to the
endogenous amount of CDC48A in Arabidopsis protoplasts was determined using anti-VCP
antibodies that recognize the N-domain of the CDC48 protein (Fig. 2A). Although cross-reac-
tion with other CDC48 family-members cannot be ruled out, CDC48A is the most abundant
member of the family and therefore most likely accounts for the majority of the proteins
visualized by Western-blotting. In general about 50% of the cells used express the CDC48A-
CrFP construct and since the amount of tagged protein is approximately 4 times higher then
the endogenous amount, we estimate that there is at most 8 times more fluorescent fusion
protein compared to endogenous CDC48. Only cells showing intermediate expression were
examined for localization studies and FLIM-measurements.

To investigate whether the fluorescent CDC48A proteins are capable of achieving the bio-
chemically active hexameric state (Wang et al., 2003a) native-PAGE was used to determine
the size of the protoplast-expressed fluorescent fusions. For comparison a non-hexamerizing
mutant of CDC48A was used containing only the N-domain plus the DI domain fused to
YFP. For VCP it was shown that this so-called N-D1 without the D1-D2 linker sequence is
essentially non-hexameric in vitro (Wang et al., 2003b) In Arabidopsis protoplasts the CD-
C48A-CrFP fusion proteins were primarily found in the hexameric form (Fig. 2B). Only
between 0 to 5% of the fusion proteins retained the monomeric state. For comparison, almost
all of the non-hexamerizing N-DI-YFP protein was found as monomers (Fig. 2B). This result
shows that fluorescently tagged CDC48A protein in protoplasts is hexameric and therefore
can be enzymatically active.

SERK1 and CDC48A interact at the PM

Because the SERK receptor and the CDC48A proteins only co-localized at the PM and in
a number of vesicle-like compartments close to the PM, we next asked whether interaction
between both proteins also occurred in this location. The interaction between SERKI1 and
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CDCA48A at the PM was investigated using FRET-FLIM analysis. FRET is the phenomenon
that energy transfer from an excited fluorescent donor molecule (CFP) to a fluorescent ac-
ceptor molecule (YFP) occurs. After excitation FRET can take place when two proteins of
interest that are fused to CFP and YFP are in close proximity, generally between 5 and 10
nm. This distance corresponds to inter-molecular protein-protein interactions (Bastiaens and
Pepperkok, 2000; Hink et al., 2002). FLIM is one method to determine FRET by the estima-
tion of the fluorescence lifetime of the CFP-donor molecule. Interaction between CFP and
YFP molecules will lead to the reduction of the fluorescence lifetime of CFP which can then
be spatially resolved.

FLIM was performed according to the single photon counting methodology as described in
methods. The mean fluorescence lifetime ranges from a t of 2.7 ns (dark-blue, no interaction)
toat of 1.8 ns (orange-red, interaction) (Fig. 3). The fluorescence lifetime is a given value
for each fluorophore and is dependent on the environment or other factors like the refractive
index (Borst et al., 2005). It is therefore necessary to independently determine the lifetime for
each donor molecule in the abscence of the acceptor molecule.

The mean lifetime of the donor molecule was first determined in cells expressing CDC48A-
CrFP alone. Figure 3A shows an example of a fluorescence intensity image of CDC48A-CrFP.
From this image the false-color coded image showing the fluorescence decay per pixel was
calculated (Fig. 3B). The measurements of the number of cells investigated that were express-
ing CDC48A-CrFP alone are listed in Table 1 and yielded an average donor lifetime of 2.67 ns.
The fluorescence lifetime of the donor molecule alone was homogenous along the whole PM
(Fig. 3B). Subsequently CDC48A-CrFP and SERK1-YFP-tagged proteins were co-expressed
and an example of a fluorescence intensity image is shown in Fig. 3C. In cells expressing both
CDC48A-CrFP and SERKI1-YFP a reduction in lifetime was observed at several positions at
the PM (arrowheads in Fig. 3C,D). This observation suggests that whereas there is an obvi-
ous co-localization of the SERKI1 receptor and the CDC48A protein at the PM, their true
physical interaction is not evenly distributed. However, it seems that there is both a general
reduction from 2.7 ns to about 2.4 ns and a number of “hot spots” where the observed reduc-
tion in lifetime was at most 1.8 ns. For every protoplast three of the positions with strongly
reduced lifetime were analyzed and an average t -value of 2.23 ns was calculated (Table 1). In
the reciprocal experiment, SERK1-CrFP was used as the donor molecule and CDC48A-YFP
as the acceptor. Both proteins showed exactly the same co-localization as their YFP- and
CrFP-tagged counterparts. The mean lifetime of the SERK1-CrFP protein alone was 2.5 ns
(Fig. 3E and Table 1). In cells expressing both SERK1-CrFP and CDC48A-YFP, we focused
on a region at the PM where both proteins (Fig. 3F and Tablel) showed a reduction in the
fluorescence lifetime from 2.5 ns to 1.9 ns (Table 1). In Fig. 3G, an enlargement of Fig. 3F is
shown. Of particular interest is the non-homogenous distribution of the interactions between
the SERK receptor and the CDC48A protein. For comparison we also used the SERK1-CrFP
and SERKI1-YFP pair (Fig. 3H, Table 1) confirming the formation of SERK1 homodimers as
shown previously (Russinova et al., 2004; Shah et al., 2002).
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T =2.7ns
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Figure 3. Interaction between SERK1 and CDC48A based on FRET measured by Fluorescence
Lifetime Imaging Microscopy.

Examples of Fluorescent intensity images of CDC48A-CrFP alone (A) and CDC48A-CrFP/SERK1-
YFP (C) recorded with FLIM, 16 h after transfection. From the fluorescent intensity image a pseudo-
color lifetime image, displaying the lifetime per pixel was calculated (see Methods) for the donor CD-
C48A-CrFP alone (B) and the co-expressed CDC48A-CrFP and SERK1-YFP (D). The average lifetime
of three interacting points at the PM of each cell per expressed protein (-pair) is listed in Table 1. Donor
lifetime on average was 2.7 ns (B). In (D) the arrowheads point to arecas where a significant reduction in
lifetime was measured in an example of a CDC48A-CrFP/SERK1-YFP transfected cell (t= 1.8 ns).
The fluorescent lifetime image of SERK1-CrFP alone is shown in (E). The lifetime of SERK1-CrFP as
the donor was on average 2.5 ns. The fluorescent intensity image of a region at the PM where SERK -
CrFP and CDC48A-YFP co-localize is shown in (F). In the corresponding pseudo-color lifetime image
of the selected region, areas are indicated with lifetimes of 1.9 to 2.1 ns (arrowheads in G). In an ex-
ample of a double transfection of SERK1-CrFP and SERK1-YFP (H) the arrowhead shows a reduction
in lifetime to 1.8 ns. The fluorescent intensity image of N-terminally tagged CrFP-CDC48A is shown
in Fig. 31, the fluorescent lifetime image in J. The average lifetime of the donor was 2.6 ns, listed in
Table 1. (K) and (L) show an example of the decay in lifetime of the CrFP-CDC48A co-expressed with
SERK1. The arrowhead shows a reduction in lifetime to 1.8 ns.

The color bars from red to dark blue, corresponding with the experiments next to them, were set differ-
ently for CDC48A-CrFP and CrFP-CDC48A as the donor (2.0 to 2.8 ns) and 1.8 to 2.6 ns for SERK1-
CrFP, because of differences in the average lifetimes of the respective donors (t of CDC48A-CrFP (N
or C) =2.60 -2.67 ns, and t of SERK1-CrFP = 2.5 ns).
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Table 1. FRET-FLIM analysis of CDC48A and SERK1 proteins in protoplasts.
Proteins Lifetime T (ns) D n N N neg.
CDC48A-CIFP 267 0.05 7 31
CDC48A-CIFP/SERK1-YFP 2.23 0.10 5 25 5
CrFP-CDC48A 2.60 0.05 2 10
CFP-CDCABA/SERK1-YFP 2.10 0.16 2 11 1
SERK1-CiFP 253 0.07 4 19
SERK1-CrFP/CDC48A-YFP 190 0.18 2 9 1
SERKA1-CrFP/SERK1-YFP 2.00 0.12 2 7

Lifetime T(ns) is determined as described in methods. SD is the standard deviation. n is the number of
independent experiments. N is the total amount of protoplasts analyzed.

It is evident that as observed for the interaction between CDC48 and SERKI, receptor ho-
modimerization is also not uniformily distributed along the membrane. A similar observation
was made for BRII receptor homodimers (Russinova et al., 2004).

To investigate if SERK1 could also interact with the N-terminal part of CDC48A, CrFP was
tagged to the N-terminus of the CDC48A protein. This protein showed the same localization,
and co-localization with SERK1-YFP, as the C-terminally tagged protein (data not shown).
The CrFP-CDC48 donor alone showed a lifetime of 2.6 ns (Fig. 31 and J). CrFP-CDC48A
co-expressed with SERK1-YFP showed a mean reduction in lifetime to 2.1 ns (Table 1), sug-
gesting an interaction between the SERK1 receptor and the N-terminal part of the CDC48A
protein. An example is shown in Fig. 3L again showing the same in homogenous distribution
as observed in Fig. 3D and 3G.

The C-terminal tail of the CDC48A homoloque VCP is disordered in the crystal structure,
and could in theory either remain at the active D2 domain, or extend back towards the N-do-
main. Therefore it is possible that SERK1-YFP binds to the C-terminus of CDC48A but still
interacts with the N-terminally tagged CrFP. The N-domain and C-domain of the hexamer
however, are located about 85 A apart (DeLaBarre and Brunger, 2003), a distance too large
to result in FRET between a receptor bound to the C-terminal part of CDC48. Therefore we
conclude that the SERK1 receptor apparently can interact with the N- as well as the C-termi-
nal domain of CDC48A.

Our results show that the SERK 1-protein and CDC48A physically interact close to and/or at
the plasma membrane in living cells. Because CDC48 proteins are not integral membrane
proteins, this interaction either occurs when the receptor is at the PM or when the receptors
are localized in the vesicle-like compartments close to the PM (cf. Fig. 1P and 1Q).
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SERK1 and CDC48A co-localize in part of the ER and not in endosomes

To investigate the origin of the vesicle-like compartments at the PM where SERK1 and CD-
C48A co-localize, we first co-expressed SERK1-CrFP or CDC48A-CrFP with Ara6-YFP.
Arab6 is an Arabidopsis small GTP-ase, homologous to mammalian RABS5) which is an es-
tablished marker for endosomal compartments (Samaj et al., 2005) and co-localizes with the
lipophylic membrane dye FM4-64 (Ueda et al., 2001). The SERK1-CrFP containing vesicles
all co-localized with Ara6-YFP at the PM (Fig. 4A,B arrowhead 1 and 2) and in the cytoplas-
mic area (Fig. 4A,B arrowhead 3 and 4). We could also confirm the co-localization of FM4-64
with SERK1-containing vesicles (Fig. 4D,E,F) suggesting that these vesicles derive from the
PM and therefore contain internalized receptors, similar to what was shown for the homolo-
gous BAK1/SERK3 receptors (Russinova et al., 2004). However, there are many Ara6-YFP
containing vesicles that do not contain SERK 1-CrFP proteins, suggesting that only a subset of
endosomal compartments is used for this particular type of receptors (Russinova et al., 2004).
Next we co-transfected cells with CDC48A-CrFP (Fig. 4G) and Ara6-YFP (Fig. 4H). Surpris-
ingly, in contrast to SERK1 none of the Ara6-YFP expressing vesicles contained CDC48A-
CrFP (Fig. 41). Therefore we conclude that the physical interaction between CDC48A and
SERKI1 is not taking place in an endosomal compartment.

CDC48A-CrFP was shown to co-localize with the ER-marker YFP-HDEL in the cytoplasm
as well as at the PM (compare Fig. 1D,E,F with Fig.5A,B,C), suggesting that the observed co-
localization of SERK1 and CDC48A at the PM indeed occurs in the ER. We therefore inves-
tigated whether SERK1-CrFP and YFP-HDEL also co-localize. Co-expression was observed
between SERK1-CrFP and YFP-HDEL at or close to the PM (Fig. 5D and E) in structures that
are reminiscent of the compartments where SERK1 and CDC48A co-localize (cf. Fig. 10 and
1P), but not in perinuclear ER structures. For comparison the co-expression of SERK1-CrFP
with YFP-HDEL is shown in Fig. 5G and H, in which the arrowheads show the perinuclear
ER. However, after treatment with the proteasome inhibitor MG132, that blocks the function
of the 26S proteasome frequently associated with the ER (Fig. 51) (Wojcik and DeMartino,
2003), a huge accumulation of SERK1 protein was visible in the perinuclear ER, apparently
resulting from a complete block in the recycling of the protein. Therefore we propose that the
failure of co-localization between SERK1 and YFP-HDEL in the perinuclear area is due to
removal of the receptor towards its target, the PM. We conclude that CDC48A and SERK1
co-localize and interact only in the peripheral part of the ER membrane system, where it is
located close to the PM.
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CDC48A-CrFP

Figure 4. Co-localization of SERK1 vesi-
cles with the endosomal marker Ara6 and
the membrane dye FM4-64.Confocal
images of Arabidopsis protoplasts (A)
to (C) show double transfections with
SERKI1-CrFP (A) and Ara6-YFP (B).
(C) Shows the merged image. Arrow-
heads indicate co-localization of the
proteins; arrowhead 1 and 2 show co-
localization at the plasma membrane,
arrowhead 3 and 4 show co-localiza-
tion in the cytoplasm. Images (D) to (F)
show a single transfection of SERKI-
YFP (D), co-stained with FM4-64 for
10 min (E) (see Methods), and shown
in combined image (F). Arrowheads
show co-localization between SERKI1
and FM4-64. CDC48A-CrFP (G) was
co-transfected with Ara6-YFP (H) and
showed no co-localization (I). Bar in A
=10 pum.

Figure 5. SERK1 and CDC48A
plasma membrane compartments
do co-localize with the peripheral
ER. Confocal images of Arabidopsis
protoplasts double transfected with
CDC48A-CrFP (A) en YFP-HDEL (B)
show co-localization in compartments
at the plasma membrane (arrowheads in
A,B,C). Protoplasts double transfected
with SERKI1-CrFP (D, and G) and the
ER marker YFP-HDEL (E and H) also
showed co-localization in regions at the
PM (arrowheads in D,E,F), however, no
co-localization could be observed in the
perinuclear ER, in another focal plane
of the cell (G, H). Accumulation of
SERKI1-YFP in the perinuclear ER and
the 26S proteasome after MG132 treat-
ment (90 minutes, 50 uM) is shown in
(I). Barin A = 10 pm.
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Discussion

In this study we observed that the CDC48A protein is localized at the plasma membrane, in
the cytoplasm and in the ER. In about one fifth of the cells CDC48A-CrFP was found prima-
rily in the nucleus. The SERKI receptor was only found at the PM, in endosomal compart-
ments and in ER-derived vesicles. CDC48A and the SERK1 receptor co-localized in specific
regions at the PM. Using FRET-FLIM direct interaction between CDC48A and the SERK1
receptor was shown to occur in specific regions at the PM, which coincide with the position
of peripheral ER compartments.

There are a number of hypotheses to help explain these findings. The first is that the ER-
membrane directly fuses with the PM during endocytosis, and that this process is mediated
by CDC48A. Membrane fusion of the ER membrane with the PM in animal cells was shown
by (Gagnon et al., 2002) and (Becker et al., 2004). It was shown that membrane fusion occurs
during early phagocytosis, a specific form of endocytosis, by macrophages. The authors sug-
gested that when the demand for membrane exceeds the capacity of other sources, the cell
reverts to the ER, which harbors more than half of the total cellular membrane. It is possible
that CDC48A plays a role in fusion of ER-membranes to the PM, because CDC48A and other
homoloques were shown to play a role in the fusion of membranes (Latterich et al., 1995;
Rancour et al., 2002). In yeast McNew et al. (2000) found a SNARE complex that was capable
of mediating fusion between ER-Golgi and the plasma membrane. However, it does not seem
likely that insertion of new membrane derived from the ER is very high in the protoplasts as
used here. The role of the SERK1 receptor interaction with CDC48 is also not clear in this
model. It could either point to an alternative endocytic mechanism or to a role of SERKI in
activating a membrane fusion event.

A second hypothesis is that AtCDC48A plays a role in the ER-associated degradation of
misfolded SERK1 proteins similar to what was shown for a mutant MLO-1 receptor of bar-
ley, which was first poly-ubiquitinated (Miiller et al., 2005). However, the wild type SERK1
protein did not show strong accumulation in the perinuclear ER close to where probably most
of the degradation takes place in the 26S proteasome (Wojcik and DeMartino, 2003). While
arole of CDC48A in ERAD of misfolded SERK1 receptors remains plausible, it will require
other means such as introduction of mutant SERK1 proteins, to obtain further evidence.

As hinted at above, a third hypothesis is that CDC48A plays a role in internalization of the re-
ceptor, following a pathway different from the one visualized by the endosomal marker Ara6
or by FM4-64 staining. The FceR1 receptor, which undergoes ligand-stimulated ubiquitina-
tion moves into detergent-insoluble domains of the plasma membrane after activation (Field
et al., 1995; Lafont and Simons, 2001). It is possible that ubiquitination directs the SERK1 re-
ceptors to subdomains of the plasma membrane competent for internalization as mediated by
CDC48A. For instance VCP, the closest animal CDC48A homologue, was shown to interact
at the PM with clathrin (Pleasure et al., 1993), a component of the endocytic machinery. For
other eukaryotic receptors like the f2-Adrenergic receptor and the AMPA-receptor GluR2
it was shown that they interact with NSF, which plays a role in the recycling of the recep-
tor (Cong et al., 2001; Osten et al., 1998). NSF however, being a related AAA ATPase but
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functioning primarily in SNARE-mediated vesicle fusion (Brunger and DeLaBarre, 2003)
is required for transport from early to late endosomes (Robinson et al., 1997), while we did
not observe CDC48A in those compartments, assuming that late endosomes are also marked
by Arab.

The C-terminal region of CDC48A was shown to bind to the SERK1 kinase domain and the
C-terminal tail of the receptor in yeast interaction experiments (Rienties et al., 2005). Our in
vivo FRET-FLIM experiments using C-terminally tagged fluorescent proteins of CDC48A
and SERK1 appear to confirm these findings, although we cannot exclude binding to the N-
terminus. The substrate binding site of CDC48 homoloques is still under debate. In previous
studies the N-domains of P97/VCP and CDC48p were shown to bind cofactors which bound to
ubiquitinated substrates (Dai and Li, 2001; Meyer et al., 2000). (Zhang et al., 2000) proposed
a model in which the central pore of the hexamer undergoes conformational changes due to
alternate ATP binding and ADP release at both the D1 and D2 ring. Based on a ‘milking’
model it was proposed that substrate proteins enter the central pore at the D1 ring, go through
to D2 and become processed. However, studies from (Song et al., 2003) and (DeLaBarre
and Brunger, 2003), reviewed by (Wang et al., 2004), showed that the D2-ring is responsible
for the major ATPase activity of the hexameric protein and induces major conformational
changes. Therefore they propose, also because the opening of the hexamer in the D1 ring is
extremely narrow, that substrate proteins possibly interact at the exterior and/or the D2 end of
the hexamer, rather than through the interior chamber. Our finding that SERK1 and CDC48A
can also interact at the C-terminus of the hexamer appears to support this model.

Interaction of the receptor either at the N-terminus or at the C-terminus of CDC48 could
reflect different functions in the cell. The ubiquitin-proteasome pathway regulates both the
basal turn-over and the ligand-induced degradation of the receptors. Poly-ubiquitinated mis-
folded SERKI1 receptors could bind to the N-domain of CDC48A to be degraded by the
proteasome. In that case SERK1 would be a candidate substrate of CDC48A. In analogy with
the VCP/ IL-2, IL-9 or Erythropoeitin receptor complex (Yen et al., 2000), SERK1 could also
bind to the C-terminal domain and subsequently trans-phosphorylate CDC48A upon activa-
tion of SERK 1-mediated signaling. In that scenario, CDC48A would be a substrate of SERK1
that could be involved in the internalization and subsequent degradation of the receptors. The
presence of putative 14-3-3 binding sites in AtCDC48A and in the phosphatase KAPP (Rien-
ties et al., 2005), and the composition of the SERK1 complex in seedlings comprising each
of these proteins (Karlova et al. 2006), suggests an analogy between the mammalian complex
consisting of P97/VCP, the JAK-2 kinase and the PTPHI1 phosphatase. Rienties et al. (Rienties
et al., 2005) proposed that phoshorylation of CDC48A by SERK1 kinase might mediate cy-
tokinesis by re-localization of CDC48A to the cell plate, which would link the role of SERK1
in promoting embryogenic competence to the cell cycle regulation.

Future experiments are required to elucidate whether the sites of interaction between
CDC48A and SERKI at the PM of Arabidopsis protoplasts coincides with the position of
lipid rafts, or represent positions where receptor quality control or internalization takes place.
We also would like to establish whether ubiquitination of SERK1 occurs in vivo and whether
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this is mediated by CDC48A. Furthermore we will attempt to determine whether SERK1
mediated signaling is impaired by CDC48A disfunctioning.
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Abstract

The Arabidopsis thaliana AAA ATPase CDC48A was fused to Cerulean Fluorescent Protein
(CrFP) and Yellow Fluorescent Protein (YFP). AAA ATPases like CDC48 are only active in
hexameric form. Forster resonance energy transfer (FRET) -based Fluorescence Lifetime Im-
aging Microscopy (FLIM) using CDC48A-CrFP and -YFP showed interaction between two
adjacent protomers, demonstrating homo-oligomerization to occur in living plant cells. Inter-
action between CDC48A and the SERK1 transmembrane receptor occurs in very restricted
domains at the plasma membrane. In these domains the predominant form of the fluorescently
tagged CDC48A protein is a hexamer, suggesting that SERK1 is associated with the active
form of CDC48A in vivo. SERKI trans-phosphorylates CDC48A on Ser-41. FRET-FLIM
was used to show that in vivo the C-terminal domains of CDC48A stay in close proximity.
Employing Fluorescence Correlation Spectroscopy (FCS), it was shown that CDC48A hex-
amers are part of larger complexes.
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Introduction

The Arabidopsis thaliana Cell Division Cycle protein CDC48A was previously shown to
interact with the Somatic Embryogenesis Receptor-like Kinase 1 (SERK1) (Rienties et al.,
2005) and to co-immunoprecipitate with SERK1 in Arabidopsis cultured cells and seedlings
(Karlova et al., 2006). In living cells the CDC48A protein co-localizes with SERKI1 at pe-
ripheral ER based membranes and the plasma membrane (PM). Forster Resonance Energy
Transfer-Fluorescence Lifetime Imaging Microscopy (FRET-FLIM) showed that CDC48A
interacts with SERK1 at the PM (Aker et al., 2006).

CDCA48A is a member of the family of AAA ATPases (ATPases associated with various cel-
lular activities), shown to have various functions in cell division, membrane fusions and in
proteasome and ER associated degradation (ERAD) of proteins (Woodman, 2003). The role
of AAA ATPases is to generate mechanical force to disrupt or fuse molecular structures by
means of ATP binding and hydrolysis. The AtCDC48A protein was shown to play a role in
ERAD and in membrane fusions (Miiller et al., 2005; Rancour et al., 2002). AAA proteins
are present as stacked hexameric rings that are stabilized by the binding of ATP. They are
only reported to be active in hexameric form. This study aims to determine the predominant
form of the fluorescently tagged CDC48A protein in Arabidopsis protoplasts at the peripheral
ER and the PM domains where interactions between CDC48A and the SERK1 receptor take
place, and therefore to determine if SERK1 is associated with the active form of CDC48A.
CDC48A is 77 % identical to the mammalian homologue Vasolin Containing Protein (VCP)
or p97. Recently, conformational and dynamic changes during the ATP hydrolysis cycle of
p97 have been studied by cryo-electron microscopy, crystallography and small-angle X-ray
scattering (reviewed in (Pye et al., 2006). The monomeric protein contains an N-terminal
domain, two AAA domains and a C-terminal domain (Fig. 1 and 3). The N-domain is im-
portant for binding of adaptor proteins and substrates. The two AAA domains D1 and D2 are
responsible for binding and hydrolysis of ATP. The D1 and D2 domains form stacked hexa-
meric rings above one another that are connected by a linker. The ATP binding site in the D1
domain and the D1-D2 linker are responsible for hexamerization, while the ATP binding site
in the D2 domain possesses the major ATPase activity (Wang et al., 2003a). The N-domain is
flexibly attached to the D1 domain, and projects out of the ring, facilitating binding to other
proteins. During ATP hydrolysis, large conformational changes are transmitted from the D2
domain via the D1 domain onto the N-domains, due to binding, hydrolysis and release of the
nucleotide (DeLaBarre and Brunger, 2003, 2005). In addition the pores within the D1 and
D2 rings narrow and widen in different nucleotide states. This causes the rings to rotate rela-
tive to each other (Davies et al., 2005). The C-terminal tail was not ordered within the crystal
structure and it is therefore unknown whether it stays close to the D2 ring or projects from the
core structure towards the N-domain.

For Arabidopsis CDC48A the crystal structure is not known, but in vitro produced proteins
form a hexamer, while PUX1 (Plant UBX domain-containing protein) facilitates CDC48A
oligomer disassembly (Rancour et al., 2004). Up to now hexamerization of AAA ATPases
was only shown in vitro or in total cell lysates, studies that do not reveal any spatial informa-
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tion on the oligomerization status of proteins in a living cell. Therefore the protein was fused
to the green fluorescent protein variant monomeric cerulean FP (CrFP) or to yellow FP (YFP)
and the hexamerization of CDC48A proteins in living cells was monitored by FRET-FLIM.
Employing this technique, oligomerization of the CDC48A proteins in living cells was shown
to be non-uniform. In addition, inter-subunit distances in the oligomeric CDC48A protein
could be calculated revealing that the C-terminal domains stayed in close proximity rather
than protruding out of the molecule.

It was also shown that SERK1 interacts with the N-terminus as well as the C-terminus of CD-
C48A (Aker et al., 20006). After performing a transphosphorylation reaction with the SERK1
kinase domain, only Ser-41, a serine residue found to be in the N-domain of CDC48A was
phosphorylated.

To investigate the diffusion of the CDC48A protein in cells, fluorescence correlation spec-
troscopy (FCS) was employed, in which fluorescence intensity fluctuations caused by diffu-
sion of fluorescent molecules in and out of a femto-liter volume are monitored in time. These
fluctuations give information about diffusion times of proteins through the volume and hence
about the size of protein complexes.

Our results show that the oligomeric form of CDC48A in living cells is primarily hexameric
and that the fluorescently tagged CDC48A is still able to form hexamers. The SERK1 receptor
interacts with CDC48A at the same locations where oligomerization of the CDC48A protein
is shown. We conclude therefore that SERK1 interacts with the hexameric form of CDC48A.
Using FCS the presence of CDC48A in larger protein complexes in vivo was predicted.

Material and methods

Construction of the CrFP/YFP tagged proteins

Plasmid pMON999 is a plant expression vector that contains the enhanced cauliflower mosaic
virus (CaMV) 35S promoter, followed by a multiple cloning site and the terminator of the
nopaline synthase gene (van Bokhoven et al., 1993). This plasmid, containing the cDNA of
cerulean fluorescent protein (CrFP), enhanced yellow fluorescent protein (YFP), or a fusion
construct of CDC48A (At3g09840) or —C (At3g01610), C-terminally linked to CrFP or YFP,
was used for transfection of protoplasts.

Also a mutant of CDC48A-CrFP and —YFP was constructed, the D2 deletion mutant (CD-
C48A-N-Dl), missing the D2 domain from M448 to the end of the CDC48A sequence, by
restriction with Ncol and subsequent ligation of the template.

A second mutant of CDC48A-YFP was constructed, missing the N-domain (AA 1-188). Us-
ing the QuikChange® XL Site-Directed Mutagenesis Kit, mutations K254T and K527T were
introduced in the Walker A motifs of the D1 and D2 domain, respectively. A combination of
the two mutations, in a fusion protein with either CrFP or YFP, resulted in the A1 A2 mutant.
All constructs were checked by restriction enzyme analysis and the size of the protein was
determined by Western-blotting. All constructs were verified by sequencing.
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Protoplast isolation and transfection were performed as described before (Aker et al., 2006).
FRET-FLIM was measured 16 hours after transfections. For FCS measurements a low amount
of fluorescent molecules in the detection volume is essential, therefore cells were measured 6
hours after transfections.

Protein expression analysis

Arabidopsis mesophyll protoplasts were prepared and transfected according to a protocol
described by Sheen (Sheen, 2001) with modifications, as described before (Aker et al., 2006).
16 to 20 hours after transfection protoplasts were lysed in RIPA-buffer (50 mM Tris pH 7.5,
150 mM NaCl, 1 mM MgCl2, 1 % NP40, containing a protease inhibitor tablet (Roche)) for
15 minutes on ice. Extracts were centrifuged for 7 minutes at 13.000 rpm at 4 degrees and
soluble fractions were supplemented with SDS-PAGE loading buffer, denatured at 95°C for 5
min before loading on an 8% gel, next to a pre-stained marker. Gels were blotted on nitrocel-
lulose. For Native PAGE, the soluble fractions were supplemented with Native-PAGE loading
buffer and loaded on a native gel of 4 to 8% acrylamide. Gels were blotted on PVDF mem-
brane. The marker part of the blot was stained with Coomassiec immediately after blotting.
Anti-YFP was generated by Isogen, according to standard procedure. The serum was purified
on a YFP-protA column. As a marker for Native PAGE a mixture of thyroglobuline (669 kD),
ferritine (440 kD), and serum albumine (132 and 66 kD) was used.

In vitro transphosphorylation and LC-MS/MS analysis

For the in vitro transphosphorylation 1 pg SK1-KD was added to 1 ug of CDC48A in kinase-
buffer (Shah et al., 2001) plus 3 mM cold ATP and 1 pul [y32-P]JATP in a total reaction of 30
pl. After incubation of 30 minutes at 30°C, sample-buffer was added. The sample was heated
for 5 minutes at 95°C, and loaded on SDS-PAGE. After drying the gel, the radioactivity was
detected with a Phospho-Imager using the ImageQuant program (Molecular Dynamics).

For MS analysis the in vitro phosphorylation was performed as described, without [y32-
P]ATP. The gel was not dried. The GST-CDC48A 125 kD bands were excised from the gel af-
ter staining with the Colloidal Coomassie staining kit (Invitrogen) and cut into 1 mm pieces.
In-gel digestion was performed as described by Shevchenko et al. (Shevchenko et al., 1996).
After destaining with water, cysteine reduction (with 10 pl of 50 mM DTT (dithiotreitol) in
50 mM NH4HCO3 for 1h at 560C) and alkylation (with 10 ul of 100 mM iodacetamide in 50
mM NH4HCO3 for 1h. at room temperature in the dark), the gel pieces were washed three
times with 100 pL. 50 mM NH4HCO3 and dried in a vacuum centrifuge. For proteolytic
digestion, the gel was treated over night with 1 pL (in 10 pl 50 mM NH4HCO3) trypsin (se-
quencing grade, Boehringer Mannheim, Germany). Finally, peptides were extracted from the
gel pieces using 15-20 pl 5% TFA (trifluoro-acetic acid) in water followed by sonication for
1 min. A second gel extraction was done using 10-15 pl CH3CN/TFA/H20 (25/1/84 v/v/v)
mixture and sonications for 1 min. Extracted peptides were subjected to LC-MS/MS analysis.
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Each run with all spectra obtained was analyzed with Bioworks 3.2 (Thermo Electron). For
identification of the peptides, the following proteins were added to a database; Arabidopsis
thaliana CDC48A (P54609), the GST, Trypsin (bovine, P00760), Trypsin (porcin, P00761),
Keratin K2C1 (human, P04264) and Keratin K1CI (human, P35527). The searches were done
allowing methionine oxidation and phosphorylation of serine, threonine and tyrosine. The
peptide identifications obtained were analyzed with Bioworks 3.2 with the following filter
criteria: ACn > 0.08, Xcorr > 2 for charge state 1+, Xcorr > 1.5 for charge state 2+ and Xcorr
> 3.3 for charge state 3+ as described previously (Peng et al., 2003).

FRET-FLIM
FRET takes place when two proteins coupled to appropriate fluorophores are in close distance
from each other. FRET measurement is very sensitive since the rate of energy transfer is in-
versely proportional to the donor-acceptor distance to the power six (Lakowicz, 1999). FRET
can reveal distances between fluorophores that are typically in the range of 2-7 nm. FLIM is
one method to measure FRET by estimating the reduction of CFP-donor lifetime in case of
interaction with a YFP-acceptor molecule. FLIM was performed on a Biorad Radiance 2100
MP system in combination with a Nikon TE 300 inverted microscope, as described by Russi-
nova et al. (Russinova et al., 2004). From the fluorescence intensity image the fluorescence
lifetime is determined for each pixel. The full fluorescence decay per pixel was calculated
for the donor molecule using a double exponential decay model. The fluorescence lifetime (t
value) can then be presented as a false color image. First the fluorescence lifetime of only the
donor molecule was determined by analyzing all the measured pixels in the PM. The resulting
average lifetime was subsequently used in the analysis where all decays were fit using two
exponentials, with one lifetime fixed to the value for t© of the donor. This two-exponential
model assumes two populations of donors: one that does not have an acceptor nearby and
therefore has the unquenched lifetime t D, and one that has an acceptor near enough for en-
ergy transfer to occur and therefore has a reduced lifetime t DA. Fluorescence lifetime decays
were fitted per pixel with a binning factor of 1. A double exponential decay model was used,
with the lifetime of one component fixed to the value found for the unquenched lifetime of the
donor. Fits were judged by the yr2 values (yr2 < 1.1). The amount of photon counts in the peak
channel was normally around 1000. At least 15 cells were measured for each combination and
location in 2 to 5 independent experiments. After measurements the distribution histograms
of 5 representative cells were combined and plotted for each combination of proteins. Average
lifetime per combination was determined and standard deviations calculated. The distance
between donor and acceptor were calculated via

E=1-(t DA/t D) Q)

E= 1/(1+ (R/R0)6) ),
where E is the transfer efficiency, R is the actual distance and RO is the Forster radius, indicat-
ing the distance where one observes 50% FRET efficiency. The RO for the FRET-pair CrFP
and YFP was determined to be 4.9 nm, based on the excitation and emission spectra of the in
vitro produced proteins (JW Borst, data not shown).
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FCS

FCS makes use of a focused laser beam continuously illuminating a sample. Only the fluo-
rescence from particles excited in a small observation volume is detected. The observation
volume is defined by the focused laser beam in the x and y direction, and by the pinhole in the
z direction, which makes monitoring of a sub-femtoliter volume possible (Rigler et al., 1993).
The entrance of a fluorophore into this volume gives rise to a burst of detected photons. The
duration of this burst reflects the time the particle needs to diffuse through the observation
volume, while the amplitude represents the molecular brightness. The intensity trace is cor-
related with itself at a later time point to yield the autocorrelation curve G (t ), from which
the diffusion coefficient D and the average number of particles in the observation volume N
can be obtained.

FCS measurements were performed on a Confocor 2-LSM 510 combination setup (Carl Zeiss,
Germany). The 514 nm argon laser line was used to excite YFP (Hink et al., 2002). The sys-
tem was calibrated with Rhodamine 6 Green (R6G) solution (10 nM) and aligned using a
Rhodamine film. The FCS observation volume was positioned in the cytoplasm adjacent to
the PM, to avoid measuring in chloroplasts. After a pre-bleach of 1 second with high (70% ~
0.4 mW) laser power, three measurements of twenty seconds each were performed with low
laser power (~ 4 t W).

FCS data were analyzed using FCS Data Processor 1.4 (Scientific Software technologies Cen-
tre, Minsk, Belarus). Since measurements were performed in the cytoplasm we fit the data
with a model assuming free diffusion of protein and protein-complexes in three dimensions
although interaction with the PM in some cases cannot be ruled out. An additional triplet-
state term was used to describe the fast photo-physics of YFP (e.g. conversion to a dark-state,
blinking)

| F, e

G)=1+—| |1+ R
N lef I_Erip

Eq. (3)

Here, G(t ) is the autocorrelation function, N is the number of molecules in the detection vol-
ume, t dif is the diffusion time of the molecules, Ftrip is the fraction of molecules in the tri-
plet state and Ttrip is the triplet-state relaxation time. wxy and @z are the equatorial and axial
radius of the Gaussian shaped observation volume, respectively. The ratio wz/oxy is also
called the structural parameter and was found to be between 5 and 10 in our measurements.
The structural parameter was fixed to the value obtained with the R6G solution. The diffusion
coefficient (D) were calculated from the t dif value for each curve and listed in a table for
the PM and the nucleus. Standard errors on the D-value were calculated, and a Two-Sample
T-test with 95% significance was performed to compare the mean D value of CDC48A with
the CDC48A A1A2-, CDC48A Ndel- and CDC48AN-D1-mutants.

49



Chapter 3

The time a molecule on average spends in the observation volume t dif is linked to the trans-
lational diffusion coefficient D by Eq. (4).

2

— wx)’

D

Eq. 4)

The diffusion coefficient of a spherical particle is inversely proportional to the hydrodynamic
radius rh according to the Stokes-Einstein relation (Edward, 1970):

kT

D=
6mny,

Eq. ()

In which k is the Boltzmann constant, T is the absolute temperature and 7 is the viscosity
of the solution. Assuming a globular particle, the molecular weight M is proportional to the
hydrodynamic radius to the power three:

M:47I2

PN,

Eq. (6)

Where p is the mean density of the molecule and NA is Avogadro’s number. Combination
of equations (4), (5) and (6) yields equation (7), which shows that the diffusion coefficient
scales only to the cubic root of the molecular weight, and is independent of the observation
volume.

-
kT
Eq. (7)

Hence the larger the molecule is, the lower is the diffusion coefficient. To distinguish particles
of different size with FCS, the diffusion times have to differ at least by a factor of 1.6, which
corresponds to a four-fold mass difference (Meseth et al., 1999)
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Results

Expression and localization of CDC48A wild type and mutant proteins

The CDC48A-protein and various mutants used in this study are depicted in Fig. 1A. CD-
C48A consists of the N-domain, the DI and D2 domain connected by a linker, and the C-ter-
minal tail. The YFP-tag is shown here as a C-terminal fusion and in appropriate constructs it
was replaced by CrFP and/or placed at the N-terminus. The CDC48AA1A2 mytant contains
the K254T and K527T mutations in the Walker A motifs of the DI and D2 domain, which in-
hibit ATP-binding and in vitro severely delay hexamerization in the mammalian homologue

p97/VCP (Wang et al., 2003a).

A. Constructs

o HI= H@ Awe

K254T K527T

@ N
NEENG ND1

@ cocesa

B. SDS PAGE: anti-YFP

— FL A1A2 Ndel N-D1 KD
150
=@

| 75

C. Native PAGE: anti-YFP

FL A1A2 Ndel N-D1 KD

‘ ‘ 669

440

o 232
i q’ 132

6Xx

Figure 1. Expression in Arabidopsis pro-
toplasts of CDC48A, CDC48A A1A2 CD-
C48ANdel and CDC48AN-D1. mutants
all tagged to YFP. YFP is replaced by CrFP.
In panel A the various mutants are shown
schematically. Lysates of transfected cells
were submitted to SDS-PAGE in panel B,
to Native PAGE in panel C and probed with
anti-YFP anti-serum. The expected sizes of
the denatured proteins are 125 kD for full
length (FL) CDC48A- and CDC48AALA2-
YFP, 96 kD for CDC48ANdel-YFP and 77
kD for CDC48AN-DLYFP. Non-denatured
hexameric CDC48A-YFP is expected to be
between 650 and 750 kD depending on the
number of YFP tags.
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The N-deletion (CDC48ANdel)y mutant lacks the N-domain (AA 1-188), which is in other
homologues responsible for binding to co-factors like P47, Ufd1-Npl4 and ubiquitinated sub-
strates (Dreveny et al., 2004; Meyer et al., 2000). The CDC48AN-DI mutant lacks the D2 do-
main and the linker region between D1 and D2 (from AA 448 to the C-terminus). The D1-D2
linker was shown to be important for hexamerization of VCP (Wang et al., 2003b) in vitro.
To investigate whether the CDC48A-YFP proteins are indeed capable of forming a hexam-
eric complex, the CDC48A-YFP and mutant genes were transiently expressed in Arabidopsis
protoplasts and analyzed on denaturing and non-denaturing PAGE. Western-blot analysis
(Fig. 1B) shows that in protoplasts the various proteins confirm the expected sizes of around
125 kD for CDC48A and CDC48AAIA2, 96 kD for the CDC48ANdel 1-188 and 77 kD
for CDC48AN-DI. The estimated size of the full length (FL) CDC48A protein after native
PAGE is about 700- 750 kD, in line with the calculated size of 625 and 750 kD, the differ-
ence depending on the number of GFP tags present (Fig. 1C). However, about 5 tol0 percent
of the YFP-tagged protein appears to remain as monomers. Surprisingly, the CDC48AA1A2
protein is also predominantly found as a hexamer on native PAGE, despite the mutations de-
laying hexamerization. In a longer exposure of the Western blot, CDC48AAIA2 does show
a monomeric protein fraction (data not shown). CDC48ANdel 1-188, shows bands of various
sizes, but most prominently the monomeric band. In a study of Wang and co-workers, a VCP
mutant lacking amino acids (aa) 1-141 of the N-domain is still able to hexamerize in vitro
(Wang et al., 2003b). Our data shows that the CDC48ANdel protein lacking the complete N-
domain (AA 1-188) is most likely in the monomeric form. The CDC48AN-DI protein runs as
a monomer, in line with the results presented by Wang and co-workers.

To compare the localizations of the different CDC48A mutant proteins, they were co-ex-
pressed with CDC48C-CrFP, shown to localize solely to the nucleus (Aker et al., 2006). The
localization of the CDC48A protein is at the plasma membrane (PM), in the cytoplasm and
ER, but also a small fraction was observed in the nucleus (Aker et al., 2006). In Fig. 2 images
of the nucleus of CDC48A are shown in the focal plane. CDC48A co-localizes with CDC48C
in the nucleus (Fig. 2A-C) and also localizes to the PM and the cytoplasm. The PM is not in
the focal plane and can therefore not be seen. The merge shows an overlay of the cells contain-
ing chloroplasts in red, CDC48A in yellow and the nucleus in cyan. The CDC48AN-DI pro-
tein (Fig. 2D-F) is found in the cytoplasm but not in the nucleus (arrow head in Fig. 2D). This
can be explained by the Tyr808 residue, comparable to Tyr834 in yeast Cdc48p and shown to
be required for nuclear translocation (Madeo et al., 1998) and which is present in the deleted
part of CDC48A. Apparently, although the two NLS are still present in the mutant these
are not sufficient for nuclear targeting. A similar observation was made for the mammalian
CDC48 ortholoque VCP (Indig et al., 2003). To our surprise the CDC48ANdel _protein (Fig.
2G-I), lacking the NLS sequences, still localizes to the nucleus (compare Fig. 2G with H). For
VCP, cytoplasmic localization was described when the N-domain of the protein was removed.
Indig et al. (Indig et al., 2003) and Wang et al. (Wang et al., 2003b) found that hexamerization
of this protein in vitro could still take place. The CDC48AA1A2- protein (Fig. 2J-L) is found
in the cytoplasm as well as in the nucleus. We conclude based on the hexamerization status
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in vitro and the localization of the mutant proteins in cells that complete hexamerization of
CDCA48A is not required for nuclear localization.

CDCA48A-YFP nucleus

N-D1YFP nucleus
4 & A
Ndel-YFP nucleus
H
nucleus
K

Figure 2. Localizations of CDC48A- or CDC48AN-D1. and CDC48ANdel _yFp. CDC48C-CrFP
was used as a nuclear marker (B,E,H,K). Images are taken at the plane of the nucleus and the merged
picture shows the combination of both images together with the chloroplasts in red (C,F,I,L). CDC48A-
YFP localizes to the cytoplasm and the nucleus (compare position of arrowhead in A with image B).
The localization at the PM is not visible in this focal plane. CDC48AN-DI does localize to the cyto-
plasm but not to the nucleus (compare the arrowhead in image D with E). CDC48ANdel does localize
to the cytoplasm and to the nucleus (compare the arrowhead in G with H). The localization of CD-
C48AAIAZ (J) is comparable with that of CDC48A (A).

Oligomerization of CDC48A at locations with SERK1-interaction

To investigate if the SERK1 receptor interacts in vivo with the hexameric or the monomeric
form of CDC48A, the oligomerization of CrFP and YFP-fused CDC48A protomers in vivo
was studied. The CDC48A protein was fused at the C-terminus with CrFP or YFP and ex-
pressed in Arabidopsis protoplasts. For the FLIM-measurements CDC48A protomers C-ter-
minally fused to CrFP and YFP (Fig. 3A) were co-expressed, hypothetically leading to a
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hexamer as shown in the model in Fig 3B. Only four of the six fluorophores are drawn at
adjacent positions at the C-terminus, but in fact these can be randomly positioned at each C-
domain. The other combinations used are depicted in Fig. 3C to F. Fig. 3C shows a hexamer
with the donor at the C-terminus and the acceptor at the N-terminus, 3D shows a hexamer of
CDC48A tagged to CrFP and YFP both at the N-terminus, 3E and F show a monomer of the
CDC48AN-DI and CDC48ANdel with tags only at the C-terminus.

CDCA48A-CrFP/YFP CDCA48A-CrFPIYFP-CDC48A CrFP/YFP-CDC48A  N-D1-CrFP Ndel-CrFP

Figure 3. Models of the expected hexamers of CDC48A after co-expression of 2 different protom-
ers. (A) Monomeric CDC48A. (B) CDC48A fused with CrFP and YFP both at the C-terminus
are combined and depicted as a hexamer. For simplicity only 4 fluorophores are drawn at ad-
jacent positions at the C-terminus, but in fact these can be randomly positioned at each C-do-
main. (C) YFP fused to the N-terminus and CrFP to the C-terminus. (D) YFP and CrFP fused
to the N-terminus. (E and F) CDC48AN-D1 and CDC48ANdel depicted as a monomer.

A maximum energy transfer efficiency of around 50% can only be achieved when fluoro-
phores are approximately 5 nm apart. The distance between two adjacent C-termini is not
known but the inner pore diameter of the hexamer is 5.7 nm, based on the crystal structure of
p97/VCP (DeLaBarre and Brunger, 2003; Huyton et al., 2003; Zhang et al., 2000). Not only
interaction between two adjacent fluorophores but also between two fluorophores on either
side of the pore should therefore theoretically be possible. To measure significant energy
transfer, the amount of labeled protein has to be relatively high as compared to the amount
of endogenous CDC48A. Based on the previous observation that in transfected protoplasts
the fluorescent CDC48A level is around 8 times higher than the endogenous level Aker et
al. (Aker et al., 2006) assume that in a hexamer most of the CDC48A protomers contain a
fluorescent tag.

First we investigated if at the locations where CDC48A-SERKI interaction takes place also
oligomerization of the CDC48A proteins occurs. In Fig. 4A the intensity image of the donor
molecule CDC48A-CrFP is shown. In the false-color image (Fig. 4B) the average lifetime t at
the PM is shown to be around 2.5-2.6 ns. As reported previously co-expression of CDC48A-
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CrFP and SERKI1-YFP resulted in a reduction of the fluorescence lifetime in a punctuate pat-
tern at the membrane (Fig. 4C,D and inserts). Part of the areas where SERK1 and CDC48A
interacted, co-localized with an ER-marker but not with an endocytic marker (Aker et al.,
2006). After co-expression of CDC48A-CrFP and CDC48A-YFP, interaction was found in a
comparable but more widespread area at the PM (Fig. 4F and insert). We therefore propose
that in those membrane areas where interaction between SERK1 and CDC48A occurs, a sub-
stantial amount of CDC48A is in oligomeric form. In Table 1 the results of all the measure-
ments are listed. In the upper panel the average lifetimes of the full length CDC48A proteins
are listed, in the middle panel the lifetimes of the monomeric mutant CDC48AN-D1 and in
the lower panel the lifetimes of CDC48C. The left panel refers to the measurements at the
PM; the right panel refers to the measurements in the nucleus. The unquenched lifetime of the
donor CDC48A-CrFP protein is 2.5 ns in the nucleus as well as at the PM. Fig. 4G shows a
false-color image of the nucleus of a protoplast expressing only the donor molecule CDC48A-
CrFP. In the left upper corner the corresponding intensity image is shown.

Subsequently CDC48A-CrFP and CDC48A-Y FP-tagged proteins were co-expressed. In Fig.
4H an example of a false-color image is shown for the nucleus. This combination shows a
significant reduction in lifetime at the PM (Fig. 4F: 2.18+ 0.04 ns on average, Table 1) as well
as in the nucleus (2.20+ 0.07 ns). From the differences in lifetime between donor alone and
donor plus acceptor, the distance between the fluorophores can be calculated. The average
distance between two fluorophores both at the C-terminus is 6.8 nm, with a FRET-efficiency
of 13.5%.

FLIM as a tool to measure distances between subunits in oligomeric complexes

The distances between the N-domains and C-domains in the CDC48A protein as calculated
from the crystal structure of the mammalian homologue VCP/P97 (DeLaBarre and Brunger,
2003) are approximately around 8 nm, which is just outside the range at which FRET can be
detected between two fluorophores. To determine this distance for the CDC48A protein, a
combination of CDC48A-CrFP and YFP-CDC48A was expressed (see model 3C). The mixed
protomers showed a minor reduction in the fluorescence lifetime (A-Cr/Y-A, t = 2.34+0.04
ns; Fig. 41, Tablel) at the PM and 2.44+ 0.03 ns in the nucleus (A-Cr/Y-A, Fig. 4], Table 1).
Based on the FRET efficiencies between the CrFP and YFP fluorophores, the estimated dis-
tance between the N- and C-terminus using equations (1) and (2) is between 7.6 nm (for the
PM) and 8.5 nm (for the nucleus), which is in agreement with the estimated value for p97/VCP
of 8§ nm. The crystal structure of p97/VCP also showed that at the plane of the N-domains the
hexameric protein has a diameter of around 15 nm. Therefore, fluorescent molecules at op
posite positions in CDC48 cannot show FRET, so any interaction resulting in a reduction in
lifetime would have to originate from adjacent protomers. CrFP- and YFP-CDC48A proteins
were co-expressed (Fig. 4L) and the fluorescence lifetimes were compared with the donor
(Fig. 4K). No significant reduction in lifetime was measured at the PM (Cr-A/Y-A, ©=2.47+
0.06 ns. Table 1) or in the nucleus (Cr-A/Y-A, ©=2.55+0.06 ns. Tablel). The distance between
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Figure. 4. Interactions between CDC48A tagged protomers based on FRET measured by FLIM.
(A) Intensity images of the PM of part of a protoplast expressing the donor molecule CDC48-CrFP
alone and (B) the false-color or lifetime image. A long lifetime, giving a dark blue color, means no in-
teraction; a reduction in donor lifetime generating a shift towards orange, means interaction. The com-
bination of CDC48A-CrFP and SERK1-YFP show a reduction in lifetime at specific regions at the PM
(C and D plus inserts). A combination of CDC48A-CrFP and CDC48A-YFP proteins shows a reduction
in lifetime at the PM in the same regions were SERK1 and CDC48A interact (F plus insert) and in the
nucleus (H). In the left upper corner intensity images are shown. A combination of CDC48A-CrFP and
YFP-CDC48A at the PM is shown in (I) and in the nucleus in (J). (K) Image of CrFP-CDC48A alone at
the PM and in combination with YFP-CDC48A in (L), showing no reduction in lifetime. (M) Lifetime
image of the CDC48AN-DI1-CrFP protein as the donor and (N) the combination with a CDC48AN-DI1
-YFP protein. (O) Lifetime image of the CrFP-CDC48C donor alone and (P) in combination with YFP-
CDC48C. Both combinations of CDC48C-CrFP with YFP-CDC48C (Q) or with CDC48C-YFP (R)
show a reduction in lifetime.
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the N-domains is calculated to be between 9.5 nm (for the PM) and 10.6 nm (for the nucleus),
again confirming the structure as determined for p97/VCP. The FRET efficiency is only 1.9
%, meaning that there is no interaction at all.

The CDC48AN-DL_CrFP /-YFP combination did not show a reduction in the fluorescence
lifetime (N-DICr/Y, t=2.4040.03 ns; Fig. 4N, Table 1) compared to the donor alone (N-DI-
Cr, 1=2.48+0.06 ns; Fig. 4M, Table 1). The FRET efficiency was only 3.2 %, confirming the
monomeric nature of this mutant (Fig. 1C) and demonstrating the importance of the D1-D2
linker and/or the D2 domain in the oligomerization.

In general the reduction in lifetime between the donor group CrFP alone and the donor plus
the acceptor group YFP was less in the nucleus than in the PM. The reason for differences
in lifetimes at the PM or in the nucleus of the same protein could be due to the difference in
refractive indices of the environment (Borst et al., 2005).

To confirm the relevance of our protein-protein distance measurements using FRET-FLIM,
we next investigated the characteristics of CDC48C, another member of the Arabidopsis AT-
Pase family that in contrast with CDC48A is only present in the nucleus (Aker et al., 20006).
Based on the presence of Walker A and B motifs, CDC48C is classified as an AAA ATPase
as well and therefore the same hexameric structure is expected. The average donor lifetime

Table 1. FRET - FLIM analysis of CDC48A, ND1 mutant and CDC48C, fused to

CrFP or YFP. Lifetime T is determined as described in methods. The distance d (nm) and the FRET
efficiency (Eff.) between the CrFP and Y FP fluorophores, is calculated via Eq.1 and 2. The top,
middle a nd I ower p anel s how the average lifetimes of C DC48A, N -D1-mutant a nd C DC48C
proteins, in the left panel for the PM, in the right panel for the nucleus. N-D1 proteins are not
localized in the nucleus, CDC48C proteins not at the PM.

A-Cr is CDC48A-CrFP; A-Cr/Y-A is CDC48A-CrFP/YFP-CDC48A; Cr-A/Y-A is
CrFP-CDC48A/YFP-CDC48A; A-Cr/A-Y is CDC48A-CrFP/CDC48A-YFP; N-D1-Cr is
N-D1-CrFP; N-D1-Cr/Y is N-D1-CrFP/N-D1-YFP; Cr-C is CrFP-CDC48C; C-Cr/Y-C

is CDC48C-CrFP/YFP-CDC48C; Cr-C/Y-C is CrFP-CDC48C/YFP-CDC48C; C-Cr/

C-Y is CDC48C-CrFP/CDC48C-YFP.

protein ©PM d FRET eff. 1 Nucleus d FRET eff.
ns nm % ns nm %

A-Cr 2.52+0.03 2.53+0.04

A-Cr/Y-A 2.34+0.04 7.6 7.2 2.44+0.03 8.5 5.6

Cr-A/Y-A  2.47+0.06 9.5 1.9 2.55+0.06 10.6 0

A-Cr/A-Y  2.1840.05 6.8 13.5 2.20£0.07 6.9 12.7

N-D1-Cr 2.48+0.06
N-DI-Cr/Y  2.40+0.03 8.7

Cr-C 2.59+0.03

C-Cr/Y-C 2.43+0.04 7.8 6.4
Cr-C/Y-C 2.44+0.10 7.9 5.8
C-Cr/C-Y 2.09+0.05 6.4 19.3

of CrFP-CDC48C was 2.59+0.03 (Cr-C, Fig. 4K and Table 1). The combination of CrFP- and
YFP-CDC48C showed a lifetime of 2.44+0.1 ns (Cr-C/Y-C, Fig. 4P, Table 1), a significant
reduction compared to the donor alone. The FRET efficiency is 5.8%. The combination of
CDC48C-CrFP and YFP-CDC48C protomers also showed a minor but significant reduction
in lifetime (C-Cr/Y-C, 1= 2.43+£0.04 ns; Fig. 4Q, Table 1) comparable with the same combi-

57



Chapter 3

nation for CDC48A. Co-expressed CDC48C-CrFP and -YFP proteins, showed a large reduc-
tion in donor lifetime (C-Cr/C-Y, 1=2.0940.05 ns; Fig. 4R, Table 1) comparable to that of the
CDCA48A proteins. The distance between the fluorophores is 6.4 nm, with a FRET efficiency
of 19.3%.

When analyzing FRET-FLIM measurements average lifetimes are calculated from lifetime
distributions in order to compare different combinations. However, spatial distributions may
be more illustrative for changes in interactions (Nougalli Tonaco et al., 2005). In Fig. 5,
examples of lifetime distribution histograms at the PM are shown for CDC48A-CrFP alone
(Fig. 5A), in combination with CDC48A-YFP (Fig. 5B) and a combination of CrFP-CDC48A
and YFP (Fig. 5C). These histograms are examples recorded from protoplasts displaying
fluorescence lifetimes as in images Fig. 4B, F and L respectively. The nucleus in image 4H
is surrounded by chlorophyll which has a very short lifetime (normally shorter than 1500 ps)
and indicated in a red color. These lifetimes were not taken into account in the histograms
shown in Fig. 5 and for the calculations of the average lifetimes. The lifetime distribution
histograms clearly show the shift to lower lifetime values when CDC48A-YFP and CDC48A
—CrFP were co-expressed (Fig. 5B), while the lack of interaction between the N-terminally
placed fluorescent groups is also clearly reflected in the absence of a shift to lower lifetime
values (Fig. 5C). For comparison of the various combinations of proteins, combined distribu-
tion histograms of 5 representative experiments for each protein-combination were plotted
(see Supplementary data).

Taken together, our observations show YFP/CrFP proteins fused at the C-terminus of CD-
C48A are within the maximal distance for measuring FRET and do interact, which is only
possible when the protomers homo-oligomerize and the C-termini stay close together rather
than protruding out of the molecule. This oligomerization takes place in the ER-membrane
based regions at the PM, where SERK1-CDC48A interaction takes place. A combination
of CrFP- and YFP-CDC48A proteins show no reduction in lifetime suggesting that the N-
domains of CDC48A, in line with the mushroom-like shape structure of p97/VCP, are not
within FRET distance and can not interact. The N-termini of CDC48C, in contrast with
CDC48A, are within FRET distance and do interact suggesting that the N-terminal domains
of CDC48C are differently organized and probably closer to each other.

SERKI1 phosphorylates Ser-41 in the N-domain of CDC48A

In previous work it was shown that SERK1 interacts both with the N-domain, as well as with
the C-terminus of CDC48A. To investigate if this interaction involves trans-phosporylation
of CDC48A by the SERK 1-kinase, an in vitro kinase experiment was performed. The SERK1
kinase domain and full length CDC48A were produced in E. coli as fusions to gluthatione-
s-transferase (GST), purified and incubated with [y32P-ATP]. After incubation, the mixture
was, analyzed by SDS-Page and labeled proteins were detected with a Phospho-Imager. The
SERKI1 kinase domain is heavily auto-phosphorylated (Fig. 6A lane 1, 2 and 3) but also trans-
phosphorylates CDC48A (arrowhead lane 1). Next, the experiment was repeated with cold
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Figure 5. Representative lifetime distribution histograms measured with FLIM at the PM of
Arabidopsis protoplasts. (A) Histogram of the CDC48A donor alone. (B) Histogram of a mixture
of CDC48A tagged to CrFP and YFP at the C-terminus, which shifted to lower lifetime values due to
interaction. (C) Histogram of a mixture of CDC48A tagged to CrFP and YFP at the N-terminus. No
significant shift to lower lifetime values is visible.
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ATP. The 125 kD CDC48A proteins were isolated from the gel, digested with trypsin, and
the resulting peptides analyzed by LC-MS/MS. Only in the sample containing the SERK1
kinase, one phosphorylated serine residue was found at position 41 of CDC48A, which is lo-
cated in the N-domain. Unfortunately we did not have any peptide coverage in the C-terminal
tail (from AA 775 onwards, Fig. 6B), where 3 serines, 3 threonines and 1 tyrosine are present,
so there may be additional targets for SERK1 phosphorylation.

The CDC48A complex size in living cells is larger than expected

To investigate the size of CDC48A complexes in living cells, CDC48A-YFP constructs were
expressed in Arabidopsis protoplasts. Fluorescence correlation spectroscopy was used to
measure the diffusion times (tdif) of CDC48A-YFP proteins (full length, CDC48AAIA2
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Figure 6. In vitro transphosphorylation of CDC48A, by SERK1 Kkinase protein.

(A, left panel) Phospho-image of CDC48A transphosphorylated by the SERK1 kinase domain. GST-
CDC48A, GST alone or water were incubated with the SERK1 kinase domain (SK1-KD) in a buffer
containing [y32-PJATP (Lane 1, 2 and 3). Two control experiments were performed without SK1-KD.
SK1-KD is auto-phosphorylated and transphosphorylates CDC48A (arrowhead lane 1). (A, right panel)
Equal loading and size control of GST-CDC48A, GST and SK1-KD-protein. (B) Peptide coverage of
CDC48A in 2 reactions containing CDC48A alone or CDC48A plus SK1-KD, was 66, and 68% respec-
tively (colored in gray). Ser-41 of CDC48A was phosphorylated by SK1-KD.

60



Hexamerization of AtCDC484

CDC48AN-DI and CDC48ANdel) in the cytoplasm close to the PM and in the nucleus. To
estimate cellular viscosities via the Stokes-Einstein equation (Eq. (5)), the diffusion time of
free YFP in cells was first measured. Differences in the diffusion times of protein molecules
can point to mass differences between them and so, the diffusion time of CDC48 in cells was
measured. The results of the FCS measurements are based on 9 independent transfections and
summarized in Table 2. In Fig. 7, examples of autocorrelation curves are shown (both the raw
data and fitted curves) for CDC48A-YFP, CDC48ANdel- and CDC48AA1A2 and free YFP
in the cytoplasm.

First the diffusion time of free YFP in protoplasts was determined in the cytoplasm close to
the PM and in the nucleus. The average values for the diffusion times (tdif) are listed in Table
2A for the cytoplasm and in 2B for the nucleus. From the tdif values of each curve the average
diffusion coefficient D (um2/s) and the hydrodynamic radius rh (nm) were calculated. The
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Figure 7. Representative auto-correlation curves from CDC48A- (squares), CDC48ANdel — (tri-
angles) and CDC48AN-D1 -YFP (lines), compared to the curve for free YFP (lowest curve: dia-
monds) in Arabidopsis protoplasts. The autocorrelation curves were fitted with a one component
model. On the Y-axis the autocorrelation function G (1) is depicted. The correlation time t (ms) is
depicted on the x-axis in log-scale.

diffusion coefficients can be directly compared because in contrast to the diffusion time, the
diffusion coefficient is independent of the structural parameter or the shape of the volume.
The hydrodynamic radius rh is a measure for the size of the protein (complex). The diffusion
coefficient for free YFP in protoplasts was determined to be 37 pumZ2/s in the cytoplasm and
30 pmZ2/s in the nucleus. The calculated hydrodynamic radii were 1.9 nm and 2.3 nm, close to
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the theoretical rh for free YFP of 2.4 nm.

CDC48A-YFP in cells diffuses extremely slowly. A diffusion coefficient (D) of 3.5 um2/s was
found for CDC48A-YFP in the cytoplasm. To answer whether this is due to the hexameric na-
ture of the CDC48A protein, the monomeric CDC48AN-DI-YFP mutant construct was also
introduced into protoplasts. The diffusion coefficient of CDC48AN-DI-YFP was found to be

Table 2 Mean of the diffusion coefficient D ( um2/s) of various proteins,

measured by FCS in the cytoplasm and nucleus of protoplasts.
In the two-sample t-test c omparing C DC48A with one of the other proteins, the
null hypothesis that the mean of the diffusion c onstants are the same is rejected
when the absolute value of p is lower than the 5% significance level and accepted
when p is higher. Values for D and r;,, were calculated via Eq. 4 and 5. N-D1 is not
expressed in the nucleus. SD is the standard deviation of the D value, N is the
number of curves.

protein 1dif (ms) D (pm2/s) SD N t-test rp (nm)
cytoplasm

CDC48A  1.886 3.5 0.8 20 20.4
YFP 0.214 37.0 16.7 25 p <0.05 1.9
N-D1 0.568 11.7 4.8 74 p <0.05 6.1
Ndel 1.323 6.0 1.7 18 p <0.05 11.9
Al1A2 1.223 6.2 0.7 8 p <0.05 11.4
nucleus

CDC48A  1.420 5.2 2.0 59 13.7
YFP 0.222 30.4 8.0 30 p<0.05 2.3
Ndel 1.243 5.8 2.7 27 p>0.05 123
AlA2 1.310 5.9 1.6 41 p>0.05 12.1

11.7 um2/s, which is clearly faster then the CDC48A full length protein. However, based on the
crystal structure for VCP, CDC48A should have a rh of about 7 nm instead of the calculated
20.4 nm. Therefore we hypothesized that the N-domain, which is considered to be the domain
responsible for most of the interactions of CDC48 (p97/VCP) with adaptor proteins like p47
(Dreveny et al., 2004), Ufd-1 and ubiquitinated proteins (Meyer et al., 2000) associated with
some of these proteins in the full length CDC48A as well as in the monomeric CDC48AN-D1-
YFP. Therefore we deleted the N-domain from CDC48A and measured diffusion times of the
mutant CDC48ANdel-YFP protein. Indeed the diffusion coefficient of CDC48ANdel -YFP
in the cytoplasm (6.0 um2/s) is significantly higher than that of CDC48A (3.5 umZ2/s). This
could be explained by the lack of the interactive N-domain. Unlike CDC48A, CDC48ANdel
was not predominantly found in the hexameric form on native PAGE (Fig. 1B), which might
also explain the faster diffusion of this mutant.

The diffusion coefficient of the CDC48AA1A2-YFP protein (6.2 pmZ2/s in the cytoplasm), the
mutant which is reported to be severely delayed in hexamerization in vitro for p97/VCP (Wang
et al., 2003b), was significantly higher than the diffusion coefficient of the CDC48A protein
(3.5 umZ2/s in the cytoplasm). Native PAGE showed that the CDC48AALA2.YFP protein in
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cells is predominantly in the hexameric form, as well as CDC48A. Although the oligomeriza-
tion of the CDC48AAIA2YFP protein was not tested in the FRET-FLIM experiments, the
FCS results suggest that fewer proteins associate with this mutant resulting in faster diffusion
of CDC48A A1A2-YFP. This implies that inhibition of ATP-binding also inhibits complex
formation with other proteins.

Surprisingly, no significant difference in diffusion coefficient between CDC48A-, CDC48A
AlA2- and CDC48ANdel-YFP was measured in the nucleus (Table 2B). In general the dif-
fusion coefficient in the nucleus was the same as in the cytoplasm for all proteins, except
for CDC48A-YFP. The diffusion coefficient of CDC48A is much slower in the cytoplasm,
suggesting that in contrast with the situation in the nucleus the protein is bound to a larger or
different complex.

There is a discrepancy between the complex-size estimated on native PAGE and the size
calculated from the FCS analysis. An explanation might be that the CDC48A complex is as-
sociated with membranes or large molecules like the proteasome and therefore shows a very
slow diffusion. For the native PAGE procedure however, membranes are solubilized and con-
nections of membranes with protein complexes can be lost.

From these data we propose that in vivo membrane-located CDC48A is found in larger pro-
tein complexes rather than in hexameric configuration only, while the N-domain could be
responsible for the interactions that lead to these large complexes.

Discussion

The CDC48A protein was previously found to be one of the SERK1 interacting proteins (Kar-
lova et al., 2006; Rienties et al., 2005). Because CDC48 proteins are reported to be active only
in hexameric form it was deemed essential to determine the oligomerization status in living
cells. FRET-FLIM analysis indicated that the CDC48A-CrFP and CDC48A-YFP proteins
are oligomerized in living cells. The CDC48A oligomers are predominantly hexameric, and
the observed location of putative hexamers coincides with the interaction areas of SERK1
and CDC48A. These results suggest that the CDC48-CrFP/YFP proteins are indeed in their
active conformation when expressed in living cells. Based on the prediction of this active
configuration in vivo and the crystal structure of the related mammalian p97/VCP hexamer
(DeLaBarre and Brunger, 2003) we used FRET-FLIM as a tool to confirm the presence of the
hexameric configuration of CDC48A in vivo. Finally, the diffusion rates of the CDC48A pro-
teins in vivo suggest that they are indeed part of a much larger oligomeric complex in vivo.
An unresolved and important question is what the functional relationship is between the CD-
C48A protein in an intact configuration and the SERK1 receptor. Active ATPases bind and
hydrolyse ATP to release the energy for various processes in the cell, among which the pro-
tein dislocation from the ER during ERAD (Jarosch et al., 2002). Many adaptor proteins were
found to interact with the N-domain of CDC48 or p97/VCP proteins, such as P47 (Dreveny et
al., 2004), Shpl and Ubx2 (Schuberth et al., 2004), Ufd1/Npl4 (Meyer et al., 2000) and Doal

63



Chapter 3

(Mullaly et al., 2006). These adaptor proteins recognize ubiquitinated substrates thereby fa-
cilitating proteasome-dependent degradation. For many studies artifical substrates were used
to study the ERAD system (DeLaBarre et al., 2006; Miiller et al., 2005). However, to date
hardly any physiological substrates of CDC48/VCP proteins are known, thereby limiting the
understanding of the function of these proteins in general and in SERK1-mediated signaling
in particular. Therefore, it could well be that function of the interaction between CDC48A
and SERKI is to recognize and remove ubiquitinated receptors from the membrane, one of
the proposals previously put forward by Aker et al. (Aker et al., 2006). The IP3-receptor in
ER-membranes in Rat-1 fibroblasts was ubiquitinated upon ligand binding and coupled via
the p97-Ufd1-Npl4 complex to proteasomal degradation (Alzayady et al., 2005).

DeLaBarre et al. (DeLaBarre et al., 2006) found that two Arginines (Arg586 and Arg599) in
the D2 domain of P97/VCP were essential for substrate interaction and ERAD, implicating
that not every interaction with CDC48 proteins should go via the known adaptor proteins and
the N-terminus. This actually supports the idea that SERK1 interaction can occur with the C-
terminal part of the CDC48A protein as it has been found that way in yeast two hybrid screens
(Rienties et al., 2005). This was later confirmed by the FRET-FLIM evidence of interaction
between SERK1-YFP and the C-terminus of CDC48A (Aker et al., 2006). The result of this
interaction was hypothesized to be transphosphorylation by the SERK1 kinase (Rienties et
al., 2005). Only one phosphorylated residue of CDC48A was found, which is located in the N-
domain. Whether transphosphorylation of Ser-41 in the N-domain of CDC48A is necessary
for binding to the, possibly, ubiquitinated SERK 1-receptor and subsequent degradation of the
protein is still unclear. Binding of SERK1 to the C-terminus could be part of the activation
mechanism of the CDC48A protein complex. Rienties et al. (Rienties et al., 2005) showed that
upon autophosphorylation of the SERK1-kinase domain, there was an increase in interaction
with CDC48A. The mechanism of activation has still to be elucidated.

FRET-FLIM was also used to investigate the structure of CDC48A and one of its isomers,
CDCA48C, by calculating distances between parts of the molecule based on the FRET-efficien-
cies. Differences in FRET-efficiencies between CrFP and YFP depending on whether they
were fused to the N-terminus of CDC48A or of CDC48C, led to the conclusion that the N-do-
mains of CDC48C are differently organized and probably closer together. It is even not clear
whether CDC48C has a real N-domain. It could be that CDC48C, being only present in the
nucleus, is not involved in ubiquitin/proteasome—dependent proteolysis, but has a function in
nuclear envelope reformation during the exit from mitosis. This was also described for p97
(Hetzer et al., 2001). We therefore suggest that the “N-domain” of CDC48C does not serve as
a platform for binding ubiquitinated proteins and therefore probably does not protrude from
the molecule.

Although FRET-FLIM is commonly used to estimate distances in multimeric complexes
(Clayton et al., 2005; Van kuppeveld et al., 2002) a cautionary remark should be made. Due to
the hexameric structure and the lack of control over the precise composition of the contribut-
ing monomers in our model, the donor group CrFP and the acceptor group YFP are not at a
fixed distance from each other. Each donor group could to a certain extent also interact with
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a different ensemble of acceptor groups at slightly different distances. It will require much
more complex equations to deal with this situation, so the distances as calculated here may
suggest a greater accuracy then actually can be measured. The distances calculated between
the different subunits in the hexamer are nevertheless in close agreement with the distances
as known for the structure of the homologue p97/VCP.

One of the surprising findings in our work was that the complex size of the CDC48A hexamer
as derived from the diffusion coefficient determined by FCS was variable depending on the
cellular compartment and also much larger then expected. The diffusion rate of CDC48A
in the cytoplasm was significantly lower then in the nucleus while the mobility of free YFP
and the CDC48A mutants was comparable to that of these proteins in the nucleus. This sug-
gested that the full length hexameric CDC48A protein was the only functional protein and
could therefore actively bind to other proteins and in the ER membrane compartments form
complexes with adaptors and/or associate directly with the proteasomal complexes. Ubiquiti-
nation of the SERK1 receptor mediated by CDC48A might direct the receptor to the protea-
some, but this has still to be elucidated. In the nucleus the CDC48A protein may have another
function or is in a transit between targets and the proteasomal complexes.

Employing FRET-FLIM, we could provide details of SERK1 and CDC48A interaction and
CDC48A oligomerization in vivo that would be difficult to resolve by other techniques. Using
FCS it was shown that CDC48A hexamers in vivo are part of much larger complexes. Finally
we believe that the use of these microspectroscopic techniques is helpful to validate structural
information of protein complexes in an intact cellular environment.
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S1, S2 and S3 show histograms of lifetime distributions for different combinations of proteins measured in the
nucleus or at the PM. Each histogram shows the combined distributions of 5 representative cells for that combina-
tion. Taking 10 in stead of 5 experiments did not change the value for the average lifetime; therefore 5 were taken
for the calculations. On the horizontal axis the lifetimes are depicted, on the vertical axis the number of pixels per
lifetime. In Figure S1 from top to bottom all the experiments performed with combinations of CDC48A at the PM
are listed. The double combinations of CDC48A (2th, 3th and 4th histogram should be compared with the donor
alone in the Ith histogram. In the right panel the experiments with CDC48A in the nucleus are depicted. Again
the double combinations of CDC48A (2th, 3th and 4th histogram) should be compared with the donor alone in
the 1th histogram. In Figure S2 the experiments performed with CDC48C proteins are depicted and these should
be compared in the same way. In Figure S3 the CDC48AN-D1 double combination should be compared with the
CDC48AN-D1-donor alone.
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Internalization of the BRI1-SERK receptor complex
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Abstract

Brassinosteroids are perceived by a hetero-oligomeric receptor complex consisting of BRIl
and the co-receptors BAK1 (SERK3) and SERK1, members of the small family of somatic
embryogenesis receptor-like kinases. BRI1, SERK1 and SERK3/BAK1 undergo endocytosis
and form heterodimers in endosomal compartments. The aim of this research was to deter-
mine the role of the co-receptors SERK1 or SERK3/BAKI in the brassinosteroid signaling
pathway in roots. Similar to what previously was observed in protoplasts, over-expression of
SERK3 resulted in enhanced BRI1 endocytosis. In the absence of the co-receptors SERK1
and SERK3, BRIl mediated BR signaling is impaired, the BRI protein level is reduced,
while no reduction was observed in endocytosis. These results suggest that the hetero-oligo-
meric BRII/SERKI1-SERK3 (BAKI) configuration is involved in maintaining active BRII-
mediated signaling.
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Introduction

Receptor mediated endocytosis in plant cells as a mechanism to modulate and diversify cel-
lular sensitivity to external signals is poorly understood. There is evidence for endocytosis of
the brassinosteroid-perceiving Brassinosteroid Receptor-like Kinasel (BRI1) and its co-re-
ceptors the Somatic Embryogenesis Receptor-like Kinasel and 3 (SERKI1 and 3) (Russinova
et al., 2004), but also other Leucine Rich Repeat—Receptor Like Kinases (LRR-RLK) like
Crinkly 4 (Gifford et al., 2005) and the Flagellin Sensitive 2 (FLS2) (Robatzek et al., 2006).
The BRI receptor was shown to internalize in a ligand-independent fashion, while more re-
cently it was demonstrated that BR signaling can be mediated by internalized BRII receptors
(Geldner et al, 2007). The FLS2 receptor was the first example of a receptor in plants to be-
come internalized in response to a ligand, flagellin fig22 (Robatzek et al., 2006). Endocytosis
of other plant membrane proteins like the plant specific auxin efflux carriers (PIN proteins) is
well established (Geldner et al., 2003), and this appears to involve a clathrin-mediated mecha-
nism (Dhonushke et al., 2006).

For the epidermal growth factor receptor (EGFR or ERBBI) it was shown that dimeriza-
tion, also ligand-independent, rather than receptor kinase activity is important for endocyto-
sis (Wang et al., 2005a). In ERBB signaling, only ERBB1 and ERBB4 are fully functional.
ERBB3 has impaired kinase activity, while ERBB2 fails to bind known ERBB ligands, but
connects its kinase activity to all possible heterodimers.

BRI1 was proposed to form a tetrameric complex with SERK1 and SERK3 (Karlova et al.,
2006). SERK1, closely related to SERK3, was also shown to be internalized in protoplasts,
as well as in roots of SERK1-YFP transgenic seedlings (Kwaaitaal et al., 2005). SERK3 and
BRIl undergo endocytosis and co-localize in endosomal compartments (EC). Co-expres-
sion of both receptors in protoplasts resulted into accelerated endocytosis, suggesting hetero-
oligomerization of RLKs to be important for endocytosis in plant cells as well. ECs either
with one or with both receptors were present, suggesting receptor-specific sorting (Russinova
et al., 2004).

The aim of this study is to investigate whether BRI1-mediated signaling and endocytosis is
affected by the absence of its two co-receptors SERK1 and SERK3. Sensitivity of the roots
for BL was used as a measure for BRI1-mediated signaling. The double mutant serki-Iserk3
(sklsk3) is completely insensitive to brassinolide (BL) in roots, showing that these recep-
tors are required for signaling (Albrecht, 2008). In BRI1-GFPsklsk3 roots, Br signaling is
very much impaired as compared to in BRI1-GFP wt roots, indicating that the BRI1/SERK-
ISERK3 signaling complex is not active in the sk/sk3 background, while the distribution of
the fluorescent BRII protein at the PM and in the cytoplasm, is not changed. However the
total amount of BRII protein was reduced, suggesting that the presence of the SERK1 and
SERK3 co-receptors aid in BRI stability.

Overexpression of SERK3 together with BRII in roots demonstrated enhanced endocytosis,
confirming the data of Russinova (2004), while brassinosteroids (BR) signaling was not en-
hanced compared to the signaling in BRI1-GFP roots alone.

Shah et al (2001) showed that for SERK1 homodimerization the leucine zipper domain is

69



Chapter 4

important. To investigate the effect of mutations in the co-receptor SERK1 on the internaliza-
tion of BRI, various SERK1 mutants in combination with BRIl were transiently expressed
in Arabidopsis protoplasts. Even severely truncated SERK1 receptors were sorted together
with BRIl in the same endosomal compartments, except for a SERK1 mutant lacking the
external domain, suggesting that this domain is involved in interaction with BRII.

Methods

Materials and growth conditions

The Arabidopsis thaliana Colombia ecotype was used as a wild-type background.

The following mutants and transgenic plants were described previously: PBAK::BAK1-GFP
(J.Li, Chory), PBRI1::BRI1-GFP (N.Geldner), skl (C. Albrecht). PSERK::SERK1-YFP (M.
Kwaaitaal). PBRI1::BRI1-GFP was crossed into skl-Isk-13 double or single mutant back-
ground and selected for homozygosity for sk/, sk3 (verified by PCR) and for BRI1-GFP (veri-
fied by selection).

Seedlings were grown for 6 days on plates containing, Murashige and Skooge medium plus
vitamins, sucrose and Daishin agar (0.575g, 2.5 and 2 g/500 ml respectively).

Microscopy

Seedlings grown for 6 days were incubated for 20 minutes in MS medium and placed on a
microscope slide covered with a slide. Images were taken using a CLSM. 488 nm excitation
light for exciting GFP was used, with a laser power of 12 %. Emission light was detected
using a band-pass filter of 505-550 nm. After imaging, BRI1-GFP sk/sk2sk3 seedlings were
re-cultivated on soil and genotyped afterwards, to score for serk2 homo- or hetero-zygosity,
as sklsk2 homozygous plants are male sterile and therefore don’t give any seeds.

Analysis of fluorescence distribution using Image Pro

Images of cells were taken on both sides of each root-tip and analyzed with Image Pro, to
investigate the distribution of fluorescence in the PM and the cytoplasm. Using Image Pro it
is possible to select for automated analysis of fluorescence intensities in the PM or in the cy-
toplasm. The program calculates the mean intensities in a section of one image and calculates
also the standard deviations. The mean intensities of around 100 cells for each sample were
determined.

Constructs

SERK1, SERK3 and BRIl were fused to CFP or YFP in the pMON999 vector under 35S-
promoter as described before (Russinova, 2004). All the SERK 1 mutants were cloned without
a stop codon subsequently in the Ncol site created before CFP or YFP. The sequence of the
generated constructs were verified by sequencing.
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Isolation and transfection of Arabidopsis protoplasts

The transfection procedure was performed as described before (Aker et al., 2006). For analy-
sis times shortly after transfection, protoplasts were kept in W5 on ice o/n after isolation and
transfected next morning. Five hours after transfection the protoplasts were incubated with
50 uM Cyclohixamide (CHX) to stop protein production.

Root length assay

Ten to twenty seeds of wt and mutant background were sewn in one line on MS plates con-
taining various concentrations of BL and placed vertically under long daylight conditions at
22 degrees Celsius. After 12 days the length of each individual root was measured. The aver-
age root length for each concentration was calculated as percentage of the length on control
plates.

Western blotting

One four-week old rosette was frozen in an eppendorf tube in liquid nitrogen together with
glass beads. After shaking in a CapMix, 200 pl of lysismix (1 % Triton x-100, 50 mM Tris pH
8, 150 mM NaCL, 10 mM EDTA plus protease-inhibitor mix) was added and mixed again.
After 20 minutes incubation on ice, the sample was centrifuged for 7 minutes at 13000 rpm.
A protein concentration determination was performed on the supernatant for equal loading.
on SDS-Page.

Results

SERK3 enhances endocytosis of BRI1

Russinova et al (Russinova et al., 2004) showed that internalization of BRIl and SERK3 was
more rapid when both the receptors were co-expressed in protoplasts, suggesting that BRIl
endocytosis was promoted by association with the co-receptors. To investigate if this could
be confirmed in planta, plants transformed with a pBRI1::BRI1-GFP construct (designated
as BRI1-GFP, Geldner et al. 2007) were crossed with plants expressing a pSERK3::SERK3-
6xHA construct (designated as SERK3-6xHA). The BRII-GFP line produced near en-
dogenous levels of BRI1-GFP protein and did not show the typical elongated leaf phenotype
of other BRII-GFP over-expression lines (Geldner et al., 2007). The transformations were
performed in a wt background and therefore the generated lines used here contained at most
twice the amount of BRI receptor. The SERK3-6xHA and the BRI1-GFP/SERK3-6xHA ex-
pressing plants do not show a phenotype on stature (Fig. 1A). On Western blots the SERK3-
6xHA protein showed the expected size of 72 KD (Fig. 1B). The SERK3-HA protein local-
ized to the PM in the root-tips, as shown using an antibody against the HA tag. In the double
transgenic lines antibodies were used against HA and against GFP to visualize both receptors
rather then using GFP fluorescence and immunofluorescence simultaneously.

First the specificity of the antibodies in immunofluorescence was determined. As a control
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Figure 1. SERK3 enhances BRI1-GFP endocytosis. A. Plants of Col wt, BRI1-GFP, SERK3-6xHA
and the double line are not phenotypically different. B. SERK3-6xHA protein from transgenic seed-
lings showed the expected protein-size of around 72 KD on a Western-blot. Anti-HA and anti-GFP
anti-bodies specifically stained Monopteros-HA in the nucleus and SERKI1-YFP in the vasculature
and epidermis cells of root tips. C. GFP fluorescence at the PM in only BRI1-GFP expressing cells is
more evenly distributed and of higher intensity along the PM (Fluorescence intensity in arbitrary units,
(a.u.)), compared to in BRI1-GFP and SERK3-HA double-expressing cells, where GFP fluorescence
appears more in endosomal compartments, as shown in the graphs (D). E. BRI1-GFP roots are hyper-
sensitive to BL, which is restored to wt situation when SERK3 is also over-expressed.

for anti-HA, the monopteros (MP)-6xHA line was used, with the tagged protein residing in
the nuclei of root tip cells (Weijers et al., 2006). MP-6xHA seedlings were fixed and immu-
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nostained with anti-HA labeled with Alexa 488. As a control for specific anti-GFP staining,
transgenic seedlings containing SERK1-YFP were used. SERKI-YFP is expressed in low
levels and localizes specifically to the vasculature and to the epidermis cells in the root tip
(Kwaaitaal et al., 2005). Indeed anti-HA stained the nuclei of root tip cells, and the anti-GFP
signal localized only at places where SERK1-YFP is expressed; in the epidermis cells in the
root-tip and in the vascular tissue (Fig. 1B).

To investigate if SERK3 enhances BRIl endocytosis in plants, BRI1-GFP root tips immu-
nostained with anti-GFP and Alexa-488, or SERK3-6xHA stained with anti-HA and Alexa
546 (Fig 1C images) only, were compared with BRI1-GFP/SERK3-6xHA double transgenic
roots (FiglD, images). In the BRI1-GFP expressing cells, the receptor is evenly distributed
along the PM. In a profile of 5 um taken along the PM, the fluorescence intensities of BRII-
GFP (depicted in a graph, Fig. 1C) hardly fluctuate. In the double transgenic line however,
BRII-GFP is localized in clear vesicles along the PM, and when a profile is taken along the
PM, the intensities fluctuate between 1500 and 3500 on a scale of 0 to 4500 (a.u). In the graph
in Fig. 1D, ECs at the PM are easily distinguishable, represented by the peaks.

We hypothesize that enhanced endocytosis would also lead to enhanced BRI signaling.
Therefore roots of Col wt, BRI1-GFP, SERK3-6xHA and BRIIGFP/SERK3-6xHA seedlings
were measured after growth on plates containing different concentrations of BL (Fig. 1E).
The BRII-GFP roots were slightly more sensitive than wt, possibly due to the combination
of the endogenous BRII protein and the introduced fluorescent version. The SERK3-6xHA
roots were as sensitive as wt. In BRI1-GFP/ SERK3-6xHA roots the sensitivity for BL was
brought back to the wt situation, thus reduced compared to the BRII-GFP sensitivity. Al-
together, these results suggest that increased endocytosis of the over-expressed BRIl and
SERK3 receptors does not enhance brassinosteroid signaling in roots, but probably only re-
flects enhanced recycling by endocytosis of an inactive population of receptors.

The co-receptors SERK1 and SERK3 may stabilize the BRI1 protein

To determine the effect of the absence of both the co-receptors SERK1 and SERK3 on the
distribution of the BRII protein, the pBRI1::BRI1-GFP expressing line (Geldner et al. 2007)
was crossed into a homozygous serkl-1serk3-1 (sklsk3) mutant background. The sk/-1 allele
was previously described by Albrecht (Albrecht et al., 2005), and crossed into a homozygous
sk3-1 background. BRII-GFP plants in these backgrounds did not show a phenotype (Fig.
2A). Only sk3 plants are slightly smaller than wt confirming the data of Nam and Li (Nam
and Li, 2002) and Li et al. (Li et al., 2002).

As a measure for the functionality of the BRII-SERK complex, a root length assay was per-
formed to determine BL insensitivity in these lines. Seeds were incubated on various con-
centrations of BL and root lengths were measured after 12 days (Fig. 2B). The average root
length for each line was normalized to 100% using the average length on control plates as a
measure. sk/ and sk3 roots were less sensitive to BL, compared to wt while sk/sk3 roots were
completely insensitive to BL (Fig. 2C), similar to a weak mutant allele of BRII such as bril-
301. However, the stature of the sk/sk3 mutant plants is only mildly reduced compared to that
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Figure 2. Root length assay using BRI1-GFP in Col wt, sk/, sk3 and sklsk3 mutants. A. Plants of
Col wt, pBRI1::BRIIGFP, sklsk3, sk3 and PBRII:BRIIGFP in sksk3 or sk3 mutant background, grown
under long daylight conditions. Sk3 plants are slightly smaller, which is rescued by BRI1-GFP. B. Root
length assay comparing BRI1-GFP, sk/sk3 and BRI1-GFP in sklsk3 mutant background after 12 days
on 0 or 2.5 nM BL. C. Root length assay using Col wt, sk/, sk3 and sklsk3 mutants, BRI1-GFP in these
mutants, and bri/-301. 10 to 20 roots were measured per point and normalized to the average root length
of each line on 0 nM BL. The graph shows the combined results of 4 to 6 experiments

of the bril-301 allele (Fig. 2A), suggesting a more complex organ-specific relation between
the three receptors, as pointed out by Albrecht et al, (2008) .

The Kd value reported for the BRI receptor is in the order of 15 nM of BL (Kinoshita et al.,
2005). Therefore the concentration of 2.5 nM of BL employed here is well within range of the
physiological concentrations of BL. The presence of the BRI1-GFP construct in the Col wt
background slightly enhanced the root sensitivity for BL (at 2.5 nM a 15% reduction in root
length was recorded) confirming the data of Nam and Li, (2002) (Fig. 2C) and see also Fig.
1E). Roots expressing the BRI1-GFP construct in the sk/sk3 double mutant background were
also slightly more sensitive to BL when compared to sk/sk3 roots. However, although the
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presence of additionally introduced active BRI1 receptors can partially restore BR signaling,
BRII-GFPsklsk3 roots retained most of the BL insensitivity, suggesting that BR signaling
remained largely impaired in the absence of the two co-receptors, especially at lower con-
centrations of BL (Fig. 2C). Thus, it can be assumed that any visible changes in endocytosis
or distribution of the BRI1-GFP receptor in the sklsk3 background reflect both impaired
BRII-mediated BR signaling as well as signaling induced by the introduced extra copies of
the BRI receptor.

To determine whether the BR insensitivity of sk/sk3 roots was due to a change in BRI1 distri-
bution, root cells were identified in which all three receptors are present. Both BRI1-GFP and
SERK3-GFP proteins are localized at the PM and in vesicles in every cell of the root (Nam
and Li, 2002) while SERKI-YFP is localized mainly in the vascular tissue and in epidermal
cells at the border of the root cap (Kwaaitaal et al., 2005)(Fig. 3A right panel). Therefore these
cells were chosen to measure BRI1-GFP fluorescence in the PM and the cytoplasm in wt and
in skisk3 roots. (Fig. 3A, left panel). Images of the epidermal cells were obtained from both
sides of each root-tip and analyzed with Image Pro (Fig. 3B) to determine the distribution of
fluorescence between the PM and the cytoplasm. BRI1-GFP distribution and endocytosis was
studied in the ski, sk3, sklsk3 and sklsk2sk3 mutant backgrounds. First it was investigated if
BRIl endosomal compartments (ECs) were still formed in the sklsk3 background, which was
indeed the case (Fig. 3C, right panel). BRI1-GFP ECs co-localized with the endocytic marker
dye FM4-64 in wt as well as in sklsk3 backgrounds.

Next, the fluorescence intensities in the PM and cytoplasm were determined. The ratio be-
tween cytoplasm and PM fluorescence was almost the same for BRII-GFP in wt, skl, sk3,
sklsk3 or sklsk2sk3 mutant backgrounds; 0.76, 0.76, 0.70, 0.76 and 0.71 respectively. How-
ever, all mutant lines showed a significantly lower BRI1-GFP fluorescence in the PM as well
as in the cytoplasm when compared to the control (Fig. 3D). The total fluorescence derived
from these measurements is significantly less (around 20 %, p<0.01) for sk/, sk3, skilsk3 and
sklsk2sk3 than for wt (Fig. 3E). To verify that the lower expression of BRI1-GFP in the mu-
tant backgrounds is not due to the fact that more generations were necessary to create these
lines, a BRI1-GFP revertant line was selected from a BRI1-GFPsklsk3 heterozygous line.
This line showed a higher BRI1-GFP expression, comparable to the original BRI1-GFP line
in wt background (Fig. 3D last bars on the right). These results suggest that the total amount
of BRI1- GFP receptors is indeed lower when one or both of the co-receptors are absent.

To summarize, the sensitivity for BL in BRI1-GFPsk/sk3 roots is strongly reduced com-
pared to BRI1-GFP in the Col wt, while the total amount of BRI1-GFP protein in sklsk3
background was reduced by about 20%. The ratio between PM- and cytoplasm-localized
BRI1-GFP did not change; apparently lacking the co-receptors influenced the total levels
of BRI1-GFP protein but not the distribution. When SERK3 was over-expressed, enhanced
endocytosis of BRI1-GFP was observed and no increase but rather a mild decrease in BR
signaling activity occurred. This is interpreted to suggest that in both situations endocytosis
is enhanced, but that in the absence of the co-receptors the balance between recycling and
degradation is shifted to the latter while upon over-expression the internalized population of
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Internalization of BRII-SERK complex

BRI1 receptors is more recycled. Furthermore we conclude that endocytosis of BRI1 does not
require the presence of the SERK co-receptors.

SERKI1 endocytosis is not dependent on an active kinase domain

The BRI, SERK1 and SERK3 receptors are involved in brassinosteroid signaling and inter-
nalize together. It is however unknown whether the catalytic activity or particular domains
of these LRR-RLKs are required for the process of endocytosis. Therefore a series of SERK1
mutant proteins fused to CFP or YFP, were expressed in Arabidopsis protoplasts (Fig. 4A).
In cells expressing SERK1 (SKDf, SK13T | SK1AC | sk14366 | SK1ED and EGF-SK1kd
ECs were visible (Fig. 4B), although SK1ED and EGF-SK1Kd contained less. All mutant
receptors were still able to localize to the PM, as shown previously for SK13T, SK1ED put
also EGF-SK 1kd (Shah et al., 2001a). The images shown in Fig. 4B were taken in one plane
of the cell, but also z-stacks were made from cells expressing BRI1, SERK3 (SK3), SK1,
SK13T, SK1ED and EGF-SK1kd and ECs counted for the total cell (Fig. 4C). BRII, SK3,
SK1, SK13T all contained around 140 ECs per cell, except for the deletion mutants SK1ED
and EGF-SKlkd, containing respectively 40 and 20 ECs. The SK13T, SK1AC mutants lost ki-
nase activity (Albrecht et al., 2005; Shah et al., 2001b)which means that kinase activity is not
necessary for internalization. Lack of the total intracellular part of the receptor (in SKIED)
or the extracellular domain (in EGF—SKIkd) impairs internalization strongly, however not

Figure 3. Distribution of BRI1-GFP fluorescence in PM and cytoplasm of epidermis cells.

A. BRII-GFP and SERKI1-YFP localization in root tips. The white square indicates the cells, which
were analyzed for endocytosis levels. B. Images show the PM or cytoplasm localized fluorescence,
which were separately analyzed by Image Pro. C. BRI1-GFP in sksk3 background (green panel) still
localizes to endosomes that co-localize with FM4-64 (red panel). D. The average BRI1-GFP fluores-
cence in the PM, the cytoplasm and the ratio of both for wt, skl, sk3 or sklsk3, or skisk2sk3 mutant
background. The ratio of fluorescence is the same in all situations: respectively 0.76, 0.76, 0.70, 0.76,
and 0.71. E. The total (PM plus cytoplasm) BRI1-GFP fluorescence in the mutant backgrounds was
significantly lower as compared to the control (respectively 23, 23, 14 and 23 % for skl, sk3, sklsk3 and
sklsk2sk3), but not for the revertant BRI1-GFP line 4%).

Figure 4. Expression and localization of SERK1 full length and mutant proteins in Arabidopsis

protoplasts. In panel A the various mutants are shown schematically. SERK1 “fi” is full length; “3T”
is the kinase dead, T462, T463, and T468 are changed into Alanines (Shah et al., 2001b).; in “S299A”
the serine important for endocytosis in FLS2 is changed; “AC” lacks the C-terminal tail; “A366” lacks
almost the complete kinase domain, apart from 44 amino acids and resembles allele serk/-3; “ED”
lacks the complete cytoplasmic part of the protein except for 4 Arginines behind the TM domain to
keep the protein in the membrane; EGFSERK 1Kd consists of the external part of the EGF receptor and
the kinase domain of the SERK1. B. Expression of various SERK1 mutants in Arabidopsis protoplasts,
analyzed after 6 hours. The upper two rows show internalization of SK1fl, and various mutants. All
truncated receptors internalize via endocytosis, including receptors without kinase domain or activity,
which however, still localize to the PM. C. Total number of ECs per cell, counted in z-stack images
of ar30%1nd 10 cells. SK1ED or EGFSK1Kd still internalized in ECs, but much less than SK1 and the
SK1-°1.

77



Chapter 4

totally.

In SERK1, the mutant containing the juxta-membrane domain (JM) but lacking most of the
kinase domain, SERK1A366, still internalizes the same as SK1fl. In the mutant lacking the
kinase domain and the JM (SKIED), endocytosis is very much impaired. This suggests that
a motive in the JM is important for endocytosis. The LRR-receptor kinase FLS2, an in-
teracting partner of BAK1/SERK3, is internalized as a response to fig22. Phosphorylation
of a threonine T867 in the JM of FLS2 is responsible for internalization, because mutation
of this threonine abolished flg22 response and impaired endocytosis (Robatzek et al., 2006).
FLS2T867 resembles BRI1T880, which has been identified as in vivo phosphorylation site
(Wang et al., 2005). In SERK1, S299A in the juxta-membrane domain resembles FLS21867
and BRI1T880 pased on sequence homology, and was found to be phosphorylated in vitro
(Karlova et al., 2008). It was investigated if S299 in SERK1 was likewise important for en-
docytosis, by changing this serine to an alanine and co-transfecting the construct fused to
YFP with BRI1-CFP into protoplasts. However, the SERK15299A mutation showed the same
number of ECs as compared to SERK1-YFP (Fig. 5B).

From these data we conclude that for internalization, neither the activity of the kinase nor the
kinase domain is required. The external domain is important, but also part of the juxta-mem-
brane. However, domain S299A in the JM is not important for endocytosis of SERK1.

The extracellular domain of SERKI1 is controlling interaction with BRI1

It was previously shown that BRIl and SERK3 receptors were sorted in different ECs after
internalization (Russinova et al., 2004). To investigate if mutated SERK1 receptors are im-
paired in internalization together with BRI1, double transfections were performed in Arabi-
dopsis protoplasts with BRI1-CFP and several SERK1-YFP mutants. Confocal images were
taken and the number of ECs was counted. The ratio between double and single labeled
endosomes was then calculated.

In Figure 5A images of cells co-expressing BRI1-CFP and SERK1-, SERK3-, or SERKIED-
YFP are shown 16 hours after transfection. The number of BRI1-CFP ECs is comparable in
every cell analyzed (Fig. 5A.1, 2 and 3), while the number differs with the different SERK-
constructs.

To compare endocytosis of the different SERK mutants in combination with BRI, the num-
ber of ECs containing both receptors was calculated as a percentage of BRII- (grey bars,
Fig. 5B) or as percentage of SERK1-ECs (black bars). When only BRI fused to CFP and
YFP were co-expressed, this resulted in more than 90% of the BRI1-CFP vesicles containing
also BRII-YFP receptors (Fig. 5B, first grey bar). When BRI1-CFP was co-expressed with
SERK3-, SERKI-, SERK13T-, SERK14366_3nd SERKIACYFP, between 60 and 80% of the
BRII ECs contained also SERK receptors (grey bars). BRI1-CFP was also co-expressed with
SERK1ED- or EGFSERKIkd—YFP, two mutants lacking either the complete intracellular do-
main or the complete extracellular domain. In these cells an average amount of BRI1, but only
a few SERK1ED or EGFSERK1Kd ECs were detected. The number of ECs containing both
receptors calculated as percentage of SERKI1-YFP vesicles (or BRII-YFP for the first bar),
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Figure 5. SERK1 mutants co-localize with BRI1. A. BRII1-CFP (1,2,3) was co-expressed with
SERKI1-, SERK3- or SERKIED-YFP (4,5,6) in protoplasts, and analyzed for the number of ECs. B.
From images as shown in A was investigated how many ECs contained both BRIl and SERKI1 recep-
tors in one plane of a cell (n =15). This was calculated as the number of ECs containing both receptors
compared to total BRI1 (grey bars) or SERK1 (black bars). SERK 1l and SERK31 or most of the trun-
cated SERK1 receptors co-localized for between 60 and 80% with BRI1 or vice versa. Only 10 % of the
BRIl ECs contained also SERK1ED (grey bars). However, 80% of the few SERK1ED ECs contained
BRII (black bars).

Figure 6. SERK-containing endosomal compartments co-localize in part with prevacuolar mem-
branes. A. Co-localization of SERK3-CFP and DsRED-FYVE in double-transfected Arabidopsis
protoplasts. Arrows point to co-localization in prevacuolar membranes. The asterisks points out the
nucleus stained by FYVE. B. Co-localization of SERK3-CFP and ARA7-YFP. The arrow points to co-
localization in endosomes, the bracket points to a supposed vacuole.
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showed that 60 to 80% of the ECs containing SERK1 and SERK3 or SERK 14366 ¢ontained
also BRII (black bars). Only 55 % of SERK 13T and 53% of SERKIAC-containing ECs con-
tained also BRI1, as compared to 80 % of SERK 1l vesicles (black bars: in a t-test compared
to control p= 0.001 and 0.009¢-2 respectively), suggesting that more of these mutant SERK1
receptors internalized without BRII than the SERK 11l receptor. However 80 and 85 % of the
BRIl-vesicles contained also SERK13T or SERK1AC, showing that the difference is caused
by the fact that more ECs are formed when SERK 13T or SERK1AC are expressed, compared
to SERK 11l

Only 10 % of the BRIl ECs contained also SERKIED vesicles (grey bar). However, 80% of
the few SERK1ED ECs contained also BRIl (black bar). On the contrary only 20% of the
EGFSERK 1kd containing ECs contained BRII. As the external domain of the SERK1 recep-
tor is lacking, this suggests that the external domain of the SERKI receptor is important
for dimerization with the BRII receptor. Interestingly, the extracellular domain of SERK1,
including the TM was previously noted to be required for homodimerization (Shah et al.,
2001a).

Altogether we conclude that between 60-80% of the BRI1 ECs co-localized with SERK3,
SERKI1, or SERK1- mutants. Thus, truncation of its co-receptors still enables the BRI1-recep-
tor to be internalized into endosomal compartments. Furthermore, mutant SERK1 receptors
still end up in the same ECs as BRI, except for the EGF-SK1kd chimera, which suggests that
the external domain is controlling heterodimerization of SERK1 with BRII.

Receptors in protoplasts follow a normal endocytic pathway

An interesting question still to be answered is whether in protoplasts over-expressed recep-
tors are predominantly recycled to the PM via recycling endosomes, or are also degraded.
If they are not degraded, PM localization but also endosomes should accumulate in time.
From previous work (Aker et al., 2006; Russinova et al., 2004) it is known that SERK1 and
SERK3 containing vesicles co-localize with the early endosomal marker Ara6 and with the
membrane dye FM4-64. To investigate if SERK3-containing vesicles are not only recycled to
the PM but also degraded via the prevacuolar compartment (PVC) or multi vesicular bodies
(MVB) to (lytic) vacuoles, SERK3-CFP was co-expressed with the late endosomal marker
DsRED-FYVE. In animal cells, the FY VE domain is a conserved motif that localizes PI(3)P-
binding proteins to early endosomes (Gillooly et al., 2000). In plant cells, the FYVE domain
was found to co-localize with endosomes but also with the prevacuolar marker AtRabF2b. In
Arabidopsis protoplasts FY VE labeled endosomes, the nucleus, but also strongly the vacuolar
membrane of prevacuolar compartments (PVC) (Vermeer et al., 2006).

SERK3-CFP indeed localized to small ECs, but in part also co-localized with DSRED-FYVE
at circular structures that are probably vacuolar membranes (arrows in Fig. 6. panel A). Inside
the vacuoles not many SERK3-CFP ECs are visible, probably due to lysis of the fluorescent
proteins. For comparison SERK3-CFP was co-expressed with ARA7-YFP that localizes to
early and late endosomal compartments (Samaj et al., 2005; Vermeer et al., 2006). ARA7
has a different localization as compared to FY VE, and co-localizes with SERK-CFP in small
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vesicles (arrow in panel B). However also in these images it seems that both proteins meet at
membranes of PVCs (See brackets).

These data show that in protoplasts the SERK and BRIl-receptors are localized to early and
late endosomes, but also to PVCs, suggesting that BRIl and SERK-receptors transiently ex-
pressed in protoplasts follow a normal endosomal pathway and that protoplasts can be used
to study aspects of endocytosis.

Discussion

To determine the role of the SERK1 and SERK3 (BAKI1) co-receptors in BRI1-mediated Br
signaling a variety of approaches was employed, aimed at modulating the level of the co-re-
ceptors. In this study we observed that in epidermal cells of sk/, sk3 or sklsk3 mutant roots,
the amount of BRI1-GFP protein in the PM and cytoplasm is reduced compared to the control.
The same distribution of fluorescence intensity between the PM and the cytoplasm was found.
Our results also show that over-expression of tagged BRI1 and SERK3 constructs resulted in
enhanced presence of both receptors in endosomal compartments in the root epidermis. This
confirmed earlier observations in protoplasts (Russinova et al, 2004) and suggested a role for
the co-receptors in promoting endocytosis of the BRI1-receptor. However, no enhanced BR
signaling was shown in roots. On the contrary, over-expression of SERK3-6xHA together
with BRI1-GFP reduced the mild hypersensitivity for BL of BRI1-GFP alone, suggesting that
SERK3 negatively influences the hypersensitivity of BRI1-GFP, maybe due to the forma-
tion of more heterodimers. Russinova and co-workers (2004) and Wang and Chory (2006)
showed that homodimers also exist, but it is not known if these are part of the active receptor
signaling mechanism. The mild hypersensitivity of BRI1-GFP might be the result of BRI1-
GFP becoming active as a homodimer, due to the lack of enough co-receptors. Albrecht et
al (2008) showed that there is no redundancy with any other SERK-family members in the
BRIl pathway, and that SERK1 and SERK3 are the only co-receptors for BRIl in BR-signal-
ing. However, this homodimeric BRI1-signaling might only take place when the BRI1/SERK
receptor-complex is not in balance. It might be that over-expression of SERK3 together with
BRII leads to more heterodimers and more endocytosis, but not more signaling due to the
lack of SERK1. The enhanced endocytosis visualized in the situation where BRI1-GFP and
SERK3-6xHA are over-expressed, while Br signaling is not enhanced, might then only refer
to the inactive population of BRIl or SERK receptors.

In the reverse experiment, we observed that upon removal of either one or both of the func-
tional co-receptors by mutation, an approximately 20% reduction was observed in the amount
of BRI1- protein in those cells where all 3 receptors are found in the wt situation. No evidence
was obtained for a change in distribution between the PM and the cytoplasm of the same
root cells. Surprisingly, only when both co-receptors were absent a clear loss-of-function
in BRII-mediated BR signaling occurred in roots. As BRII/SERKISERK3 signaling is less
functional in roots lacking the co-receptors while the BRI1-protein is reduced, this might
suggest that the co-receptors aid in stabilizing the BRI1-signaling complex and in this way
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enhance signaling. The presence of both co-receptors might delay degradation of BRII in
the heterodimers and extend the signal. If the co-receptors are necessary for stability of the
main receptor, lacking these receptors would lead to a pool of less stable BRII receptors, and
therefore make them more susceptible for degradation.

An explanation for the fact that there is no change in distribution between BRI1-protein levels
at the PM and the cytoplasm in sk/sk3 background, might be that only a small portion of the
BRIl-receptors visualized is involved in active BRI-signaling, as was shown before in proto-
plasts (Russinova et al., 2004). If lack of the co-receptors results in more overall BRI1-protein
degradation, this might not change the distribution over the locations.

Another example of a heterodimeric receptor complex where one receptor influences the
stability of the other receptor is Clavata. Clavatal (CLV1), consisting of an extracellular LRR
Receptor like kinase is functional in regulation of meristem development in Arabidopsis.
CLV2 is a receptor-like protein functioning in the same pathway but lacks the kinase domain.
CLV1 is supposed to form a heterodimer with the CLV2 protein to transduce extracellular
signals. CLV1 protein levels in ¢/v2 mutant background were reduced by more than 90%, sug-
gesting that CLV2 is required for the stability of the CLV1 protein (Jeong et al., 1999).

In protoplasts most of the mutant SERK1 receptors localize to the same ECs as BRI1. Inactive
SERKI1 proteins and also truncated proteins lacking the whole cytoplasmic domain, although
the number of ECs was strongly reduced, still internalize together with BRI. However, the
extracellular domain of SERK1 seems to be important for heterodimerization with BRII.
SERKI1 protein lacking this domain did not co-localize with BRI1 in ECs. This suggests that
the external domain of the SERK1 receptor is important for heterodimerization with the BRI1
receptor, as well as required for homodimerization (Shah et al., 2001a).

From our data it is clear that there is a discrepancy between our cell-biological observations
and the phenotypic features of the transgenic plants used in our study. BRI1-GFPsk/sk3 is im-
paired in BR signaling in roots, but the plant does not show reduced stature as shown for bril-
or sk3 -mutants. It might be that the roots or the root epidermis we use for our observations,
can not explain the functionality of the BRI1-receptor complex in other parts of the plants.
In conclusion, the co-receptors SERK1 and SERK3, although they might influence endocy-
tosis of BRI1, are not absolutely required for endocytosis. However the activity of the BRIl
receptor complex is dependent on both co-receptors. The role of the co-receptors might then
be the modulation of the activity of the BRI1-signaling complex, by influencing its stability
probably depending on the organ in the plant.
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Abstract

In Arabidopsis, brassinosteroids are perceived by a receptor complex consisting of the ligand-
binding receptor BRII and the two co-receptors SERK3/BAK1 and SERK1. BRI, SERK1
and SERK3 internalize into endosomes. BFA treatment results in internalization of BRII-
GFP in endosomal compartments together with a small subset of SERK 3, where the complex
remains active in BR signaling. Removal of both SERK co-receptors by mutation results in
root insensitivity for both BL and BFA, suggesting that active BR signaling after internaliza-
tion via endocytosis requires the presence of an intact BRI1-SERK complex.
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Introduction

The brassinosteroid (BR) pathway in Arabidopsis regulates various aspects of plant develop-
ment such as stem elongation, senescence, pollen tube growth, fertility and responses to bi-
otic and abiotic stresses (Clouse et al., 1996; Mandava, 1988). Several BR insensitive mutants
have been described; they exhibit a dwarf stature and have long roots when grown on the
ligand brassinolide (BL). In the absence of ligands, the main BR receptor BRI1 (Brassino-
steroid Insensitivel) is in a homodimeric state and bound to BKI1 (BRIl Kinase Inhibitor 1).
After binding of BL to the extracellular domain of the BRI1 receptor BKI1 is released, which
enhances the affinity of BRIl for BAK1 (BRIl Associated Kinase 1), identical to SERK3
(Somatic Embryogenesis Receptor-like Kinase 3). Hyperphosphorylation of the BRI1-kinase
domains keeps the receptors in an auto-inhibitory conformation by the C-terminal (CT) do-
main of BRIL. After release of BKI1 a conformational change of the kinase domain occurs
and leads to phosphorylation of the CT domain that releases the auto-inhibition and enhances
autophosphorylation. The fully activated receptor forms a multimeric complex with its co-
receptor SERK3/BAK1 which transduces the BR signal (Wang and Chory, 2006; Wang et al.,
2005). Transphosphorylation of the receptors leads to inhibition of BZR1 (Brassinazole resis-
tant 1) phosphorylation by BIN2 (BR insensitive2 kinase). BL also activates the phosphatase
BSUI (BRI suppressor proteinl) that dephosphorylates nuclear-localized BES1 (BRI1 EMS
Suppressor 1). Subsequently, accumulation of dephosphorylated BESI and BZR1 transcrip-
tion factors results in transcription of target genes (Vert and Chory, 2006).

Another proposed co-receptor for BRIl is SERK1 (Karlova et al., 2006). It was suggested that
SERK1 and SERK3 can form a tetrameric complex together with BRI (Karlova and de Vr-
ies, 2006). BRI1, SERK1 and SERK3 are localized at the plasma membrane (PM) and can in-
ternalize in protoplasts independent of exogenous ligands (Kwaaitaal et al., 2005; Russinova
et al., 2004). However, over-expression of either SERK 1 or SERK3 in combination with BRI1
in protoplasts resulted in enhanced endocytosis of both receptors (Russinova et al. 2004).
The SERK and BRII receptors co-localized in the same endosomal compartments (ECs), but
could also be present separately in different ECs (Aker et al., 2006; Russinova et al., 2004).
In chapter 4 it was shown that mild over-expression of BRIl and SERK3 also resulted in
enhanced endocytosis of both receptors but did not affect BRI1-mediated BR signaling when
compared to wild type. Upon mutation of both SERK1 and SERK3, the roots become almost
completely insensitive to BL, suggesting strongly impaired BR signaling (Albrecht et al.,
2008). In the sklsk3 mutant background the level of BRII-GFP protein was reduced by ap-
proximately 20% (Chapter 4).

The fungal toxin brefeldin A (BFA) was originally discovered as an inhibitor of Golgi-depen-
dent secretion and later as a blocking agent for endosomal post-Golgi trafficking. BFA was
shown to inhibit activation of sensitive ADP ribosylation factor (ARF) type small GTPases,
by binding to the ARF and its controlling element, the guanidine exchange factors for ADP
ribosylation (ARF-GEFs). The first BFA-sensitive ARF-GEF discovered in plants is GNOM
(Geldner et al., 2001). BFA treatment led to a rapid and reversible accumulation of the polar
auxin transport carrier PINI in “BFA” compartments (Geldner et al., 2003). BFA-induced
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increased endosomal localization of BRI1 was shown to enhance BRI1-mediated BR signal-
ing, providing evidence that BR signaling can take place after internalization of the receptor
(Geldner et al., 2007).

It is unknown whether the SERK1 or SERK3 proteins, although they internalize together
with BRI1, employ the same endocytosis or recycling pathway as BRI1. The aim of this study
therefore is to investigate the effect of BFA on the co-receptors SERK1 and SERK3 recy-
cling and to determine whether the absence of both co-receptors affects BR signaling from
endosomal BFA compartments. The results show that only a small fraction of the SERK1 and
SERK3 co-receptors employ a BFA-sensitive pathway together with BRI1. Surprisingly, in
the absence of both co-receptors, BR signaling in roots is strongly inhibited and in contrast to
wt roots has become largely BFA-insensitive. Because sequestering of BRI in BFA compart-
ments is not affected we conclude that BRI1 mediated BR signaling in roots largely occurs
from internalized receptors and depends on the presence of the SERK co-receptors.

Material and methods

Growth conditions and immuno-staining

The Arabidopsis thaliana Colombia ecotype was used as a wild-type background.

The following mutants and transgenic plants were described previously: PBAK ::BAKI-
GFP (J.Li, Chory), PBRI1::BRII-GFP (N.Geldner). PSERK1:SERKI1-YFP (M. Kwaaitaal).
PBRI1::BRII-GFP was crossed into a SERK3-HA transgenic line (verified by selection for
respectively PPT and Hygromycin, and by PCR).

Seedlings were grown for 6 days on plates containing, Murashige and Skooge medium plus
vitamins, sucrose and Daishin agar (0.575g, 2.5 and 2 g/500 ml respectively) and PPT/Hygro.
After 6 days, seedlings were incubated for 1 hour in MS medium and placed on a microscope
slide covered with a slide.

Root length assay

Ten to twenty seeds of wt and mutant background were sewn in one line on MS plates con-
taining various concentrations of BL and/ or BFA and placed vertically under long daylight
conditions at 22 degrees Celsius.

After 12 days the length of each individual root was measured. The root length for each con-
centration was calculated as percentage of the length on control plates.

Confocal Laser Scanning Microscopy

Confocal Images were taken using a Zeiss LSM510. GFP was excited using a laser line of
488 nm, with a laser power of 12 %. Emission light was detected using a band-pass filter of
505-550 nm. The FM4-64 fluorescence was detected using a longpass filter of 650 nm. For
double-staining with HA, 488 was used for excitation of GFP or anti-GFP-Alexa 488, 543
was used for antiHA-Alexa-546 and bandpass-filters of 505-530 and 550-615 respectively.
Excitation of HA-Alexa 546 with 488 as a control did not catch any signal in the 505-530
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region, and excitation of BRIIGFP-Alexa488 using a 546 Iser line did not result in a signal in
the 550-615 region.

CHX and or BFA (50 uM each) treatments were done for 1 hour, pre-stained or followed
by FM4-64 (16 uM) for 5 minutes on ice. Subsequently, seedlings were fixed and immuno-
stained according to Jiri Friml et al (2006). Antibodies used, were anti-GFP (generated by
Eurogentec), anti-HA, Alexa Fluor 488 and 546 goat-anti-rabbit and anti-mouse (all Invitro-
gen) and anti-PIN1 (gift from Dolf Weijers).

FRET-FLIM

FLIM was performed using a Biorad Radiance 2100 MP system (Hercules CA) combined
with a Nikon TE 300 inverted microscope (Tokyo, Japan) as described by Russinova et al.
(2004). For the FLIM experiments, the Hamamatsu R3809U MCP PMT (Hamamatsu city,
Japan) was used, which has a time resolution of 50 ps. FRET between Alexa-488 and Alexa-
546, coupled as secondary anti-bodies to respectively anti-GFP(or anti-PIN1) and anti-HA on
BRII-GFP (or PIN1) and SERK3-6xHA, was used. Alexa-488 emission was selected using
a 515(DF30) band pass filter. Images with a frame size of 64 x 64 pixels were acquired, and
the average count rate was around 104 photons per second for an acquisition time of 120 sec.
(Borst et al. 2003).

From the fluorescent intensity images, fluorescent lifetimes were calculated per pixel using
a two-exponential decay model. The fluorescence lifetime of the donor molecule BRI1-GFP
(aGFPAlexa488) was fixed to 2450 picoseconds (ps).

Results

BR signaling occurs from BFA compartments containing BRI1 and SERK receptors

To investigate the function of the co-receptors in endosomal signaling, a BRI1-GFPsk/sk3
line was used, as described in chapter 4. Geldner et al. (Geldner et al., 2007) showed that
signaling takes place from BFA compartments. As a read-out of BR-signaling, Geldner et al.
used dephosphorylation of the transcriptional regulator BESI as a BL response. First, this
experiment was repeated using root sensitivity as a read-out for BR-signaling. As can be seen
in Figure 1A, wt roots are sensitive to both BL and BFA confirming that BFA induces BR-
signaling similar to BL. When BFA was added together with BL, signaling was not enhanced
further suggesting that BRI1 receptors blocked from reinsertion into the PM lost the capacity
to respond to exogenous BL. However, when the BFA concentration was increased to 5 pM,
there was a significant enhancement of BR signaling, again confirming the observations of
Geldner et al. (2007). Roots from BRI1-GFP expressing seedlings were slightly more sensi-
tive to BL than wt roots, similar to what was shown previously and due to approximately
two-fold over-expression of the BRI receptor (chapter 4). BFA treatment on BRI1-GFP ex-
pressing seedling roots had the same effect as on wt roots, suggesting that internalization of
the fluorescently tagged receptors does not affect the signaling properties of the endogenous
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Figure 1. BFA has the same effect on root length growth as BL. A. Wt and BRI1-GFP seedlings
are inhibited in root length growth on plates containing BL or BFA, while sklsk3 roots are insensitive
to both of them. BFA together with BL (with 2.5 or 5 uM BFA) enhances the inhibition even more. B.
BRI1-GFP in sklsk3 roots is still able to translocate to BFA compartments.

BRII receptors.

Sklsk3 seedling roots are almost completely insensitive to BL (Fig. 1A) and were also insensi-
tive to BFA when compared to BRI1-GFP expressing and wt roots. This result suggests that
SERKI1 and SERK3 are essential for BR signaling when initiated from internalized BRI1
receptors in the BFA compartments. BRI1-GFP partially rescues the sklsk3 insensitivity
for BL, which can be explained by active homodimers in an over-expression situation (see
chapter 4), and can completely restore the insensitivity for BFA like simultaneous treatment
with BL and BFA. Apparently, mild over-expression of BRI1-GFP can override co-receptor
mediated impaired BR signaling from BFA compartments. It is not clear whether this effect
can be attributed to PM-based BRII mediated signaling or due to the higher amount of BRI1
receptors in BFA compartments. BRI1-GFP still accumulates in BFA compartments in sk/sk3
roots (Fig.1B) so apparently the presence of the BRII receptors in the endosomal compart-
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ments does not require the co-receptors. Geldner et al (Geldner et al., 2007) showed that BFA
blocks the degradation pathway of BRI1-GFP from the endosomal compartments to the lytic
vacuoles, which might explain the enhanced signal derived from the BRI1-homodimers upon
BFA-treatment.

The next question to be asked was how many of the ECs at the PM contain both BRI1 and
SERK3. From the work of Russinova in protoplasts (Russinova et al., 2004) it became appar-
ent that BRII-SERK3 heterodimerization is non-uniformly distributed over the PM and ap-
pears to coincide with developing ECs that contain both receptors. To visualize both BRI1 and
SERK3 proteins, a transgenic line was used expressing both BRI1-GFP and SERK3-6xHA
constructs (chapter 4). Root tips of this line were fixed and immuno-labeled with anti-GFP
and anti-HA (Fig. 2A). BRIl and SERK3 co-localize in ECs at the PM and in the cytoplasm,
but also alone in separate ECs (Russinova et al. 2004 and Chapter 4). This suggests that only
a subset of BRI1 and SERK3 receptors internalize together. Merged images of cells in which
BRIl and SERK3 were immuno-labeled with and without treatment with BFA (Fig. 2A), were
analyzed by counting the amount of vesicles containing the different receptor populations
in regions of the PM and the cytoplasm. Green represents BRI1, red is SERK3 and yellow
represents ECs that contain both receptors. The graph shows an example of a selected region
on the PM where the different populations were counted (Fig. 2B). A region in the cytoplasm
where no ECs were visible was used to determine the background fluorescence, pointed out
as the blue line in the graph.

The average number of differently colored ECs in the PM or the cytoplasm was calculated
(Fig.2C). In the BFA compartments it was not possible to count separate ECs. In control cells,
only 20% of the total amount of ECs counted in the PM were yellow, so contained both BRI1
and SERK3. This amount did not change after BFA treatment. In the cytoplasm, only 14%
of the ECs in the control cells contained both BRI1 and SERK3, and this was reduced to 8%
after BFA treatment, apparently due to preferential accumulation of the BRI1/SERK3 con-
taining ECs into the BFA bodies. Therefore we propose that the BRII/SERK3 containing ECs
that became trapped in the BFA compartments represent the receptors active in BR signaling
in wt conditions.

SERKS3 recycling is in part BFA sensitive

To investigate the recycling of the receptors to the PM in roots, BRI1-GFP or SERK3-GFP
seedlings were treated with BFA and cycloheximide (CHX). BFA compartments were formed
in epidermis cells of BRI1-GFP roots, but hardly in SERK3-GFP or SERKI-YFP express-
ing cells (Fig. 3A). In contrast, clearly defined SERK?2 containing BFA compartments were
observed suggesting a highly specific sorting mechanism capable of distinguishing between
closely related receptors. Accumulation of BRI1-GFP in BFA compartments was reversible
confirming previous observations (Geldner et al. 2007) (Fig. 3B).

To compare the different effects of BFA on BRIl and SERK3 more in detail, BRI1-GFP and
SERK3-GFP root cells treated with BFA and CHX were stained with FM4-64 prior to treat-
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ment. FM4-64 stains the PM and after prolonged incubation also internalized membrane-de-
rived compartments. After treatment with BFA, most of the BRI1-GFP protein in root BFA
compartments co-localized with FM4-64, while most of the SERK3-GFP protein did not
co-localize.

To verify that inhibitors of another part of the endocytic route show an effect on trafficking
of the BRI1- GFP and SERK3-GFP proteins, seedlings were treated with Concanamycin A
(Conc A). This compound blocks H+ V-ATPases and causes alkalinization of the TGN and
recycling endosomes, and prevents receptor (Machen et al., 2003; Robinson et al., 2004).
Dettmer et al (2006) (Dettmer et al., 2006) showed that ConcA interferes with transport from
early ECs to the vacuole. Accumulation of BRI1- as well as SERK3-GFP was clearly visible
(Fig. 3C), suggesting that both receptors can follow the same route when in transit from ECs
onwards.

Taken together, these results show that the BRI1, SERK1 and SERK3 proteins, elements of
the same receptor-complex, undergo similar but also different recycling pathways.

The BFA-sensitive subset of SERK3-HA co-localizes and interacts with BRI1-GFP

Although SERK3 recycling is mostly insensitive to BFA, a small subset of SERK3-GFP accu-
mulates in BFA compartments. To investigate if SERK3 indeed co-localizes with BRI1-GFP
in BFA compartments, roots of BRI1-GFP, SERK3-6xHA and BRI1-GFP/SERK3-6xHA ex-
pressing lines were treated with BFA and CHX, fixed and prepared for immuno-labeling with
anti-HA and anti-GFP antibodies. Confirming the results shown in Fig. 2 and 3, BRI1 local-
izes to the PM and in BFA-bodies (asterisks in green panels, Fig.4A). The cytoplasm seems to
be almost devoid of ECs, compared to the control roots. SERK3-6xHA also localizes to the
PM, but in addition, in part in BFA compartments, although no distinct pattern as was seen

Figure 2. BFA leaves the population of ECs containing both BRI1 and SERK3 at the PM intact.
A. Images of BRI1-GFP/SERK3-HA expressing cells treated with BFA and control cells. B. Profiles of
PM-regions were taken and analyzed for the different populations of colored endosomal compartments
(ECs), where green contains BRI1-GFP), red contains SERK3-HA and yellow contain both. Part of the
cytoplasm with low fluorescence was taken as the background fluorescence (blue line in the graph). C.
Percentage of ECs where BRI1-GFP and SERK3-HA co-localize does not change after BFA treatment
(20% in control and after treatment), but in the cytoplasm they moved to BFA compartments, as a sig-
nificant reduction from 14% to 8% was found in the rest of the cytoplasm.

Figure 3. BFA enhances accumulation of endosomal compartments in epidermis cells of Arabi-
dopsis roots. A. BRI1-GFP and SERK2-YFP, but not SERK3-GFP and SERK1-YFP are sensitive for
BFA. B. Wash-out of BFA-bodies containing BRI1-GFP, showing that these bodies were formed due
to treatment with BFA. C. BRI1- and SERK3-GFP seedlings treated or not with BFA, stained with
FM4-64 prior to treatment. BRI1 is sensitive to BFA and BFA-bodies are formed due to blocking of the
recycling (asterisks). SERK3 is less sensitive to BFA, while BFA treatment still induced body forma-
tion of other membrane proteins as shown with FM4-64. Concanamycin A induced accumulation of
BRII-GFP as well as SERK3-GFP showing that other parts of the endocytic route were impaired in
SERK3-GFP seedlings.
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for BRI (asterisks in red panels, Fig. 4A).

Next the roots of BRI1-GFP/SERK3-6xHA double transgenic lines were analyzed after im-
muno-labeling, visualizing BRII in green and SERK3 in red. In control roots, BRI1-GFP and
SERK3-6xHA are equally distributed over the PM (Fig. 4B). To accumulate the ECs in which
both receptors are present by means of blocking the recycling process, BRI1-GFP/SERK 3-
6xHA seedlings were treated with BFA and CHX. BRI is clearly accumulated in BFA com-
partments, compared to the control. In the red panel, BFA compartments are visible con-
taining SERK3-6xHA receptors that co-localize with BRI1-GFP receptors (Fig. 4C, merged
image). Figure 4D shows the glow-scale images of Figure 4B and C, where the fluorescence is
depicted in blue, green and red, for respectively low, medium and high fluorescence intensi-
ties. The images of these cells show that although there is more SERK3-6xHA protein at the
PM and in the cytoplasm when compared to BRI1-GFP, there is less SERK3-6xHA protein
in BFA compartments. This suggests that only a minority of the SERK3-6xHA proteins ac-
cumulate in BFA compartments, while most are not sensitive to the toxin. The pattern of
SERK3-6xHA aggregates resembles the pattern of BFA-resistant ARF-GEF GNOM-LIKE 1,
co-localizing only in part within BFA-bodies and accumulating mostly around them (Geld-
ner et al., 2007). In control cells 60 % of the total amount of BRI1-GFP and SERK3-6xHA
proteins were localized at the PM, as measured by the fluorescent intensities of BRI1-GFP/Al-
exa-488 and SERK3-6xHA/Alexa 546 (Fig. 4E), while 40% was in the cytoplasm. After BFA
treatment the amount of BRI1-GFP at the PM was reduced to 50% while a substantial part of
the cytoplasmic BRI1-GFP proteins were found in BFA compartments. The SERK3-6xHA
protein distribution between the PM and cytoplasm after BFA treatment was unchanged com-
pared to control, and in the cytoplasm only half of the SERK3-6xHA proteins were found
inside BFA compartments. Based on the observed BFA insensitivity of BRIl mediated sig-
naling in sklsk3 mutant roots, we conclude that the BRI1- SERK3 receptor complex in BFA
compartments is the active form.

To investigate if SERK3-6xHA and BRI1-GFP receptors co-localizing in BFA compartments
directly interact, we measured Forster Resonance Energy Transfer by Fluorescence Lifetime
Imaging (FLIM) between the two Alexa-dyes (A488 and A546) used as secondary antibod-
ies to recognize BRII-GFP and SERK3-6xHA, as a measure for interaction between the two
proteins. First, the average fluorescence lifetime of BRI1-GFP-A488 was determined in BFA
compartments (Fig. 5A) and a T of 2450 ps was found (Table 1).

The lifetime of BRI1-GFP-A488 in the presence of SERK3HA-A546 in BFA bodies was
2180 ps. This represents a significant reduction according to Students T-test (p < 0.001). As
a control the fluorescence lifetime of PIN1-A488 in the presence of SERK3HA-A546 was
measured (Fig. 5C) and no changeof the donor lifetime was found.

Taken together, these cytological data support our hypothesis that cytoplasmic endosomal
compartments contain hetero-oligomeric and active SERK3 and BRII receptor signaling
complexes.
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Figure 4. SERK3 is in part insensitive to BFA. A. Localization of BRI1-GFP or SERK3-HA express-
ing lines using GFP and HA antibodies localization was the same as in freshly prepared seedlings. B.
and C. BRI1-GFP and SERK3-HA double expressing lines were treated or not with BFA, fixed and pre-
pared for immuno-labeling. Much of the BRI1-GFP protein accumulated in BFA compartments, while
only a small portion of SERK3-HA did. D. Glow scale-images of the images in A and B, where a blue
color means low fluorescence intensity, green is medium intensity and red is high intensity. Although
there is more SERK3 fluorescence at the PM and in the cytoplasm, compared to BRI1 fluorescence,
there is less SERK3 in BFA-compartments, showing that SERK3 is less sensitive to BFA. E. Using Im-
age-Pro, the amount of fluorescence was determined in the PM and the total cytoplasm, for BRI1-GFP
or SERK3-HA in the double-line, before and after treatment with BFA in around 50 cells. In the images
of BFA-treated cells, the fluorescence was also measured for the BFA compartments and the rest of the
cytoplasm. BFA accumulated more BRI1 in BFA compartments than SERK3 proteins,
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BRI1-GFP-A488  BRI1-GFP-A488/  aPIN1-A488/
SERK3-HA-A546  SERK3-HA-A546

Table 1.

Average lifetime (t) ofBRI1-GFP alone orin combination with SERK3-
HAin BFA compartments. The combination of PIN1 and S ERK3-HA
was taken as a control. n is the number of ¢ ompartments measured.

Protein T (ns) +/-sd n
BRI1-GFP donor 2412 108 19
BRI1-GFP/SERK3-HA 2187 91 33
PIN1/SERK3HA 2495 103 22

Figure 5. BRI interacts with SERK3 in BFA compartments. FRET-FLIM data shows that in BRI1-
GFP containing BFA compartments (anti-GFP/A-488) where also SERK3-HA (anti-HA A-546) was
present (asterisk in B.), compared to BRI1-GFP alone (A.), a significant reduction in lifetime of A488
was measured from 2.41 to 2.19 ns, suggesting an interaction between BRIl and SERK3. In BFA
compartments stained with anti-PIN1-A488 and A546 for SERK3-HA (C.), as a negative control, no
reduction in donor-lifetime was measured.

Discussion

In this report we present evidence that the SERK3 and SERKI1 co-receptors are required
for endosomal signaling of BRII. Previously we have proposed that the role of the co-recep-
tors SERK1 and SERK3 was related to stabilization of the main receptor BRI (chapter 4).
Together with the data presented by Geldner et al. (Geldner et al., 2007) who showed, that
BFA treatment resulted in internalized BRI1 receptors that were still able to signal, a picture
emerges where upon BRI1 activation and interaction with its co-receptors an active hetero-
oligomeric complex is formed that needs to be maintained in order to engage in endosomal
BR signaling. However, we also provide evidence that while BL insensitivity of roots was
observed only in serklserk3 seedlings (Albrecht et al., 2008), the BRI1 receptors can also
signal in the complete absence of the co-receptors when over-expressed. This is in line with
the observed much weaker phenotypes of bakl/serk3 serkl mutants when compared to strong
bril alleles (Nam and Li, 2002, Li et al. 2002, He et al. 2007, Albrecht et al. 2008). Endosomal
signaling of BRIl homodimers in the absence of the co-receptors, taking place only in an
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over-expression situation, was enhanced after blocking of the recycling to the PM, but might
also be caused by the blocking of the degradation pathway (Geldner et al., 2007).

In this work we also show that BRI1, and a small portion of SERK3 is recycled back to the
PM via a BFA-sensitive compartment, in which both receptors remain active. However, most
of the SERK3 receptors are not sensitive to BFA, suggesting that they employ a trafficking
route not involving BFA-sensitive ARF-GEFs. This is the first evidence of a receptor protein
apparently following two different pathways for recycling. It was shown that SERK3 also has
a function in innate immunity alone (Kemmerling et al. 2007) as well as in cell death together
with SERK4 (He et al., 2007, Kemmerling et al., 2007), and is the co-receptor of the flagel-
lin receptor Flagellin sensitive 2 (FLS2) (Chinchilla et al., 2007). So those SERK3 receptors
that function with other partners could use different BFA insensitive ARF-GEFs for traf-
ficking. In analogy to the EGFR family, receptor routing could be determined by the precise
combination of receptors used. Only ErbB1 (EGFR) and ErbB4 are fully active in terms of
ligand binding and kinase activity. ErbB3 has impaired kinase activity, while ErbB2 receptor
without its extracellular domain (ECD) is constitutively active, but cannot bind the ligand and
needs heterodimerization with one of the other receptors. The activated EGFR and ErbB2
are directed towards degradation, while ErbB3 is recycled. However, when the C-terminal
tail of ErbB3 is fused to EGFR, this redirects EGFR to the recycling route and enhances the
signal. This suggests that pools of ErbB3 receptors combined with different partners follow
different routes (Warren and Landgraf, 2006). A mechanism reminiscent of that of ErbB3,
exists in Arabidopsis where the RLK AtCRR2, has a deletion in the kinase domain but dis-
plays attenuated kinase activity. It has been shown that AtCRR2 is phosphorylated by the
Arabidopsis CRINKLY4 homologue ACR4, suggesting that these receptors could signal after
heterodimerization upon AtCRR?2 activation (Cao et al., 2005). It is however unknown which
recycling or degradation pathways these receptors follow after signaling.

The number of BRII/SERK3 containing ECs at the PM did not change after BFA-treatment
suggesting that these ECs are not the signaling compartments. This raises the question which
function these BRI1/SERK3 receptor containing ECs have. One explanation can be that the
PM localized BRI1-SERK3- containing ECs contain preformed hetero-dimerized receptor-
pairs. Although (Wang and Chory, 2006) proposed that SERK3 dimerizes with BRI after
ligand binding, it could be that dimerization takes place before, whereas activation takes
place after ligand-binding, analogous to the erythropoietin receptors (EPORs) that in eryth-
roid cells regulate proliferation, differentiation and maturation. The EPORs were shown by
crystallography to be present as preformed dimers before ligand activation. Upon ligand-
binding a conformational change takes place that activates the receptor pair (Livnah et al.,
1999). Analogous to the EPORs, BRI1 and SERK3 could appear shortly after biosynthesis as
preformed dimers, stay close to the PM and be inserted into the PM when required.

The function of signaling from endosomes is not well understood. Geldner et al. (Geldner et
al., 2007) suggested that endosomes increase the effective surface area available for sig-
naling, and that longer-lasting downstream signaling events from endosomes would shorten
the dwelling time of the receptors on the PM, in this way making space for other receptors.
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It was also shown that due to prolonged residence of activated EGFR on the PM, by using a
mutant Dynamin that led to impaired endocytosis, activity of some downstream signaling
components was blocked (Miaczynska et al., 2004). This suggests that signaling from ECs
is absolutely required for signal transduction. Spatial and temporal compartmentalization in
various endosomal compartments might also add additional layers to specificity and regula-
tion, as put forward by (McPherson et al., 2001).

From our data, we confirm that BRI1-mediated Br signaling can commence from endosomal
(BFA) compartments. Endosomal signaling requires the presence of the heteromeric recep-
tor-complex, including BRI1 and the co-receptors SERK1 and SERK3. In the future it needs
to be determined whether BRI1 endocytosis is a method to spatially separate different signal-
ing activities and/or is a means to change the residence time of active signaling complexes at
the PM.
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Plants perceive signals from the environment and thereby respond to changing conditions.
For that purpose cells express receptor proteins on their surface to receive signals and trans-
duce them intracellularly. Receptor proteins are composed of an extracellular domain ex-
posed to the outside of the plant cell, a transmembrane domain and an intracellular domain
harboring the kinase domain, which transduces signals via interactions with other proteins.
The receptors described in this thesis belong to the large family of leucine rich repeat receptor
like kinases (LRR-RLKSs) in Arabidopsis and function in the brassinosteroid signaling path-
way. This pathway is triggered by binding of plant hormones like brassinosteroids (BR) to the
extracellular domain of the receptor BRI1 (Brassinosteroid Insensitive 1) and controls many
processes like cell growth and division as well as developmental processes.

BRI is the main receptor for the BR signaling, but also other receptors are required. These
receptors, SERK1 and SERK3 (Somatic Embryogenesis Receptor Like Kinases) can dimer-
ize with BRI upon ligand binding, activate downstream proteins by transphosphorylation
and transduce the signal via yet an unknown mechanism to the nucleus where gene-transcrip-
tion takes place (Li et al., 2002; Nam and Li, 2002).

After activation of the pathway, this signal has to be blocked to prevent over-stimulation.
There are different ways to accomplish this, but the receptors need first to be internalized.
After internalization the receptors can be directed for degradation to the proteasome, or di-
rected via the endosomal pathway for either a recycling or degradation process. The protea-
some consists of a protein complex that recognize the small molecule ubiquitin on proteins
which are prone for degradation (Kurepa and Smalle, 2008). In the endosomal pathway, early
endosomes containing the internalized receptors fuse with other endosomes to form mul-
tivesicular bodies (MVBs). These MVBs also contain lysosomes that upon release of their
content can degrade the proteins. From the early endosomes as well as from MVBs, proteins
can escape and recycle back to the PM (Dettmer et al., 2006; Geldner, 2004; Geldner and
Jurgens, 2006; Miiller et al., 2007).

The choice for the trafficking route to either the proteasomal or the endosomal pathway de-
pends in both cases on ubiquitin that is attached to proteins early after signaling. Actually,
the length of the ubiquitin chain determines which route is followed. One ubiquitin molecule
directs to the endosomal pathway, while a poly-ubiquitin chain directs to the proteasome.
The CDC48A protein, of which mammalian and yeast homologues are involved in directing
ubiquitinated proteins to the proteasome, was found as an interacting partner of SERK1. The
interaction between these two proteins was found in earlier research in a yeast-two hybrid
screen in yeast (Rienties et al., 2005) and in an immuno-precipitation of the SERK1 complex
in Arabidopsis seedlings together with the phosphatase KAPP and a 14-3-3 protein (Karlova
et al., 2006). It was also described that CDC48A plays a role in ER-associated degradation
(ERAD) of mutant powdery mildew (mlo-1) receptors in Arabidopsis (Miiller et al., 2005).
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Figure 1. Hypothetical degradation pathways of the SERK1 receptor after activation. Upon
binding of the brassinosteroid BL, BRI1 and SERK1 (and/or SERK3) receptors dimerize and trans-
phosphorylate. After activation, mono-ubiquitination can be a signal for internalization (via clathrin
coated pits?) acquiring the phosphatase KAPP to give rise to early endosomes. From these endosomes,
the receptors can recycle to the PM or are targeted to MVBs and subsequently to lysosomes or vacu-
oles to be degraded. (A) Poly-ubiquitination after activation of the receptors is a signal for degrada-
tion in the proteasome, acquiring adaptor proteins and CDC48A. It is not clear if this pathway also
involves endosomal compartments. (B) Misfolded SERK1 receptors are pulled out of the ER-lumen,
poly-ubiquitinated and targeted to the proteasome acquiring CDC48A again (Aker and de Vries, Plant
Physiol. 2008).

In chapter 2 the physical interaction between SERK1 and CDC48A was investigated in plant
protoplasts. Using FRET-FLIM it could be determined that SERK1 and CDC48A interact
in domains at the PM that co-localize with ER-markers. We assumed therefore that CDC48A
plays a role in retracting and directing misfolded SERK1 proteins from the ER to the protea-
some and therefore in the quality control of newly synthesized SERKI receptors. SERKI is
able to interact with the N-domain of CDC48A which is responsible for most of the interac-

99



Chapter 6

tions with substrates in mammalian homologues (Dreveny et al., 2004; Meyer et al., 2000), as
well as with the C-terminus. This finding could reflect different functions in the cell.

First, proteasome dependent turnover of SERKI receptors might be a way to regulate its
activity. In analogy with the mammalian IL-2/IL3 or the erythropoietin receptors and the
CDC48 homologue VCP, SERK1 could bind to the C-terminus of CDC48A upon activation of
SERK1-mediated signaling (Yen et al., 2000), which then targets SERK1 to the proteasome. It
is not clear if this pathway also involves endosomal compartments. Another hypothesis is, as
mentioned before, that the CDC48A protein mediates ERAD-like quality control of SERK1
receptors. As much as thirty percent of newly synthesized proteins contain peptides arising
from degraded misfolded proteins, which are in part ubiquitinated (Schubert et al., 2000). In
the ER a strict quality control must therefore ensure that aberrant proteins are not exported.
The conformational change of CDC48A during ATP-binding and subsequent release supplies
the mechanical force to pull ERAD substrates from the ER-membrane and translocate them
to the proteasome-machinery in the cytoplasm.

Mutant MLO-1 receptors became highly poly-ubiquitinated and accumulated upon treatment
with the proteasomal inhibitor MG132 (Miiller et al., 2005). SERK1 expressed in protoplasts
was also accumulating in the perinuclear ER upon MG132 treatment, suggesting that in pro-
toplasts newly synthesized SERKI proteins are in part misfolded and must be degraded. The
hypothetical degradation pathways of SERK1 involving CDC48A are depicted in Figure 1(A.
and B.)

An attempt was undertaken to investigate if the interaction between SERK1 and CDC48A
was ubiquitin-dependent, by co-expressing the non-active CDC48A mutant A1A2 with
SERKI in protoplasts to accumulate poly-ubiquitinated SERK1, that was analyzed after im-
munoprecipitation. Unfortunately, due to technical problems this was not successful. Also
identification of ubiquitinated residues on SERKI1 protein immuno-precipitated from seed-
lings was performed. Ubiquitin molecules leave a hallmark on its lysine residue that shifts the
mass with 114 Da (Peng et al., 2003) which can be determined by mass spectrometry. On the
peptides analyzed that covered 60% of the SERK1 protein, no ubiquitinated modification was
observed. However, since only one residue is necessary for ubiquitination, it might reside in
the part of the protein that was not covered.

In chapter 3 we investigated the molecular interaction between SERK1-CDC48A in more
detail. CDC48A proteins consist of six monomers that together form an active ATPase, but in
plant cells the monomeric, inactive form has also been found (Rancour et al., 2004). There-
fore, it was investigated if CDC48A proteins fused to a GFP-tag were able to hexamerize.
Furthermore it was determined which form was interacting with SERK1. Using CDC48A
monomers fused to cerulean or yellow fluorescent proteins (FP) the formation of an oligomer
or hexamer could be measured via the interaction between the fluorescent proteins. There-
fore presumably the hexameric CDC48A protein interacts with SERK1. The size of the oli-
gomeric CDC48A protein was determined to be a hexamer using Native-gel-electroforesis.
By using fluorescence correlation spectroscopy (FCS) the apparent diffusion coefficient of
the CDC48A protein was determined to be 3.5 pmZ2/s in the cytoplasm, correlating with a
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hydrodynamic radius (Rh) of the molecule of 20.4 nm. The expected Rh for only a hexamer
would approximately be 7 nm. Hence, the CDC48A protein complex appeared much larger
than expected showing that CDC48A exists in a protein-complex comprising of e.g. SERK1
or other proteins that need to be degraded. Deletion of the N-domain known to bind ubiqui-
tinated target proteins, led to a higher diffusion coefficient (6.2 umZ2/s), suggesting a reduced
complex-size. The CDC48A A1A2 mutant in which ATPase activity was inhibited also dis-
played a higher diffusion-coefficient (6.0 pumZ2/s), suggesting that these mutations influence
the complex-formation. In the nucleus CDC48A diffused much faster than in the cytoplasm
and the difference with the mutants disappeared; suggesting that in the cytoplasm the protein
is bound to a larger or different complex.

To investigate if the interaction between SERK1 and CDC48A is phosphorylation-depend-
ent an in vitro kinase assay was performed. SERK1 indeed was able to transphosphorylate
CDC48A proteins. Interestingly, the Ser-41 amino acid was phosphorylated residing in the
N-domain. Unfortunately no peptide coverage of the C-terminal tail was found, but it com-
prises 3 serines, 3 threonines and 1 tyrosine. Hence SERK1 might have additional targets in
the C-terminus.

In chapter 4 endocytosis of the BRI1-SERK complex was investigated in Arabidopsis epider-
mis cells in root tips, in which the receptors BRI1, SERK1 and SERK3 all localized to the
PM. Roots of a transgenic line containing BRII fused to green fluorescent protein (GFP) and
SERK3 fused to a HA-tag were fixed and stained with antibodies to visualize these proteins.
SERK3 over-expression enhanced BRI1 endocytosis; however this did not result in enhanced
signaling. BRI1-GFP alone is mildly hypersensitive to BL as compared to wildtype Arabi-
dopsis in a root length assay. However SERK3 over-expression in the BRI1-GFP line reduced
this effect, suggesting that SERK3 negatively influences the hypersensitivity of BRI1-GFP.
The mild hypersensitivity of BRI1-GFP might be the result of BRI1-GFP becoming active
as a homodimer, due to the lack of enough co-receptors. However, this homodimeric BRII-
signaling might only take place when the BRII/SERK receptor-complex is not in balance.
Over-expression of SERK3 together with BRI1 might lead to the formation of more
heterodimers and enhanced endocytosis, but not to stronger signaling due to lack of SERK1.
The enhanced endocytosis visualized in the situation where BRII-GFP and SERK3-6xHA
are over-expressed but where BR signaling is not changed might be the result of an inactive
population of BRI1 or SERK receptors.

Subsequently, BRI1-GFP was crossed in different lines where each one or both of the co-re-
ceptors SERK1 and SERK3 were deleted by mutation, to investigate if this would change the
distribution of BRII-GFP protein in the PM or the cytoplasm. The sk/sk3 mutant roots were
completely insensitive to BL, which was only slightly restored when BRI1-GFP was crossed
in, showing that BRI1 needs the co-receptors for signaling. The distribution of BRI1-GFP
fluorescence between PM and cytoplasm was not changed, but the total amount of BRIl
protein was reduced in sk/sk3 roots, as compared to the control BRI1-GFP. The presence of
both co-receptors might delay degradation of the heterodimers and extend the signal. Lacking
the co-receptors receptors might lead to a pool of less stable BRI1 receptors that makes them
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more susceptible for degradation. The role of the SERK receptors might be the modulation
of the stability and activity of BRI receptor-complexes.

In chapter 5 the role of the co-receptors SERK1 and SERK3 was studied in more detail.
The recycling of BRI1 and the SERK receptors was investigated using the toxin brefeldin A
(BFA) that inhibits most of the ARF-GEFs (ADP ribosylation factor-guanine exchange fac-
tor) responsible for membrane fusions and recycling of internalized membrane proteins to
the PM. SERK3 and also SERKI are only in part sensitive to the drug as compared to BRII.
The BFA-sensitive portion of SERK3 resides in endosomal compartments containing both
SERK3 and BRII internalized receptors, but most of the SERK 3-recycling follows a different
route via a BFA-insensitive ARF-GEF. One explanation could be that the insensitive portion
of SERK3 receptors functions together with the other known partners of SERK3, like SERK4
in cell-death control (He et al., 2007), or with FLS2 in pathogen-associated molecular pattern
(PAMP) triggered immunity (Chinchilla et al., 2007). In these pathways other ARF-GEFs
could be involved in recycling of the receptors.

BFA accumulates endosomal compartments resulting in enhanced BRII signaling in over-
expression lines shown by Geldner and co-workers (Geldner et al., 2007). Surprisingly, the
sklsk3 roots were insensitive to BFA, as they were to BL, showing not only that SERK1 and
SERK3 are required for BR signaling, but moreover that they are required for signaling from
these endosomal compartments. Because sequestering of BRI1 receptors in BFA compart-
ments is not affected in sk/sk3 roots we conclude that BRI1 mediated BR signaling in roots
largely occurs from internalized receptors and depends on the presence of the SERK co-re-
ceptors.

Outlook

The research described in this thesis adds to the knowledge of the pathways membrane-recep-
tors undertake after signaling. CDC48A might play a role in targeting SERK1 proteins to the
proteasome to regulate its activity, or to control the quality of the newly synthesized SERK1
proteins. SERK1 and SERK3 are important for BRI1-mediated signaling, that takes place
from internalized receptors but not for the process of endocytosis itself. The presence of the
co-receptors influences the stability and activity of the main receptor and might be important
for the trafficking of the BRI1-receptor after signaling. We hypothesized that the quantities
of the different receptors in the BRI1-complex are important for stabilization of the complex,
subsequent signaling and recycling and might be different in various cell-types and organs of
the plant. Future research should provide an answer to that.
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Om zich aan te kunnen passen aan veranderende omstandigheden tijdens hun leven, moeten
planten signalen kunnen opvangen van buitenaf. Deze signalen worden opgevangen door
“receptoren”, eiwitten met een extracellulair gedeelte aan de buitenkant van de cel, een trans-
membraan domein door het plasmamembraan (PM) en een intracellulair gedeelte dat het
signaal door middel van interacties met andere eiwitten kan doorgeven. De receptoren be-
schreven in dit proefschrift, zijn betrokken bij de signaleringsroute van de brassinosteroid-
hormonen. Deze worden door de planten zelf geproduceerd en ook herkend. Binding van
een dergelijk hormoon aan het extracellulaire domein van de brassinosteroid receptor BRI1
(Brassinosteroid insensitive 1) leidt uiteindelijk tot stimulatie van cel verlenging, blad on-
trolling, xyleem differentiatie en celdeling, en tot remming van wortel verlenging, radiale
stam expansie en anthocyaan biosynthese. Andere processen waarbij de brassinosteroid
signalering een rol speelt zijn de timing van de bloei en bladafval, blad ontwikkeling en re-
sistentie tegen stres en de controle over cel dood.

De hoofdreceptor voor brassinosteroiden in Arabidopsis, ofwel de zandraket, is dus BRIl
maar andere, co-receptoren, zijn ook vereist voor de signalering. Deze receptoren, SERK1 en
SERK3 (Somatic embryogenesis receptor-like kinase), dimerizeren met BRI na het binden
van brassinolide (BL), de sterkste van de brassinosteroid-hormonen, aan de BRI receptor.
Daarop phosphoryleren de receptoren elkaar en wordt er uiteindelijk via een nog onbekende
route een signaal afgegeven aan transcriptiefactoren in de kern die leiden tot gen-transcriptie,
waarop eiwitten geproduceerd worden die een bepaalde reactie teweeg brengen in de cel.
Na de signaal-overdracht, moet het signaal ook weer worden afgezet, om te voorkomen dat
er uiteindelijk teveel of te weinig van een bepaald eiwit wordt gemaakt en er over-stimulatie
plaatsvindt. Daarvoor moeten de receptoren eerst naar binnen worden gebracht, ofwel gein-
ternaliseerd worden. Er zijn verschillende manieren om het signaal af te zetten. De eerste is
de afbraak van de receptoren in het proteasoom. Het proteasoom is de verbrandingsoven van
de cel; een complex van eiwitten die een signaal herkennen op eiwitten die moeten worden
afgebroken. Receptoren en andere eiwitten die moeten worden afgebroken moeten dit herken-
ningssignaal, het eiwitje ubiquitine, meekrijgen om herkend te worden door het proteasoom.
Een andere methode om het signaal van de receptor af te zetten is doordat de vroege endo-
somen, de blaasjes waarin de receptoren terecht komen na internalizatie, fuseren met andere
latere endosomen, om vervolgens in een groot organel terecht te komen (MVB of multi-ve-
sicular body) met onder andere lysozym bevattende blaasjes. Fusie daarmee bewerkstelligt
de afbraak van de receptoren.

De keuze voor afbraak in het proteasoom of in de lysosomen wordt bepaald door de lengte
van het ubiquitine-eiwit. Eén ubiquitine-eiwit leidt naar de endosomale route, een keten van
ubiquitines leidt naar de proteasoom-route. Er zijn ook nog verschillende ontsnappings-routes
mogelijk. Vanaf de vroege endosomen kunnen de receptoren teuggezet worden op het plas-
ma-membraan voor hergebruik. Vanaf de MVB kunnen ze ook via het trans golgi netwerk
(TGN), waarin eiwitten terecht komen die nieuw geproduceerd zijn en op weg zijn naar
allerlei locaties in de cel, terecht komen op het PM.

Het onderzoek beschreven in het eerste deel van dit proefschrift behandelt de communicatie,
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of interactie, tussen SERK1 en het CDC48A-eiwit dat een rol speelt bij het opruimen van
eiwitten die mis-gevouwen uit het ER (endoplasmatisch reticulum) komen. In het tweede deel
wordt beschreven wat er gebeurt met BRI1 en de co-receptoren SERK1 en SERK3 nadat
signalering heeft plaatsgevonden.

In hoofdstuk 2 wordt de interactie beschreven tussen SERKI1 en het eiwit CDC48A, dat
gevonden werd in voorgaand onderzoek tijdens een twee-hybride screen in gist en in een
eiwit-complex geisoleerd uit zaailingen van Arabidopsis, tesamen met de fosfatase KAPP en
een 14-3-3 eiwit. KAPP defosforyleert SERK1 en co-localiseert met SERK1 in endosomen.
Van CDC48 eiwitten is beschreven dat ze een rol spelen in endoplasmic reticulum-geasso-
cieerde degradatie (ERAD) van eiwitten. Ze leiden deze eiwitten m.b.v ubiquitine-herken-
nende helper-eiwitten naar het proteasoom. De conformatie-verandering die CDC48A onder-
gaat na het binden en de hydrolyse van ATP, levert de energic om ERAD substraten uit het
ER te trekken en ze naar het proteasoom te leiden.

We hebben gevonden dat SERK1 en CDC48A een interactie aangaan in domeinen aan de PM
die co-localizeren met ER-markers, en veronderstellen dat dit de functie van deze interactie
is. Met behulp van FRET-FLIM konden we vaststellen dat SERK1 een interactie aangaat met
zowel het N-terminale als het C-terminale domein van CDC48A. Deze interacties aan beide
zijden van het CDC48A eiwit zouden verschillende functies in de cel kunnen vertegenwoor-
digen.

Ten eerste zou proteasoom-afhankelijke afbraak van SERK1 receptoren een manier kun-
nen zijn om hun activiteit te reguleren, analoog aan de Interleukine (IL-2 en IL-3) en de
Erythropoietin receptoren die binden aan de CDC48 homoloog VCP in zoogdiercellen wat tot
degradatie in het proteasoom leidt. Een andere al genoemde functie is de rol van CDC48A in
de kwaliteitscontrole van SERK eiwitten die uit het ER komen. Als deze niet goed gevouwen
zijn worden ze uit het ER getrokken, ge-ubiquitineerd en naar het proteasoom gediri-
geerd. Ter illustratie: maar liefst 30% van de nieuw geproduceerde eiwitten bevatten peptides
afkomstig van afgebroken misgevouwen eiwitten.

In hoofdstuk 3 wordt nader ingegaan op de interactie tussen SERK1 en CDC48A. CDC48
eiwitten komen namelijk voor in monomere of hexamere (enkelvoudige of zesvoudige) vorm,
maar alleen de laatste vorm is actief. De vraag was dus of SERK1 een interactie zou aangaan
met de monomere of de hexamere vorm van CDC48A, waardoor de relevantie van het voor-
gaande hoofdstuk zou kunnen worden bevestigd. Door aan een van de monomeren een blauw
en een andere een geel fluorescent eiwit te koppelen, kon d.m.v Forster resonance energy
transfer (FRET) energie-overdracht gemeten worden tussen de verschillende monomeren in
de hexameer, als dit de overheersende vorm is in cellen. Dat bleek inderdaad het geval, en
dit kon bovendien m.b.v natieve gel-electroforese bevestigd worden. Met behulp van fluores-
cente correlatie spectroscopie (FCS) kan de snelheid van diffusie van fluorescente moleculen
worden bepaald, die voor het CDC48A eiwit veel groter bleek te zijn dan berekend voor de
hexameer alleen. Daarom concludeerden we dat CDC48A in een veel groter complex van
eiwitten, bijvoorbeeld onder andere met het SERK-eiwit, in de cel voorkomt. Door deletie van
het domein dat waarschijnlijk verantwoordelijk is voor de interactie met andere eiwitten, ging
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de diffusiesnelheid omhoog. Ook een mutatie in CDC48A waardoor de ATPase activiteit
verminderd wordt, leverde een hogere diffusiesnelheid op. Dit samen leidde tot de conclusie
dat er in deze gevallen een kleiner eiwit-complex wordt gevormd dat sneller beweegt in het
cytoplasma.

In hoofdstuk 4 wordt de endosomale route na signalering bestudeerd in worteltips. Met
behulp van een transgene lijn waarin BRIl gekoppeld is aan GFP en de co-receptor SERK3
gekoppeld aan een HA-vlag, wordt na fixatie van de worteltips en kleuring met antibodies
tegen GFP en HA, vastgesteld dat over-expressie van SERK3 leidt tot verhoogde endocy-
tose van BRII. Dit leidt echter niet tot verhoogde brassinosteroid signalering mogelijk omdat
SERKI niet in voldoende mate aanwezig is. Daarop werd BRI1-GFP gekruist in lijnen waarin
een of beide van de coreceptoren SERK1 en SERK3 gemuteerd waren (genoemd sk/sk3),
om te zien of dit een verandering van distributie van BRIl aan de PM of het cytoplasma te
zien zou geven. Skisk3 is ongevoelig voor de brassinosteroide BL, en BRI1-GFP in deze lijn
herstelde dit slechts met 15%, mogelijk omdat de homodimere BRII receptoren ook kunnen
signaleren. BRI1-GFP in wildtype achtergrond bleek namelijk hypersensitief voor BL te zijn.
Dit gebeurt waarschijnlijk alleen als de hoeveelheid BRII receptor hoger is dan die van de
co-receptoren en het systeem uit balans is.

Het ontbreken van de co-receptoren bleek echter geen effect te hebben op de distributie van
BRII-GFP over de PM en het cytoplasma. Wel bleek de totale hoeveelheid BRI eiwit lager te
zijn de mutante lijnen. De veronderstelling was dat SERK1 en SERK3 het BRI1 signalerings-
complex stabiliseren en daarmee de signaleringstijd verlengen. Het ontbreken van de SERK
receptoren maakt BRI instabiel en meer gevoelig voor degradatie. Meer SERK3 leidde ech-
ter ook tot verhoogde endocytose. De veronderstelling is dat endocytose is verhoogd zowel
in geval van over- als onder-expressie van de co-receptoren, maar dat in het laatste geval
de degradatie-route verschuift van recycling naar degradatie in het proteasoom. SERK1 en
SERK3 dragen mogelijk bij aan de stabilisatie van de BRI1-receptor.

In hoofdstuk S wordt de rol van de co-receptoren nader bestudeerd. SERK3 blijkt slechts voor
een gedeelte een interactie aan te gaan met BRI1, namelijk alleen met die portie die gevoelig
is voor de toxine brefeldin A (BFA). BFA wordt gebruikt om recycling van membraan-eiwit-
ten te blokkeren zodat deze zich ophopen in endosomale compartimenten (zogenaamde BFA
compartimenten). Voor de recycling van receptoren terug naar de PM zijn ARF-GEF eiwit-
ten (ADP ribosylation factor-guanine exchange factors) betrokken, die door BFA specifiek
geblokkeerd worden. Toegepast op transgene worteltips met SERK3 en BRI1-GFP, kon wor-
den vastgesteld dat er van BRIl veel meer in de BFA compartimenten terechtkomt dan van
SERK3, hoewel de expressie van SERK3 aan het membraan even hoog is. De veronderstel-
ling is dat van SERK3 slechts een klein deel over deze BFA gevoelige route recycled, en dat
de rest een BFA-ongevoelige route neemt. De SERK3 receptor signaleert met verschillende
andere partners, die onder andere een rol spelen in controle over cel-dood en immuniteit
tegen pathogenen. Bij deze signalerings routes zouden andere ARF-GEFs betrokken kunnen
zijn voor recycling van de SERK3 receptor.

Sklsk3 mutante zaailingen zijn ongevoelig voor BL. Tot onze verrassing bleek bovendien dat
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in met BFA behandelde BRI1-GFP zaailingen de brassinosteroid signalering ook aanstond,
terwijl dit in sk/sk3 mutanten nauwelijks het geval was. Dit toont aan dat voor signalering
SERK1 en SERK3 nodig zijn en dat deze vrijwel uitsluitend plaatsvindt vanaf de endosomale
compartimenten en dus mogelijk niet vanaf de PM. BRI1-GFP alleen kan ook in mindere
mate als homodimeer signaleren en dit wordt verhoogd wanneer met BFA de recycling en
degradatie van BRIl geblokkeerd wordt.

Perspectief

Het in dit proefschrift beschreven onderzoek heeft nader inzicht opgeleverd in de

routes die membraan receptoren volgen na de signaal-transductie. CDC48A speelt mogelijk
een rol in het reguleren van de SERKI1 activiteit door afbraak van SERK1 naar het protea-
soom te beinvloeden, of bij de kwaliteitscontrole van nicuw gesynthetiseerde SERK1 eiwit-
ten. SERK1 en SERK3 zijn van belang voor de signalering van de BRI1-receptor, maar niet
voor het proces van endocytose van de BRII-receptor op zich. De aan- of afwezigheid van
de co-receptoren bepaalt waarschijnlijk wel of en hoeveel van de BRII receptoren worden
teruggezet op de PM of naar degradatie in het proteasoom wordt geleid. De hoeveelheden
van de verschillende receptoren in het BRI1-receptor complex zijn mogelijk van belang voor
de signalering en het lot van de receptoren na signalering. Verder onderzoek zal daarop het
antwoord moeten geven.
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geavanceerde microscopische technieken gebruikte om interacties tussen fluorescent gela-
belde eiwitten te meten. In 2002 en 2003 heeft zij Medische Biologie gestudeerd aan de Vrije
Universiteit van Amsterdam, waarvoor zij het hoofdvak Immunologie volgde bij de afdeling
Experimentele Immuno-hematologie, onderdeel van Sanquin te Amsterdam, o.l.v Dr. Dirk
Roos. Daar heeft zij de signalerings routes in de transendothele migratie van leukocyten
bestudeerd onder begeleiding van Dr. Jaap van Buul en Dr. Peter Hordijk. In augustus 2003
werd zij aangesteld als wetenschappelijk medewerker bij de afdeling Biochemie van de Wa-
geningse Universiteit, o.1.v. Prof. Dr. Sacco de Vries, waar zij de rol van de co-receptoren in
het BRII-SERK signalerings complex heeft bestudeerd. De resultaten daarvan hebben geleid
tot dit proefschrift. Vervolgens is zij aangesteld per augustus 2008, als docent bij het Rijnijs-
sel College te Arnhem.
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Education Statement of the Graduate School

Experimental Plant Sciences

Issued to: José Aker

The Graduate School

Date: 8-Oct-08
Group: Laboratory of Biochemistry, Wageningen University
1) Start-up phase date cp
>  First presentation of your project
Arabidopsis pr asam for is April 18, 2004 15
> ng or rewriting a project proposal
> ng a review or book chapter
Plasma membrane receptor complexes, Update - Plant Physioloay 147 (2008), pp. 01-05 Aug 2008 6.0
> MSc courses
> Laboratory use of i
btotal Start-up Phase 7.5
2) Scientific Exposure date cp
>  EPS PhD student days
VU, Amsterdam Jun 03, 2004 0.3
RU, Niimegen Jun 20, 2005 0.3
WU. Waaeningen Sep 18,2006 0.3
WU. Wageningen Sep 13,2007 0.3
>  EPS theme symposia
EPS Theme 1 symposium Developmental Bioloay of Plants, W ageningen University Feb 17,2004 0.3
EPS Theme 1 symposium Developmental Bioloav of Plants. Leiden University Apr 26. 2005 0.3
>  NWO Lunteren days and other National Platforms
NW O chemische wetenschappen: Lipids and biomembranes, Lunteren Mar 08-09, 2004 0.6
NW O chemiche wetenschappen: Lipids and biomembranes, Lunteren Mar 14-15, 2005 0.6
NW O chemiche wetenschappen; Lipids and biomembranes, Lunteren Mar 06-07, 2006 0.6
NW O chemiche wetenschappen: Lipids and biomembranes. Lunteren Mar 05-06, 2007 0.6
NW O chemische wetenschappen: studiearoep Protein Research. Lunteren Dec 12-13, 2005 0.6
NW O chemische wetenschappen: studiearoep Protein Research. Lunteren Dec 11-12, 2006 0.6
ALW-EPS Lunteren Apr 05-06, 2004 0.6
ALW-EPS Lunteren Apr 04-05, 2005 0.6
ALW-EPS Lunteren Apr 03-04, 2006 0.6
ALW-EPS Lunteren Apr 02-03, 2007 0.6
ALW-EPS Lunteren Apr 07-08, 2008 0.6
>  Seminars (series), workshops and symposia
Adv. Microscopy day, UVA, Amsterdam Mar 30, 2004 0.3
Flvina seminar Steven Clark Jun 28, 2004 0.1
Flving seminar Philip Benfev Sep 29, 2005 0.1
Flving seminar Joseph Ecker Oct 25, 2005 0.1
Seminar Biochemistry. Jiri Frim| Jun 14,2006 0.1
Seminar Biochemistry, D. Chinchilla Apr 24,2008 0.1
Seminar Biochemistry, N. Geldner Jun 29, 2008 0.1
Seminar Biochemistrv. Jan Lohman Jun 26, 2008 0.1
»  Seminar plus
Flving seminar Steven Clark Jun 28, 2004 0.1
Seminar Biochemistry, D. Chinchilla Apr 24, 2008 0.1
Seminar Biochemistry, N. Geldner Jun 29, 2008 0.1
Seminar Biochemistrv. Jan Lohman Jun 26, 2008 0.1
> Inter i ymposia and gl
EPSO conf. Italy Oct 10-14, 2004 1.5
Arabidopsis conf. Madison, USA Jun 15-19, 2005 1.5
6th International conf. on AAA proteins. Graz. Austria Sep 14-18, 2005 1.5
Arabidopsis conf. Beiiina. China Jun 20-23, 2007 1.2
Plant Cell Bioloay Conf. Coloane, Germany Sep 05-06, 2007 0.6
ELSYS conf. Enschede, The netherlands Feb 24-26, 2008 0.9
>  Presentations
Meetina with aroup Anaenent at PRI, oral Feb 15,2005 0.7
Arabidopsis conf. Madison, USA. poster Jun 15-19, 2005
6th International conf. on AAA proteins. Graz. Austria. poster plus oral Sep 14-18, 2005 1.4
Advanced course on digital microscopy. Heidelbera. Germany, oral Oct 01-06, 2006 0.7
NW O chemische wetenschappen: studiearoep Protein Research, Lunteren, poster plus oral Dec 11-12, 2006 1.4
ALW-EPS Lunteren. poster plus oral Apr 02-03, 2007 1.4
ALW-EPS Lunteren, poster, 2004,2005,2006 2.1
Arabidopsis conf. Beiiina, China. poster Jun 20-23, 2007
Meeting with aroup Angenent PRI, oral Jun 28,2008 0.7
ELSYS conf. Enschede. The Netherlands. poster plus oral Feb 24-26, 2008 1.4
>  IAB interview Sep 18, 2006 0.7
< °
Subtotal Scientific Exposure 7.5
3) In-Depth Studies date cp
»  EPS courses or other PhD courses
Bioinformation -Technoloay-1. VLAG, W ageningen Dec 8-16, 2004 2.1
Summerschool EPS Siagnaling and development Jun 19-21, 2006 0.9
Advanced course on digital microscopy. Heidelbera, Germany Oct 01-06, 2006 1.8
»  Journal club
Literature, Biweekly at Biochemistry. oral once per vear 2004-2008 3.0
> Individual research training
Subtotal In-Depth Studies 7.8
4) Personal development date cp
»  Skill training courses
Techniques for writina and presenting a Scientific paper Nov 22-25, 2004 1.2
>  Organisation of PhD students day, course or conference
> Membership of Board, C i or PhD council
Subtotal Personal Development 1.2
TOTAL NUMBER OF CREDIT POINTS*] 44.0

* A credit represents a normative study load of 28 hours of study
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