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Abstract
Early B cell antigen receptor (BCR) signal transduction involves formation of multimeric

protein complexes and their recruitment to BCR-containing areas in the plasma membrane.
One such membrane-targeted signalosome is the Ca?" initiation complex that is assembled
on the central adaptor protein SH2 domain-containing leukocyte protein of 65 kDa (SLP65).
To decipher the mechanism of SLP65 membrane localisation, the interactome of SLP65 was
analysed by our group and identified the scaffolds Cbl-interacting protein of 85 kDa (CIN85)
and CD2-associated protein (CD2AP) to be constantly associated with SLP65. Further
studies showed that disruption of this interaction by changes of SLP65 binding motifs
resulted in impaired BCR-induced Ca?* mobilisation in DT40 and primary murine B cells.
Hence, the following questions arose for this thesis: Does ablation of CIN85 and CD2AP
result in a BCR-induced Ca?" mobilisation defect as shown on the SLP65 side and, thus, do
CIN85, CD2AP and SLP65 comprise a preformed signal transducer complex? And, how do
CIN85 and CD2AP then contribute to SLP65 function in BCR signal transduction?

In my thesis, | demonstrated that CIN85 positively regulated the rapid onset and strength of
BCR-induced Ca** mobilisation in DT40 B cells. However, CD2AP could partially replace
CIN85 function in this respect. Using live cell imaging | showed that CIN85 and CD2AP
translocate to the plasma membrane upon stimulation of the BCR, but used different
anchoring modes. Interestingly, the very same domains of CIN85 necessary for BCR-
induced Ca*" signalling provided CIN85 with access to the plasma membrane. More detailed
analysis of membrane localisation using total internal reflection microscopy identified CIN85
to colocalise with BCR-containing microclusters upon BCR engagement. In contrast to CIN85
only very few CD2AP molecules were found in these microclusters. Importantly, the
preformation of CIN85 with SLP65 could be bypassed by providing SLP65 with direct access
to the BCR. This implies that CIN85 and SLP65 comprise a preformed BCR transducer
module. In this complex CIN85 targets SLP65 directly to BCR-containing microclusters
thereby enabling efficient BCR-induced Ca** responses. Collectively, the herein documented
results contribute to the understanding of BCR activation with respect to BCR-proximal

signalosomes and their importance in the transduction of BCR signals.
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Amino acids and Deoxyribonucleotides

Table 0.1: Amino acids

amino acid 3-letter code single-letter code
Alanine Ala A
Cysteine Cys C
Aspartic acid Asp D
Glutamic acid Glu E
Phenylalanine Phe F
Glycine Gly G
Histidine His H
Isoleucine lle I
Lysine Lys K
Leucine Leu L
Methionine Met M
Asparagine Asn N
Proline Pro P
Glutamine GIn Q
Arginine Arg R
Serine Ser S
Threonine Thr T
Valine Val \%
Tryptophan Trp W
Tyrosine Tyr Y

Table 0.2: Deoxyribonucleotides

Deoxyribonucleotides symbols
deoxyadenosine monophosphate a, A
deoxycytidine monophosphate c, C
deoxyguanine monophosphate g, G
deoxythymidine monophosphate t, T
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INTRODUCTION

1 Introduction

The systematic, scientific study of immunology started in the late 18" century, when Edward
Jenner reported to induce immunity to smallpox in a young boy after inoculating him with a
much less virulent pathogen causing cowpox. The principle of vaccination as safeguard
against pathogens was proven by Louis Pasteur who was able to generate a vaccine against
cholera in chickens (Pasteur 1880). Immunisation of humans with live, attenuated or non-
virulent pathogens or their components is still the underlying principle of today’s vaccination
(from lat. vacca, cow), which is highly effective in preventing infectious disease in humans.
Emil von Behring and Shibasaburo Kitasato established an antitoxic serum therapy based on
the discovery that the serum of animals immunised with tetanus or diphtheria was able to
neutralise the bacterial toxins (von Behring and Kitasato 1890). This therapy was assigned
as a humoral therapy (from lat. humor, fluid) because the antitoxins were present in the body
fluids. With this von Behring anticipated the existence of antibodies (antitoxins) and antibody-
secreting cells that are part of the immune system and accomplish the body’s humoral
immune response. Humoral immune responses together with cell-mediated ones provide
adaptive immunity, the power of which is highly specific antigen recognition.
A principle for the generation of antigen-specific antibodies was provided by Paul Ehrlich in
his side chain theory (Ehrlich 1900). He proposed that cells display side chains (or receptors)
of various specificity on their surface that, if complementary to the antigen, are blocked. This
would lead to production of soluble receptors with the very same specificity as the receptor
that was engaged. This mechanism holds true today except for the fact that only B cells do
express the side chains (B cell antigen receptor) and importantly, each B cell expresses
receptors of only one specificity. The origin of the cells that mediate the humoral immune
response was identified when the Bursa of Fabricius, a bird-restricted organ, was surgically
removed from birds. These animals could not produce antibodies (Glick 1956). Thus, these
cells were named B cell (B for Bursa of Fabricius). In mammals the B cells were found to
develop in the bone marrow (Mitchell and Miller 1968).
In any given moment plenty of B cells, each of unique receptor specificity, exist in the human
body. According to the clonal selection theory that was introduced by Macfarlane Burnet
antigen binding results in proliferation of the antigen-specific B cell and production of
daughter cells of identical specificity (Burnet 1959). This B cell clone then produces specific
antibodies.
The antibodies provide humoral immunity by three ways: Firstly, antibodies prevent
pathogens from entering cells by binding to them. This process is called neutralisation.
Secondly, opsonisation, the “tagging” of pathogens by antibodies, leads to phagocytosis of
1
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the pathogen by cells of the innate immune system. Thirdly, antibodies on a pathogen are
recognised by the complement components leading to further activation of the complement
system. This results in direct lysis of the pathogen or further opsonisation and phagocytosis.
The nearly infinite diversity of the B cell antigen receptors and thus antibodies in recognising
antigen is accomplished by rearrangement of the receptor’'s gene segments. This somatic
recombination was discovered by Susumu Tonegawa in the early 1980s (Tonegawa 1983).

1.1 The B cell antigen receptor

Most of our knowledge from the structure of B cell antigen receptors (BCRs) comes from
investigations of antibodies, which are proteins of the class of globulins, the immunoglobulins
(Ig), and take the shape of a Y. The membrane-bound form of the Ig molecule (mlg)
constitutes most of the extracellular part of the BCR, together with its transmembrane
proteins Iga (CD79a) and Igf (CD79b) that connect the mlg to intracellular kinases
(Campbell and Cambier 1990; Hombach et al. 1990; Wienands et al. 1990).

The mlg consists of four polypeptide chains: two disulfide-linked Ig heavy chains (IgH) with
each linked to one Ig light chain (IgL) by another disulfide bond. Sequence analyses revealed
the existence of five different classes of IgH - a, €, d, y and y that determine the effector
function of the secreted antibody molecule (Venkitaraman et al. 1991; Reth 1992). In
contrast, there exist only two different types of IgL - k and A, for which a functional difference
is not known (Reth 1992). The amino-terminal parts of IgH and IgL, corresponding to the first
Ig domain, displayed high variability in sequence (Wu and Kabat 1970; Johnson and Wu
2000). Unlike these variable domains (Vy and V., respectively), the remaining domains are
constant among IgL and IgH of the same isotype (constant domains, C,. and Cy) (Porter
1991). The hypervariable regions (or complementarity-determining regions) in the variable
domains are the site of antigen binding as deduced by crystallography of antibody and
antigen complexes (Amzel et al. 1974). Due to allelic exclusion the two IgL and IgH of one Ig
are identical in sequence resulting in two identical antigen binding sites. Thereby the avidity
of an interaction between an Ig molecule and its antigen is increased.

The binding of antigen to the mlg is transduced into the interior of the B cell by the BCR's
transmembrane components Iga (CD79a) and IgB (CD79b) (Reth 1992; Sanchez et al. 1993;
Reth and Wienands 1997). Iga and IgB form a disulfide-linked hetero-dimer and are non-
covalently associated with the mlg (Campbell and Cambier 1990; Hombach et al. 1990)
building a [IgH+IgL], [Iga+IgB]; multiprotein complex (Schamel and Reth 2000a). The BCR
can only be expressed on the surface when fully assembled (Reth 1992; Schamel and Reth
2000Db).
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During B cell development the pre BCR is expressed on the surface of pre B cells. It is
composed of the two IgH coupled to the Iga/p hetero-dimer, but instead of IgL it employs A5
and VpreB as surrogate light chains (Tsubata and Reth 1990; Reth 1991). Correct assembly
of the pre BCR allows further B cell development and expression of the mature BCR
(Melchers et al. 1995). Signalling through the (pre) BCR is prerequisite for B cell quality
control that permits on the one hand development, survival and activation of functional,
immuno-competent B cells, and on the other hand induces silencing of dysfunctional e.g.
auto reactive B cells (King and Monroe 2000; Wang and Clark 2003; Grande et al. 2007).

1.2 B cell responses to engagement of the BCR

The natural antigens for B cells are extracellular pathogens and their secreted toxins.
Antigen binding to the BCR must be converted into an intracellular signal and it results in B
cell polarisation and internalisation of the antigen-bound BCRs.

In order to induce structural changes in the BCR that activate a B cell, the antigen is believed
to be of a multivalent nature, due to the failure of soluble, monovalent antigen to induce BCR
signalling. Thus, the cross-linking model evolved in which antigen brings BCRs into close
proximity to allow further signal transduction. Cross-linked BCRs then translocate into lipid
rafts, which are cholesterol- and sphingolipid-rich microdomains of the plasma membrane,
while resting BCRs are found outside of these structures (Cheng et al. 1999; Aman and
Ravichandran 2000). According to the lipid raft model this translocation annuls the spatial
segregation of BCRs with downstream effector proteins, e.g. kinases (Cheng et al. 1999;
Aman and Ravichandran 2000; Sohn et al. 2006; Sohn et al. 2008). In a markedly
contrasting model Reth and colleagues propose that antigen binding leads to disruption of
BCR oligomers and thereby initiation of signalling (Reth 2001). However, the real nature of
the BCR on living B lymphocytes and the initial steps in signal transduction await further
elucidation (for review see (Engels et al. 2008)).

After antigen binding B cells respond with morphological changes and polarisation. This is
characterised by a cap-like structure of BCR molecules after cross-linking with soluble
antigen (Taylor et al. 1971; Schreiner and Unanue 1977). This polarisation is also evident
between antigen-loaded antigen presenting cells and antigen-specific BCRs on B cells
(Batista et al. 2001). High resolution imaging techniques enabled the spatiotemporal analysis
of this B cell polarisation (Fleire et al. 2006): In response to antigen coupled to membranes,
BCR/antigen microclusters are formed that recruit BCR signalling effector proteins (Depoil et
al. 2008; Sohn et al. 2008). Their initial formation does not depend on BCR signalling, but is
together with cytoskeleton remodelling required to propagate spreading over the antigen-

loaded membrane (Weber et al. 2008). During spreading more antigen is encountered and
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thereby more microclusters are formed as a function of affinity and density of the membrane-
bound antigen (Fleire et al. 2006; Depoil et al. 2008; Weber et al. 2008). In a subsequent
contraction response antigen/BCR microclusters are collected into a central cluster, referred
to as central supramolecular activation cluster of the immunological synapse. The B cell's
synapse matches the structure of the immunological synapse first discovered in T cells and
natural killer cells (Monks et al. 1998; Davis et al. 1999). Whether in vivo BCR activation is
mediated via membrane-bound or soluble antigen is currently a matter of debate.

Finally, antigen-bound BCRs are internalised. There is accumulating evidence that
antigen/BCR internalisation depends on BCR signalling (Shaw et al. 1990; Song et al. 1995;
Stoddart et al. 2002) and employs BCR effector proteins like Casitas B-lineage lymphoma
proto-oncogene (Cbl) (Kitaura et al. 2007). BCR internalisation is accomplished by three,
partially redundant routes that rely on the actin cytoskeleton, lipid rafts and/or clathrin-coated
pits (Salisbury et al. 1980; Guagliardi et al. 1990; Stoddart et al. 2002; Stoddart et al. 2005).
After internalisation, the antigen is presented by the B cell on major histocompatability
complex II (MHCII) to receive T cell help (Lanzavecchia 1985; Batista et al. 2001). The
antigen presented to the cognate T cell is of a peptoid nature and called T cell-dependent
antigen. In contrast non-peptide, T cell-independent (TI) antigens do not induce cognate T
cell help and activate B cells either by secondary receptors (TI-1 antigens) or heavy cross-
linking of BCRs (TI-2 antigens) (Fagarasan and Honjo 2000). Finally, B cells differentiate into
plasma cells that secrete antibody or - after T cell help — into memory B cells that comprise

long lasting immunity against re-infection.

1.3 The BCR signalling cascade leading to a Ca®* response

On path of the BCR signal is characterised by an intracellular protein phosphorylation
cascade followed by an increase in the intracellular concentration of the second messenger
Ca?*. This leads to central cellular responses like proliferation, differentiation or apoptosis of
the B cell (Niiro and Clark 2002). Fundamental signalling pathways, like Nuclear factor of
light polypeptide gene enhancer in B cells (NFB) or Nuclear factor of activated T cells
(NFAT) rely on Ca®. Hence, maintenance of Ca** gradients and Ca”*" concentrations in
resting cells as well as BCR-induced dynamic changes of intracellular Ca** concentration are

central for B cell biology.
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1.3.1 The BCR-induced protein phosphorylation cascade

Stimulation of the BCR is transduced by the Iga/f hetero-dimer that contains two copies of
the highly conserved immunoreceptor tyrosine-based activation motif (ITAM) (Reth 1989;
Cambier 1995). The ITAM serves as tyrosine phosphorylation motif for Src kinases (Lyn, Fyn
and Blk) that become activated upon antigen binding to the BCR (Burkhardt et al. 1991;
Yamanashi et al. 1991; Campbell and Sefton 1992; Clark et al. 1992; Lin and Justement
1992). Doubly-phosphorylated ITAMs are specifically recognised by the tandemly arranged
Src homology 2 (SH2) domains of Syk (Wienands et al. 1995; Fu et al. 1998; Futterer et al.
1998). Binding of Syk to the ITAM results in translocation of Syk from the cytosol to the BCR
and increased Syk activity, due to auto phosphorylation and possibly, direct phosphorylation
by Src kinases (Kurosaki et al. 1994; Kurosaki et al. 1995; Rowley et al. 1995; Kimura et al.
1996). However, a BCR-induced Ca?* response can be generated in the absence of Src
kinases, albeit with a strong delay (Takata et al. 1994). The two central kinases Lyn and Syk
disperse the incoming signal. One substrate of Syk is SLP65 (Wienands et al. 1998)
alternatively named B cell linker protein (BLNK) (Fu et al. 1998) or B cell adaptor containing
a SH2 domain protein (BASH) (Goitsuka et al. 1998). Once phosphorylated SLP65
assembles the trimolecular Ca** initiation complex comprising Bruton's tyrosine kinase (Btk),
Phospholipase C-y2 (PLCy2) and SLP65 itself. Btk is phosphorylated and thus activated by
Lyn or by Syk (Rawlings et al. 1996; Kurosaki and Kurosaki 1997). In cis assembly of Btk
and its substrate PLCy2 on one SLP65 molecule, results in phosphorylation and activation of
PLCy2 by Btk (Hashimoto et al. 1999; Ishiai et al. 1999a; Ishiai et al. 1999b; Chiu et al.
2002). SLP65 is crucial for membrane localisation of PLCy2 as demonstrated by studies, in
which a membrane (Ishiai et al. 1999a) or a lipid raft anchor (Rodriguez et al. 2003) fused to
PLCy2 rescued the signalling defect in slp65 ™ B cells. Furthermore, membrane association
of PLCy2 depends mainly on its C-terminal SH2 domain, with which it binds SLP65 and is
reduced in slp65 " B cells (Ishiai et al. 1999a). Btk activity was increased in the presence of
SLP65 as compared to absence of SLP65 (Baba et al. 2001). Despite a fundamental
contribution of SLP65 to the sub cellular navigation of the Ca?* initiation complex, the
pleckstrin homology (PH) domains of Btk and PLCy2 can stabilise their membrane
localisation (Bolland et al. 1998; Falasca et al. 1998). At the plasma membrane activated
PLCy2 hydrolyses phosphatidyl-inositol-4,5-bisphosphate (PIP,) into membrane resident
diacylglycerol (DAG) and soluble inositol-1, 4, 5-trisphosphate (IP3) (Kurosaki et al. 2000).
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1.3.2 The two phases of the BCR-triggered Ca®* response

Generation of IP; results in a Ca® response that is characterised by two phases: a fast and
transient release of Ca®* from the endoplasmic reticulum (ER) lumen followed by a second
phase which is more sustained and characterised by the influx of Ca*" across the plasma

membrane.
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Figure 1.1: BCR-induced signalling events leading to arise in intracellular Ca** concentration.
After binding of antigen (not shown), BCRs are clustered on the B cell surface. Subsequent activation
of Lyn leads to phosphorylation of the ITAMs in the Iga/ hetero-dimer followed by translocation and
activation of Syk to the phosphorylated ITAMs. Active Syk phosphorylates its substrate SLP65.
Phosphorylated SLP65 allows the formation and translocation of the Ca®" initiation complex
comprising SLP65, Btk and PLCy2 to the plasma membrane. In the Ca®* initiation complex, activated
Btk phosphorylates PLCy2, which then hydrolyses PIP, into DAG and IP;. Enhanced IP; levels lead to
a release of Ca®" from the ER and subsequently across the plasma membrane. Changes in the
intracellular Ca** concentration ([Ca2+]i) result in transcriptional changes and differential B cell
outcomes. For review see (Engelke et al. 2007).

IP; binding to the PR leads to a release of Ca** from the ER stores into the cytosol along a
Ca** concentration gradient (Patterson et al. 2004). IP;R are ligand-gated Ca** channels and
deletion of all three IP3R isoforms results in complete abrogation of Ca** mobilisation in DT40
B cells (Sugawara et al. 1997). The decreased Ca®* concentration in the ER lumen is sensed
by the ER transmembrane protein Stromal interaction molecule 1 (STIM1) (Roos et al. 2005;

Zhang et al. 2005; Baba et al. 2006). Aggregated STIM1 molecules move towards the
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plasma membrane to activate Ca?*-release-activated channels (CRAC) (Zhang et al. 2005;
Baba et al. 2006; Huang et al. 2006; Luik et al. 2006; Xu et al. 2006). The CRACs allow influx
of Ca*" from the extracellular space into the cell's interior, a mechanism called store-
operated Ca** entry (SOCE). ORAI, a four transmembrane spanning protein, is a component
of CRAC (Feske et al. 2006; Prakriya et al. 2006; Vig et al. 2006) and important in generating
a CRAC current (Icrac) that operates in immune cells (Hoth and Penner 1992). The BCR-
induced Ca** response strongly depends on the developmental stage of the B cell (Hoek et
al. 2006) and engagement of activatory and inhibitory coreceptors. These together with the
nature of the antigen determine the amplitude and duration of the BCR-induced Ca** signal
which are critical determinants for the transcriptional changes leading to appropriate B cell
outcomes (Dolmetsch et al. 1997; Engelke et al. 2007). Figure 1.1 gives a simplified
overview of the described BCR-induced events leading to an increase in intracellular Ca?*

concentration.

1.4 The adaptor protein SLP65 and its steady ligands CIN85 and CD2AP

Protein complexes are assumed to be the executive modules of cellular functions instead of
single proteins (Gavin et al. 2002; Gavin et al. 2006). Adaptor proteins exert an important
role in formation of multimolecular complexes assembling two or more ligands by virtue of
their protein interaction domains (Pawson and Nash 2003). Thereby, they can coordinate
different enzymatic functions, separate distinct signalling pathways or increase or lower
thresholds of cellular activation (Burack et al. 2002). Moreover, adaptors function in spatial
organisation of protein/protein complexes by anchoring or targeting them to sub cellular
areas, as does SLP65 in the Ca®" initiation complex. To identify an interaction partner of
SLP65 enabling its membrane localisation, our group in collaboration with the group of Prof.
Dr. H. Urlaub established a mass spectrometric approach (Neumann et al. 2009; Oellerich et
al. 2009; Oellerich et al. 2011). Analysis of the SLP65 interactome revealed, among others, a
steady interaction of SLP65 with CD2-associated protein (CD2AP) and Cbl-interacting
protein of 85 kDa (CIN85).

1.4.1 Structure and function of SLP65

SLP65 was identified on the basis that it is heavily phosphorylated upon BCR activation and
is expressed only in B cells and macrophages (Fu et al. 1998; Goitsuka et al. 1998;
Wienands et al. 1998; Bonilla et al. 2000). SLP65 is an adaptor protein comprising an N-
terminal basic effector domain (BED) (Hermann 2009) or leucin-zipper (Kohler et al. 2005),

five consensus tyrosine phosphorylation sites, several proline-rich motifs and a C-terminal

7



INTRODUCTION

SH2 domain. Among the proline-rich motifs human SLP65 harbours three atypical proline-
arginine motifs with a PxxxPR consensus sequence (single-letter amino acid code, x denotes
any residue): PPSVPR,, PSPLPRs and PIPLPR3;; (see figure 1.2). SLP65 interacts with
PLCy2, Btk, Guanine nucleotide exchange factor (Vav), Non catalytic region of tyrosine
kinase (Nck) in a phosphorylation-dependent manner (Fu et al. 1998; Wienands et al. 1998;
Hashimoto et al. 1999; Ishiai et al. 1999b; Su et al. 1999; Chiu et al. 2002). Growth factor
receptor-bound protein 2 (Grb2) binds constitutively to SLP65 via its C-terminal src homology
3 (SH3) domain and binding is increased after phosphorylation of SLP65 (Fu et al. 1998;
Wienands et al. 1998; Grabbe and Wienands 2006). Hematopoietic progenitor kinase 1
(Hpk1), Syk and Iga are ligands for the SH2 domain of SLP65 (Engels et al. 2001; Sauer et
al. 2001; Kabak et al. 2002; Kulathu et al. 2008). SLP65-deficiency in mice leads to a block in
B cell development at the large pre B cell stage (Jumaa et al. 1999; Minegishi et al. 1999;
Pappu et al. 1999; Hayashi et al. 2000; Xu et al. 2000). However, the developmental block in
slp65 * mice is not complete since immature B cells can be detected possibly due to
expression of compensatory adaptors (Su and Jumaa 2003). These sIp65 " immature B cells
show impaired BCR-induced Ca? mobilisation and proliferation. In humans SLP65-
deficiency resulted in a complete block of B cell development (Minegishi et al. 1999) and was
associated with acute lymphoblastic leukaemia in some of the patients (Jumaa et al. 2003;
Imai et al. 2004). Ablation of SLP65 expression in DT40 B cells results in a complete
absence of BCR-triggered Ca** flux (Ishiai et al. 1999a).

, YYY YY y
N —BED( proline(rich( SH2 ~-C

Figure 1.2: SLP65 domain architecture modified from (Koretzky et al. 2006).
The first 50 amino acids of SLP65 comprise a basic effector domain (BED) which is characterised by
an accumulation of basic amino acids. This part is followed by 5 consensus tyrosine phosphorylation

sites (Y) and proline-rich motifs. Among these proline-rich motifs are three of the PxxxPR type ((). In
its C-terminus SLP65 harbours an SH2 domain (for review see (Koretzky et al. 2006)).

1.4.2 Membrane recruitment of SLP adaptors

SLP65 membrane localisation depends on its N-terminus (Kohler et al. 2005) and C-terminal
SH2 domain (Abudula et al. 2007). A ligand for the SLP65 N-terminus is not known, but it
could afford electrostatic interactions with phospholipids (Hermann 2009). Truncation of the

SH2 domain of SLP65 resulted in decreased SLP65 phosphorylation, membrane recruitment
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and Ca®" mobilisation in response to BCR stimulation (Abudula et al. 2007). The SH2 domain
binds inducibly to the non-ITAM phospho-tyrosine in the Iga cytoplasmic domain (Engels et
al. 2001; Kabak et al. 2002), but exchange of the Iga non-ITAM tyrosine has only marginal
effect on Ca®* mobilisation and thus, is at least not the only membrane anchor for SLP65
(Kabak et al. 2002; Patterson et al. 2006).

In T cells, membrane recruitment of SLP76, the T cell paralogue of SLP65 is mediated by a
transmembrane adaptor protein called Linker of activated T cells (LAT). LAT becomes
phosphorylated after TCR engagement (Brdicka et al. 1998; Zhang et al. 1998).
Phosphorylated LAT provides binding sites for Grb2-related adaptor protein downstream of
Shc (Gads) which is a constitutive ligand of SLP76 (Liu et al. 1999; Liu et al. 2003).
Membrane recruitment of this preformed Gads/SLP76 module leads to phosphorylation of
SLP76 at the plasma membrane (Bubeck Wardenburg et al. 1998). In analogy to Btk that
phosphorylates PLCy2 in B cells, IL-2 inducible T cell kinase (Itk) binds SLP76 via its SH2
domain and activates LAT associated PLCy1 in T cells (Bunnell et al. 2001). While the
membrane anchoring mechanism for SLP76 is clarified, the mechanistic of SLP65
membrane recruitment, including the relevant ligands for the N-terminus or the SH2 domain
of SLP65 have yet to be elucidated.

1.4.3 The scaffolds CIN85 and CD2AP

CIN85 and CD2AP are scaffolds constituting their own CIN85/CMS family of adaptor proteins
(Dikic 2002). CIN85 and CD2AP have been shown to constitutively or inducibly bind to many
proteins involved in receptor tyrosine kinase (RTK) signal transduction pathways, T cell
signalling and receptor internalisation (Dikic 2002). CIN85 (Take et al. 2000), alternatively
called Regulator of ubiquitous kinase (Ruk) (Gout et al. 2000), Src-homology 3 encoding,
expressed in tumorigenic astrocytes (SETA) (Borinstein et al. 2000) or SH3 domain kinase
binding protein 1 (SH3KBP1) (Narita et al. 2001) were cloned from human, rat (Ruk and
SETA) and mouse cells, respectively. The cin85 gene displays a complex organisation
involving 5 promotors with differing tissue specificity (Buchman et al. 2002) giving rise to up
to 8 potential protein isoforms (Finniss et al. 2004). In human T cells two CIN85 isoforms
(CIN85, and CIN85,,/CD2-binding protein 3) were identified as ligands for CD2 by a yeast-
two-hybrid screen (Tibaldi and Reinherz 2003). CIN85 has the same domain architecture as
its family member CD2AP (Dustin et al. 1998) also called Cas ligand with multiple SH3
domains (CMS) (Kirsch et al. 1999) or Mesenchyme-to-epithelium transition protein with SH3
domains (Mets-1) (Lehtonen et al. 2000) and both share 54% similarity on the amino acid
level (Dikic 2002). The N-terminal halves of CIN85 and CD2AP are built of three SH3
domains, followed by proline-rich motifs and a C-terminal coiled coil domain (see figure 1.3).

Throughout the protein potential serine/threonine phosphorylation sites are evident as well as
9
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FxDxF sequences that could mediate interaction with the clathrin adaptor protein AP2 (Dikic
2002). Unlike CIN85, CD2AP contains four actin binding sites in its C-terminal half (Kirsch et
al. 1999; Tibaldi and Reinherz 2003). CIN85 and CD2AP can form hetero/homo-oligomers
via their coiled coil (CC) domains (Kirsch et al. 1999; Borinstein et al. 2000; Watanabe et al.
2000). The first SH3 domain of CIN85 can mediate an intramolecular interaction with a
polyproline-peptide in CIN85 (Kowanetz et al. 2003; Tibaldi and Reinherz 2003).

SH3 domains were first identified in Src kinases, the Crk adaptor protein and in PLCy1 and
are 60 amino acids in size (Mayer et al. 1988; Stahl et al. 1988). In their tertiary structure
SH3 domains display three grooves that mediate the interaction to the two prolines in the
xOPx®Px consensus motif (P denotes hydrophobic amino acids) (Mayer 2001). The third
groove usually mediates binding to a basic amino acid either N- or C-terminal of the
xOPx®Px motif (Feng et al. 1994; Lim et al. 1994; Mayer and Eck 1995). In general SH3
domains have modest specificity at best, but residues outside the core motif can contribute to
specificity (Feng et al. 1995). The SH3 domains of CIN85 and CD2AP have a recognition
consensus sequence that differs from the classical x®Px®Px motif. They recognise an
atypical proline-arginine motif with the consensus sequence PxxxPR, while PXxPxPR has a
higher affinity (Kowanetz et al. 2003).

In B cells CIN85 was found to interact with Grb2, Son of sevenless 1 (Sosl), the p85 subunit
of Phosphatidylinositol-3-kinase (PI3K), c-Cbl and SLP65, but no functional relevance was
reported in this study (Watanabe et al. 2000). The interaction of SLP65 with CIN85 is
mediated via three atypical proline-arginine motifs in SLP65 and can be abolished upon an
amino acid exchange of the arginine in the last position to an alanine (Kurakin et al. 2003).
The interaction of CIN85/CD2AP and the E3 ligase Cbl is also mediated via atypical proline-
arginine motifs and increases with phosphorylation of Cbl after Epidermal growth factor
receptor (EGFR) stimulation (Take et al. 2000; Soubeyran et al. 2002). CIN85 is
constitutively bound by endophilin, which is involved in vesicle formation, and is recruited to
RTK-Cbl complexes after receptor stimulation. Thereby, CIN85 mediates internalisation of
RTKs (Petrelli et al. 2002; Soubeyran et al. 2002; Szymkiewicz et al. 2002; Kobayashi et al.
2004). Overexpression of CIN85 in mast cells was shown to accelerate internalisation of the
non-RTK receptor for IgE, FceRI (Molfetta et al. 2005).

In T cells, CD2AP and CINS85 interact with the T cell transmembrane protein cluster of
differentiation 2 (CD2), which is enhanced after TCR engagement (Dustin et al. 1998; Tibaldi
and Reinherz 2003). Truncation of the intracellular part of CD2 or overexpression of a
dominant-negative CD2AP variant led to disturbed CD2 clustering (Dustin et al. 1998).
Generation of cd2ap * mice supported the function of CD2AP in TCR clustering into the
immunological synapse upon contact with antigen loaded APCs (Lee et al. 2003). In contrast

after settling cd2ap " T cells on planar lipid bilayers a TCR synapse could be formed. The
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authors discussed that the importance of CD2AP is negligible in conditions when the
reorganisation of receptors is possibly easier than in a direct cell to cell contact. Stimulation
of cd2ap " T cells resulted in delayed, but prolonged phosphorylation of the tyrosine kinase
Zeta chain associated protein kinase (Zap70) and Ca®* flux. This was connected with a
failure of TCR degradation, but not internalisation in cd2ap ™ T cells (Lee et al. 2003). B
lymphocytes were not analysed in this study. The possibly most important role of CD2AP is
the maintenance of the kidney architecture. This is demonstrated by CD2AP-deficient mice
that die at 6 weeks of age due to a strong nephrotic defect (Shih et al. 1999). A kidney
disease, focal segmental glomerulosclerosis, was also reported in humans carrying a

homozygous cd2ap mutation (Lowik et al. 2007).

CIN85 7 A 7 7 7
N =— SH3 = SH3 = SH3 | |II cC —C
- Jg = - Ju J
CD2AP _ _
N_SH3_SH3_SH3 | II CC—Z¢C
. J \ J A JAAA

Figure 1.3: Domain architecture of CIN85 and CD2AP modified from (Tibaldi and Reinherz
2003).

CIN85 and CD2AP share 54% similarity in the amino acid sequence and have a nearly identical
domain structure. The N-terminal half of each protein harbours three SH3 domains, followed by
proline-rich sequences (black bars) and a C-terminal coiled coil (CC) domain. CD2AP contains 4 actin
binding motifs (black triangles), which are lacking in CIN85 (for review see (Dikic 2002)).

The importance of CIN85 and/or CD2AP (CIN85/CD2AP) in constantly binding SLP65 was
demonstrated by T.Oellerich in our group: Upon disruption of the CIN85 and CD2AP binding
sites in SLP65 a Ca?" mobilisation defect in BCR-stimulated slp65 * DT40 and primary B
cells that expressed this SLP65 variant was observed (T.Oellerich, Dr.M.Engelke, Dr.K.
Dittmann). Moreover, without being preformed with CIN85 and CD2AP, SLP65
phosphorylation was reduced, while the activation of the upstream kinases Lyn and Syk was
not altered (Oellerich et al. 2011). In line with this, our group described earlier that the
phosphorylation of SLP65 and other BCR effector proteins needs the BCR as organiser of
protein complexes already formed in unstimulated B cells (Wienands et al. 1996). Thus, a
preformed transducer complex as prerequisite for a rapid and coordinated BCR signal

initiation was assumed.
11
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1.5 Aims of the work

The goal of this thesis was to elucidate the role of CIN85 and CD2AP in BCR signal

transduction with special emphasis on their interaction with SLP65:

1) The preformed complex comprising SLP65 and CIN85/CD2AP

SLP65 has been shown to depend on the interaction with CIN85/CD2AP for generating a full
BCR-induced Ca?* response. Are CIN85 and CD2AP important players in BCR-induced Ca**
mobilisation, as the SLP65 data suggests, and thus could SLP65 and CIN85/CD2AP
constitute a preformed signal transducer element? To approach this, a CD2AP-deficient
DT40 B cell line and RNA interference (RNAI) assay are established. The genetically
engineered cells are then used for reconstitution experiments and analysed for Ca?'
mobilisation after BCR stimulation. The DT40 B cell line is an appropriate tool for studying
BCR signalling mechanisms since many knock-out cell lines already exist and new ones can
quite easily be generated.

In order to find out about the binding mode of SLP65, CIN85 and/or CD2AP, their interaction
is characterised by biochemical means in DT40 B cell mutants expressing different variants
of SLP65, CIN85 or CD2AP.

2) Sub cellular localisation of CIN85 and CD2AP

Most early BCR signalling effector proteins translocate from the cytosol to the plasma
membrane once the BCR is engaged. Where are CIN85 and CD2AP located in resting B
cells, and do they react with sub cellular translocation to BCR stimulation? To address this
guestion DT40 B cells expressing fluorescently-tagged CIN85 and CD2AP fusion proteins

are analysed by live cell confocal microscopy.

3) CIN85, CD2AP and the BCR

Previous studies have shown that CD2AP and CIN85 are closely associated with surface
receptors; i.e. with CD2 in the T cell immunological synapse and with the EGFR for its
internalisation. Do CIN85 and CD2AP exert similar functions in the formation of BCR clusters
or in BCR internalisation? To test this, firstly, fluorescent versions of CD2AP and CIN85 are
analysed for their colocalisation in BCR-containing microclusters by total internal reflection
microscopy in collaboration with the group of Dr. Facundo Batista (Lymphocyte Interaction
Laboratory, Cancer Research UK, London, UK). Secondly, CD2AP-deficient or CIN85

hypomorphic cells are analysed in a BCR internalisation assays.

12
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2 Materials and Methods
2.1 Materials

2.1.1 Chemicals and reagents
All chemicals and reagents were purchased from Roth, Serva, Sigma-Aldrich®, AppliChem,
Merck, Invitrogen™, InvivoGen, Becton Dickinson or Amersham BioSciences in pro analysis

guality, unless indicated otherwise.

2.1.2 Solutions, buffers and media
Solutions, buffers and media used in this thesis are listed in the corresponding method
sections. All buffers and solution were aqueous solutions and stored at room temperature

unless indicated otherwise. Solutions were autoclaved at 125°C for 30min.
The following common buffers were used:
PBS: 137mM NaCl; 27mM KCI; 43mM Na;HPO4x 7 H,0; 14mM KH,POy; pH 7.3

TBS-T: 20mM Tris/HCI pH 7.6; 137mM NacCl; 0.1% (v/v) Tween-20

2.1.3 Commercial-Kits

Invisorb® Spin Plasmid Mini Two Kit Invitek

Protino® Ni IDA 1000 Macherey-Nagel
TOPO TA cloning® Kit Invitrogen™
Wizard® Plus SV Midiprep Kit Promega
Wizard® SV Gel and PCR Clean-Up System Promega

2.1.4 Antibodies

2.1.4.1 primary antibodies

All primary antibodies were used in a 1:250 — 1:3,000 dilution in TBS-T with 5% (w/v) BSA
and 0.1% (v/v) NaNs. Application of the antibody is indicated as WB (western blot), IP
(immuno purification), F (flow cytometry) or S (stimulation). Applied concentrations of the

antibodies are indicated in the respective method sections or figure legends.
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Anti-SLP65, mouse monoclonal IgG1 (2C9)
Anti-Syk, rabbit polyclonal (N19)
Anti-CIN85, rabbit polyclonal (C6115)
Anti-HA, rat polyclonal

Anti-GFP, mouse monoclonal IgG1
Anti-GST, rabbit polyclonal

Anti-actin, rabbit polyclonal

Anti-Mouse IgM (u chain specific), goat IgG
Anti-chicken IgM, goat IgG
Cy™5-conjugated AffiniPure

F(ab’), Fragment Goat Anti-Mouse IgM,
K Chain Specific

Anti-chicken IgM, mouse IgM (M4)

2.1.4.2 secondary antibodies

GeneTex, Inc. WB
Santa Cruz Biotechnologie WB
Sigma-Aldrich® WB
Roche WB
Roche WB, IP
Molecular Probes wWB
Sigma-Aldrich® WB
SouthernBiotech P
Bethyl Laboratories, Inc. IP
Jackson ImmunoResearch F
Biozol S

All secondary antibodies were used in a 1:10,000 dilution in TBS-T.

Immunopure®Goat Anti-Mouse IgG, (H+L),
Horseradish Peroxidase Conjugated

Immunopure®Goat Anti-Rabbit 1gG, (H+L),

Horseradish Peroxidase Conjugated

Goat anti-rat IgG (H+L),

Horseradish Peroxidase Conjugated

Donkey anti-goat IgG (H+L),

Horseradish Peroxidase Conjugated

2.1.5 Bacteria

One Shot ® Top10F" chemo-competent E.coli

One Shot ® BL21(DE3) chemo-competent E.coli

Thermo Scientific

Thermo Scientific

Pierce

Jackson ImmunoResearch

Invitrogen™

Invitrogen™

14



2.1.6 Enzymes

Calf intestine phosphatase

Phusion® High-Fidelity DNA Polymerase

Proteinase K

Restriction endonucleases

T4 DNA ligase

Tag PCR Master Mix Kit

Promega

New England Biolabs®

Qiagen

2.1.7 Oligonucleotides

New England Biolabs®

New England Biolabs®

MATERIALS AND METHODS

FINNZYMES (Thermo Fisher Scientific)

DNA oligonucleotides were synthesised by MWG-Biotech as salt free, lyophilised samples.

Table 2.1: Oligonucleotides

oligonucleotide

sequence (5 — 37)

application

5'BamHI-CD2AP

3'Xhol-CD2AP

5'BamHI-CIN85

3'Xhol-CIN85

CD2APdeltaSH3
_fwd

CD2APdeltaSH3
_REV

CD2APdeltaCC
_fwd

CD2APdeltaCC

_rev

AAAGGATCCACCATGGTTGACTATATTG
TGGAGTATGAC

AAAGTCGACTCAAGAAGACAGGACAGCT
TTT

AAAGGATCCACCATGGTGGAGGCCATA
GTG

GGACTCGAGTCATTTTGATTGTAGAGCT
TTCT

ATAGGATCCACCATGCTTGATAAAGACT
TTCCAAAACCA

AAAGTCGACTCAAGAAGACAGGACAGCT
TTT

AAAGGATCCACCATGGTTGACTATATTG
TGGAGTATGAC

TTTGTCGACTCACACAGATGGCTTTGGA
GA

cloning of human
cd2ap cDNA

cloning of human
cd2ap cDNA

cloning of human
cin85 cDNA

cloning of human
cin85 cDNA

cloning of human
cd2apAsh3 cDNA

cloning of human
cd2apAsh3 cDNA

cloning of human
cd2apAcc cDNA

cloning of human
cd2apAcc cDNA
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CIN85deltaSH3

_fwd

CIN85deltaSH3

_rev

CIN85deltaCC
_fwd

CIN85deltaCC

_rev

CD2AP3SH3

_rev

CITBamBgIN+

1

CIN85_3SH3rev

chCD2APfwd

chCD2APrev

ch_CD2AP
_ablongfwd
MOCKSsIiRNA

cCIN85shRNA
2389

hS65dBED
fwd

Bgl

AAAGGATCCACCATGGACTTTGAAAAGG
AAGGGAATAGA

GGACTCGAGTCATTTTGATTGTAGAGCT
TTCT

AAAGGATCCACCATGGTGGAGGCCATA
GTG

GTTCTCGAGTCACATCTTTGGTTTTCCTT
CCGT

AAAGTCGACTCATTCATTTATCTGGACA
GC

TAATAGATCTTACGAATTCCTTGTACAGC
TCGTC

GGACTCGAGTCACGGTGGAAGTAACTT
CACGAA

AAAGGATCCACCATGGTGGAGTATATTG
TGGAG

AAAGTCGACTCATGTAGACATCACTGCT
TT

ATAGGATCCCCTCCAGTTAAAAATCCAG
CT
TGCTGTTGACAGTGAGCGATCTCGCTTG
GGCGAGAGTAAGTAGTGAAGCCACAGA
TGTACTTACTCTCGCCCAAGCGAGAGTG
CCTACTGCCTCGGA

TGCTGTTGACAGTGAGCGCTGACTGAG
ACTCAAATTTATGTAGTGAAGCCACAGA
TGTACATAAATTTGAGTCTCAGTCATTGC
CTACTGCCTCGGA

CACCAGATCTCCATATGCGAAGGGACTA
CGCTTCAG

MATERIALS AND METHODS

cloning of human
cin85Ash3 cDNA

cloning of human
cin85Ash3 cDNA

cloning of human
cin85Acc cDNA

cloning of human
cin85Acc cDNA

cloning of human
cd2ap3sh3 cDNA

cloning of pMSCV puro

Citrine N-terminal

cloning of human
cin853sh3 cDNA

cloning of chicken
cd2ap cDNA

cloning of chicken
cd2ap cDNA

cloning of chicken
cd2ap (epitope)
cloning of unspecific
shRNA

cloning of anti-chicken
cin85 shRNA

cloning of human
SIp65AN-terminus cDNA
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hS65stopnotas

hTIRAP_BamHI

rev

hTIRAP_bglfwd

CD2APLA

screen

CD2APRA

screen

CD2APWt

screen

HIS

Blast-300

TAATGCGGCCGCTTATGAAACTTTAACT

GCATACTTC

ATAGGATCCTTTGGGGAGTTGGCCTCTT

CACCAGATCTCATGGCATCATCGACCTC

CC

GCTGATGTTTGTTCACTGCAATTTGT

AACAAACACCAAATCCTCACTTGCA

GCAGAGCTGTACTTTGGCCTTGTG

GAGCAAGCATGAGCACTGAAAACA

GTGCAGTTTCGAATGGACAAAAGG

MATERIALS AND METHODS

cloning of human
slp65AN-terminus cDNA

cloning of human tirap
cDNA

cloning of human tirap
cDNA

screening of chicken

cd2ap genotype

screening of chicken

cd2ap genotype

screening of chicken

cd2ap genotype

screening of chicken

cd2ap genotype

screening of chicken

cd2ap genotype

2.1.8 Vectors and constructs

Common vector backbones and the constructs generated with it are listed in table 2.2 and

2.3, respectively.

Table 2.2: Vectors

vector application source/supplier
pCRII Topo T/A cloning Invitrogen
pBluescript cloning of targeting Stratagene

pBluescript-hisD'

pBluescript-bs'

constructs

histidinol resistance cassette
for targeting constructs

blasticidin resistance
cassette for targeting
constructs

J.-M. Buerstedde

J.-M. Buerstedde
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pGEX4T1 expression of GST fusion Ge Healthcare
proteins

pMSCYV puro expression of cDNA after BD Biosciences Clontech
retroviral transduction

pMSCYV bleo expression of shRNAs after BD Biosciences Clontech,
retroviral transduction Dr. M.Engelke

pHCMV-VSV-G expression of vsv-g cDNA M. Jucker

LMP-pMSCV-GFP cloning and expression of OpenBiosystems

shRNA

Table 2.3: Constructs

construct description source/supplier

pMSCVpuro human SLP65, C-terminal T.Oellerich

hSLP65wt-GFP GFP-tag

pMSCVpuro human SLP65, R49A, T.Oellerich

hSLP65M1-GFP C-terminal GFP-tag

pMSCVpuro human SLP65, R248A, C-terminal T.Oellerich

hSLP65M2-GFP GFP-tag

pMSCVpuro human SLP65, R313A, C-terminal T.Oellerich

hSLP65M3-GFP GFP-tag

pMSCVpuro human SLP65, R248, 313A, T.Oellerich

hSLP65M23-GFP C-terminal GFP-tag

pMSCVpuro human SLP65, R49, 248, 313A, T.Oellerich

hSLP65M1-3-GFP C-terminal GFP-tag

pPGEX-4T-1 hCIN85 (SH3)3 human CIN85, aa 1-328, N- this thesis

terminal GST-tag
pGEX-4T-1 hCD2AP (SH3); human CD2AP, aa 1-330, N- this thesis

PET15b hSLP65

pMSCVpuro

terminal GST-tag

human SLP65, N-terminal Hisg-
tag

human SLP65, N-terminal Citrine-

Dr. N. Herrmann

this thesis
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Citrine-hSLP65wt

pMSCVpuro
Citrine-hSLP65M23

pMSCVbleo
sh chCIN85_2389

pMSCVbleo

sh mock
LMP-pMSCV-GFP
sh chCIN85_2389

LMP-pMSCV-GFP
sh mock
pCRII Topo hCIN85

pCRII Topo hCIN85ACC
pCRII Topo hCD2APACC

pMSCVpuro
Citrine-hCD2APACC

pMSCVpuro Citrine (C1)
pCRII Topo hCD2AP
pCRIl Topo hCD2APASH3
pCRII Topo hCIN85 ASH3

pMSCVpuro
Citrine-hCD2AP

pMSCVpuro
Citrine-hnCD2APASH3

pMSCVpuro
Citrine-hCIN85 ASH3

chicken CD2AP 15f6, 3431

pCRII Topo chCD2AP

tag

human SLP65, R248, 313A, N-

terminal Citrine-tag

shRNA targeting bp 2389-2411 of
chicken cin85 mRNA

unspecific ShRNA
shRNA targeting bp 2389-2411 of
chicken cin85 mMRNA, IRES-GFP

unspecific ShRNA, IRES-GFP

human CIN85
human CIN85ACC, aa 1-599
human CD2APACC, aa 1-547

human CD2APACC, aa 331 -639,
N-terminal Citrine-tag

N-terminal Citrine

human CD2AP

human CD2AP, aa 331 -639
human CIN85, aa 329-665

human CD2AP, N-terminal
Citrine-tag

human CD2APASH3, aa 331 -
639, N-terminal Citrine-tag

human CIN85ASH3, aa 329-665,

N-terminal Citrine-tag
chicken cd2ap cDNA

chicken CD2AP

Dr.M.Engelke

this thesis

Dr. M. Engelke

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

this thesis

Dr. J.M. Buerstedde

this thesis
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pMSCVpuro
Citrine-chCD2AP
pPABESpuro
mLyn_wt-HA
pPABESpuro
mLyn_R275K-HA
pBluescript

cd2ap LARA HisD'

pBluescript
cd2ap LARA bs'

pMSCVpuro
Citrine-tSH2AN hSLP65_wt

pMSCVpuro
Citrine-tSH2ANhSLP65_M23

pCRII Topo SyktSH2

pGEX-4T-1
chCD2AP ablong

pMSCVpuro
Citrine AN hSLP65_wt

pMSCVpuro
Citrine AN hSLP65_M23

pMSCVpuro Citrine
TIRAPwt-AN hSLP65_wt

pMSCVpuro Citrine
TIRAPwt-AN hSLP65_M23

chicken CD2AP

mouse Lyn, C-terminal HA-tag

mouse Lyn, R275K substitution,
C-terminal HA-tag, kinase-dead
Histidinol D resistance cassette

with genomic sequences

Blasticidin S resistance cassette

with genomic sequences

human Syk aa 1-277 (tSH2) fused
to hSLP65 aa 49-456, N-terminal
Citrine-tag

human Syk aa 1-277 (tSH2) fused
to hSLP65 aa 49-456, R248,
313A  substitution,
Citrine-tag

N-terminal

human Syk aa 1-277, comprising

the tandem SH2 domains

chicken CD2AP, aa 350-640,N-
terminal GST-tag, immunisation of
rabbits

human SLP65, aa 49-456, N-

terminal Citrine-tag

human SLP65, aa 49-456,
R248,R313A, N-terminal Citrine-
tag

human TIRAP, aa 1-40 wt, fused
to hSLP65 aa 49-456, N-terminal
Citrine-tag

human TIRAP, aa 1-40 wt, fused
to hSLP65 aa 49-456,

this thesis

Dr. M. Lésing

Dr. M. Loésing

Dr. K. Neumann

Dr .K. Neumann

this thesis

this thesis

Dr. |. Goldbeck

this thesis

this thesis

this thesis

this thesis

this thesis
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R248,R313A ,N-terminal Citrine-

tag

pMSCVpuro Citrine
mutTIRAP-AN hSLP65_wt

pMSCVpuro Citrine
mutTIRAP-AN hSLP65_M23

human TIRAP, aa 1-40 Kall, fused
to hSLP65 aa 49-456, N-terminal
Citrine-tag

human TIRAP, aa 1-40 witKall,
fused to hSLP65 aa 49-456,

R248A, R313A,N-terminal Citrine-

tag

hTIRAP-SLP65

hTIRAP Kall-SLP65

human TIRAP

human TIRAP, K15,16,31,32A

this thesis

this thesis

Dr. N. Herrmann

Dr. N. Herrmann

2.1.9 Additional material

8-well chamber slides

GeneRuler 1kb DNA ladder

Glutathione sepharose® 4Fast Flow
Nitrocellulose filter Hybond ECL™
Prestained protein marker, Broad Range

Sterile filter

2.1.10 Instruments

Agarose Gelelectrophoresis System
Autoclaves

BioPhotometer

Chemilux Gel Imager
Electrophoresis power supply

Electroporation cuvette (4mm gap)

LabTek™, Nunc
Fermentas

GE Healthcare
Amersham Biosciences
New England Biolabs®

Roth

Peglab Biotechnology
IBS Integra Biosciences
Eppendorf

Intas Science Imaging
Amersham BioSciences

Peglab Biotechnology

21



MATERIALS AND METHODS

FACSCalibur

GenePulser® 1l electroporation system
HeraCell® 150 CO, incubator
HERAsafe® Microbiological safety cabinet
LSR Il

Mastercycler epgradient & personal
Microbiological Incubator (37°C)
Microcentrifuge 5415D

Microscope

Mini-gel apparatus

Multifuge 3SR

Neubauer counting chamber
ph-Meter pH Level 1

Refrigerated centrifuge RC 3B Plus
Refrigerated Microcentrifuge 5417R
Semi-dry transfer unit TE 70

Sonificator

Spectral confocal & multiphoton system TCS SP2

ThermoStat plus

Unitron incubation shaker
UVette

Vortex-Genie 2

Water bath

Water Purification System Milli-Q

Westernblotting filter paper

Becton Dickinson
Bio-Rad Laboratories
Heraeus

Heraeus

Becton Dickinson
Eppendorf

Heraeus, Thermo Scientific
Eppendorf

Leitz®

Bio-Rad Laboratories
Heraeus

Brand GmbH
inoLab®

Sorvall®

Eppendorf

Hoefer

Bandelin

Leica Microsystems
Eppendorf

Infors

Eppendorf

Scientific Industries, Inc.
Schutt Labortechnik
Millipore™, Sartorius

Schleicher & Schell
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2.1.11 Software
Adobe®Photoshop® CS5

CellQuestPro

CorelDRAW Graphics Suite X5
Endnote 7

FACS Diva

FlowJo

Imaged

Leica Confocal Software

MS Office

pDRAW 32

2.1.12 Websites and databases

http://expasy.org/

http://genome.ucsc.edu/cgi-bin/hgBlat

Image editing

FlowCytometry Analysis
Graphic editing

Bibliography

FlowCytometry Analysis
FlowCytometry Analysis

Image Processing and Analysis

Confocal imaging software

DNA analysis

http://katahdin.cshl.org:9331/homepage/siRNA/RNAI.cgi?type=shRNA

http://multalin.toulouse.inra.fr/multalin/

http://scansite.mit.edu/motifscan_seq.phtml

http://www.ncbi.nim.nih.gov/

http://www.phosphosite.org
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2.2 Methods
2.2.1 Methods in Molecular Biology

2.2.1.1 Fragmentation of DNA with restriction endonucleases (typell)
For site-specific cleavage and generation of 3 -hydroxyl and 5 -phosphate termini substrate
DNA was incubated with restriction endonucleases according to the manufacturer's

instructions (New England Biolabs®).

2.2.1.2 Purification of DNA fragments

DNA fragments of 50bp to 15kb were purified from agarose gels or directly from PCR
reactions with Wizard® SV Gel and PCR Clean-Up System (Promega) according to
manufacturer’s instructions. DNA was eluted in 30-50ul dH,0.

2.2.1.3 Ligation of DNA fragments

For the formation of phosphodiester bonds between linearised vector and insert DNA
molecules T4 DNA ligase (New England Biolabs®) was used. A 10pl reaction was set up
mixing vector and insert molecules in a 1:3 molar ratio and T4 DNA ligase in ATP-containing
T4 DNA ligase buffer for >1h at RT or 16°C overnight. 5ul of the mixture were used for

transformation of competent cells.

2.2.1.4 Phenol-Chloroform DNA extraction

Protein contaminations were removed from nucleic acid samples by adding an equal volume
of Phenol-Chloroform-Isoamyl alcohol (2:3:4) followed by a short centrifugation step for
phase separation. The aqueous, DNA-containing phase was transferred into a new reaction

tube and DNA was precipitated with ethanol.

2.2.1.5 Ethanol precipitation of DNA

To precipitate DNA from aqueous solutions samples were mixed with 1/10 volume 5M NacCl
and 2.5 volumes 100% ethanol (-20°C), vortexed and incubated at -80°C for 20 min.
Samples were centrifuged at 20.000xg at 4°C for 10 min. The supernatant was discarded

and the DNA pellet was air-dried before being dissolved in PBS.

24



MATERIALS AND METHODS

2.2.1.6 Agarose gel electrophoresis of nucleic acids

Agarose gel electrophoresis was used to separate DNA fragments according to their size.
0.7% - 2% (w/v) agarose was molten in TAE buffer and ethidium bromide was added to a
final concentration of 0.5ug/mL. DNA samples were mixed with 6x DNA loading buffer,
loaded on the gel and electrophoresis was performed at a voltage of 5V/cm distance
between electrodes. A DNA molecular weight standard (GeneRuler 1 kb DNA ladder, MBI
Fermentas) was loaded for determination of DNA size and quantity.

TAE buffer 40mM Tris/acetic acid, pH 7.8; 10mM NaAc; 1mM EDTA, pH 8
6x DNA loading buffer 10mM Tris-HCI (pH 7.6), 0.03% bromophenol blue, 60%
glycerol

2.2.1.7 Photometric determination of DNA concentration
Concentration of double-stranded DNA was determined with an Eppendorf photometer in
guartz cuvettes and calculated using the following equation:

1A,60 Unit of dsDNA = 50ug DNA/mL diluent
The purity of DNA can be estimated by the following value:

Pure DNA : A260/A280 >1.8

2.2.1.8 Dephosphorylation of vector DNA
To prevent religation of vector DNA which was cut with only one restriction endonuclease 1pl
calf intestine phosphatase (CIP) was added to the restriction mixture and incubated for 1h at

37°C. Dephosphorylated vector was purified after gel electrophoresis from agarose.

2.2.1.9 Extraction and purification of plasmid DNA from E.coli

The small scale purification of plasmid DNA (Miniprep) was based on alkaline lysis using the
Invisorb® Spin Plasmid Mini Two Kit (Invitek) according to manufacturers instructions.
Therefore 4mL of LB-medium supplemented with the appropriate antibiotic were inoculated
with a single bacterial colony and grown in a shaker at 37° and 180rpm overnight. For
preparative isolation of plasmid DNA (Midiprep) 100mL bacterial culture were harvested and
DNA purification was performed with Wizard® Plus SV Midiprep Kit (Promega) according to

manufacturer’s instructions. DNA was eluted with nuclease-free H,0.
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LB medium/Amp: 10g tryptone, 5g Yeast extract, 10g NaCl ad 1000mL H,O; 100ug/mL
Ampicillin

2.2.1.10 Cloning of PCR fragments via T/A cloning

PCR products generated by taq polymerase comprise additional deoxyadenosines at the
3’end. This allows ligation into linearised pCR® II-TOPO® having single, overhanging
3 deoxythymidine residues. PCR products generated by proof-reading Phusion polymerase
were purified from agarose gels, and mixed 1:1 with Taqg PCR Master Mix Kit to produce 3°-A
overhangs. PCR products were ligated into linearised pCR® 1I-TOPO® according to

manufacturer’s instructions.

2.2.1.11 Isolation of genomic DNA from DT40 B cells

For analysis of DT40 genotypes by PCR 0.5-1-10° cells were harvested, washed with PBS
and resuspended in 20-50ul Proteinase-K buffer. The suspension was incubated at 56°C for
1h and proteinase K was inactivated at 95°C for 10min. Genomic DNA was used in PCR and
stored at 4°C.

Proteinase K buffer 1% (v/v) proteinase K; 1x polymerase buffer; 0.5% Tween

2.2.1.12 Preparation of chemo-competent E.coli

To obtain stocks of competent E.coli strains 5mL LB medium were inoculated with the E.coli
strain and grown in a shaker at 37° and 180rpm overnight. The next day 900ul overnight
culture were transferred into 150mL LB medium and grown until an ODgy = 0.45-0.55 was
reached. The culture was put on ice for 10min and bacteria harvested at 5,000xg at 4°C for
10 min. The medium was decanted and bacteria were resuspended in 30mL TFB I. After
10min incubation on ice cells were recovered by centrifugation and resuspended in 6mL ice-
cold TFB Il. 50ul aliquots of this suspension were flash frozen with liquid nitrogen and stored
at -80°C.

LB medium: 10g tryptone, 5g Yeast extract, 10g NaCl ad 1000mL H,O

TFB I: 50mM MnCl,-4H,0; 100mM KCI; 10mM CaCl,-2H,0; 30mM KOAc, pH6.0;
15% (v/v) glycerol; adjust to pH 6.1 with HOACc; autoclaved; 4°C storage

TFB II: 75mM CaCl;-2H,0; 10mM KCI; 10mM MOPS; 15%(v/v) glycerol; adjust to
pH7.0 with KOH; autoclaved;4°C storage
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2.2.1.13 Transformation of chemo-competent E.coli

To cause circular DNA to enter E.coli, competent bacteria were thawed on ice and 150ng of
plasmid DNA or 5l of a ligation reaction were added and mixed gently by flicking the tubes.
The mixture was stored on ice for 20min, heat-shocked for 70s at 42°C and returned to ice
for 2min. Cells were resuspended in 150ul LB medium and the culture was grown at 37°C for
20min. Subsequently bacteria were spread onto LB plates containing an appropriate
antibiotic and incubated at 37°C overnight. After transformation of pCR® II-TOPO® vectors LB
plates were treated with IPTG/X-Gal before spreading of the bacteria to allow blue-white
screening of the clones.

LB plates: 20g agar/1000mL LB; autoclaved and cooled to 60°C; addition
of 50-100ug/mL ampicillin;4°C storage

LB plates IPTG/X-Gal: LB plates, supplemented with 40ul IPTG (0.1M) and 40ul X-Gal
(40mg/mL)

2.2.1.14 Long term storage of bacteria
Fresh bacterial cultures were mixed with 50% (v/v) glycerol (autoclaved) and stored at -80°C.

2.2.1.15 In vitro amplification of DNA by the Polymerase Chain Reaction (PCR)

The PCR is a technique used for DNA analysis and molecular cloning and is based on the in
vitro amplification of a specific segment of DNA (Mullis et al. 1986). The basic reaction
includes three repetitive temperature steps allowing denaturation of dsDNA, primer annealing

and elongation by a polymerase.

For molecular cloning and site-directed mutagenesis PCR reactions were performed using
thermo stable Phusion® High-Fidelity DNA Polymerase (Finnzymes, Thermo Fisher

Scientific) according to manufacturer’s instructions.

2.2.1.15.1 Analysis of cd2ap” DT40 B cell line
Genetic analysis of cd2ap™ DT40 B cell clones was performed with Taq PCR Master Mix Kit.

Freshly isolated genomic DNA was screened for targeted integration of resistance cassettes

using the following PCR setups and program:
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Table 2.4: PCR setup

wt allele hisD' integration bs" integration
1x Tag PCR Master Mix 1x Tag PCR Master Mix 1x Tag PCR Master Mix
0.5pl genomic DNA 0.5pl genomic DNA 0.5pl genomic DNA
0.1l Primer (100uM) 0.1l Primer (100uM) 0.1l Primer (100uM)
CD2APRAscreen CD2APLAscreen CD2APLAscreen
0.1pl Primer 0.1pl Primer 0.1pl Primer
CD2APWt HIS Blast-300
ad 20ul H,O ad 20ul H,O ad 20ul H,O

Table 2.5: PCR program

step temperature time

initial denaturation 95°C 2min

denaturation 95°C 15sec

primer annealing 63°C 30sec

elongation 72°C 4min

final elongation 72°C 10min
number of cycles 33

2.2.1.15.2 Site directed mutagenesis

To introduce point mutations in cDNA, the respective vectors were subjected to PCR using
two oligonucleotide primers containing the desired mutation in the middle. Elongation of the
complementary oligonucleotides with Phusion® High-Fidelity DNA Polymerase results in
generation of a mutated vector. The PCR reaction was incubated with 1ul Dpnl
endonuclease for 1h at 37°C to digest the parental, methylated DNA template plasmid. The
reaction was transformed into chemo-competent E.coli and plasmids from individual clones

were analysed for the introduction of the desired mutation by sequencing.

2.2.1.16 DNA sequence analysis
Sequencing was performed by Seglab-Sequence laboratories Goéttingen GmbH (Géttingen,

Germany).
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2.2.1.17 RNA interference (RNAIi) with cin85 expression using microRNA-30 adapted
shRNAmir retroviral vectors
RNA interference is used by cells in order to control gene expression by either interfering
with messenger RNA stability or its translation (Cullen 2005). This mechanism can be
hijacked by introduction of vectors encoding shRNAs resulting in down regulation of the
expression of a gene of interest. To suppress gene expression of chicken cin85 a microRNA-
30-adapted (miR-30) retroviral transduction system was chosen that is based on RNAi via
short hairpin (sh) RNA (Open Biosystems (Dickins et al. 2005)). An shRNA targeting
sequence directed against the 3'UTR of chicken cin85 mRNA was incorporated into a 97-
mer DNA oligonucleotide. The oligonucleotide finally comprised the sense targeting
sequence (black), a miR-30 loop structure (green) and the antisense targeting sequence
(blue), flanked 5™ and 3™ by a miR-30 context (red) (TGCTGTTGACAGTGAGCGCTGACTG
AGACTCAAATTTATGTAGTGAAGCCACAGATGTACATAAATTTGAGTCTCAGTCATTGCC
TACTGCCTCGGA).
According to manufacturer’s instructions the oligonucleotide was used as template in a PCR
for introduction of restriction sites and was subsequently cloned into the LMP miR-30
adapted vector encoding a GFP marker for viral integration (LMP-pMSCV-GFP, Catalogue
Number: EAV4071). As a control an unspecific mock sequence was carried along (mock,
TGCTGTTGACAGTGAGCGATCTCGCTTGGGCGAGAGTAAGTAGTGAAGCCACAGATGT
ACTTACTCTCGCCCAAGCGAGAGTGCCTACTGCCTCGGA) (Paddison et al. 2004).
For the reduction of cin85 expression followed by genetic reconstitution (see figure 3.6),
vectors were used, that encode the miR-30-adapted shRNA and bleomycin resistance
cassette, but no GFP marker. Therefore the anti-cin85 shRNA coding sequence was cut off
the LMP-pMSCV-GFP vector via Bglll and Agel and cloned into likewise linearised
pMSCVbleo vector. All generated vectors were used for retroviral gene transfer (see 2.2.2.8)
and expression resulted in the formation of a short hairpin that is processed by the cellular
RNAI pathway.

2.2.2 Cell culture methods

2.2.2.1 Cell culture material

Tissue culture equipment Greiner Bio-One, Nunc, Sarstedt
Bleocin™ antibiotic Calbiochem®

Puromycin antibiotic InvivoGen

Blasticidin S antibiotic InvivoGen
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Histidinol D antibiotic Sigma-Aldrich®
RPMI Gibco®

DMEM Gibco®

FCS Gibco®

CS Gibco®
Penicillin Gibco®
Streptomycin Gibco®
Trypsin/EDTA Invitrogen™

2.2.2.2 Cell culture conditions

All cell lines were cultured in a 5% CO, humidified atmosphere at 37°C. FCS and CS were
heated to 56°C for 30 min for inactivation of complement factors. DT40 B cells were cultured
in RPMI1640+Glutamax, supplied with 10%FCS, 1%CS, 50U/mL Penicillin and 50ug/mL
Streptomycin. Platinum-E cells were nutritioned with DMEM+Glutamax containing 10%FCS,
10ug/mL blasticidin, 2.5ug/mL puromycin, 50U/mL Penicillin and 50ug/mL Streptomycin.
Confluent cells were washed with PBS and detached with Trypsin/EDTA solution for
passaging. Centrifugation of eukaryotic cells was performed at 1200rpm for 4min at 4°C. All
cell culturing was conducted under sterile conditions in laminar flow hoods and with sterile

equipment.

2.2.2.3 Celllines

2.2.2.3.1 DT40 B cell line (ATCC® Number: CRL-2111™)

The DT40 B cell line is an avian leukosis virus induced bursal lymphoma cell line (Baba and

Humphries 1984). The DT40 B cell line shows an increased ratio of targeted to random
integration of targeting constructs in the homologous gene loci allowing relatively
straightforward genetic modification of a vertebrate cell line. The ease of homologous
recombination has resulted in a long list of knock out cell lines making this cell line a powerful

tool for molecular B cell immunology (Winding and Berchtold 2001).
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Table 2.6: DT40 knock-out cell lines

DT40 cell line reference
cd2ap " this thesis
grb2” (Hashimoto et al. 1998)
lyn 7 (Takata et al. 1994)
slp65 (Ishiai et al. 1999a)
syk (Takata et al. 1994)

2.2.2.3.2 Platinum-E

Platinum-E is a retrovirus packaging cell line derived from HEK293T cells. The cell line
expresses the viral structural genes gag-pol and env of moloney murine leukaemia virus from
two different vectors (either coding for blasticidin or puromycin resistance) decreasing the
probability for the generation of replication-competent viruses (Morita et al. 2000).

2.2.2.4 Freezing and thawing of eukaryotic cells
For freezing 0.5-1-10" cells were harvested and resuspended in 1mL freezing medium. The
cell suspension was transferred into cryo conservation tubes and put on ice. For long-term

storage cells were frozen at -140°C.

Cells were thawed rapidly at 37°C put in 10mL culture medium to dilute the DMSO and
centrifuged. The cellular pellet was resuspended in 10mL fresh culture medium and

transferred on a culture dish.

Freezing medium 90% FCS (v/v), 10% DMSO(v/V)

2.2.2.5 Counting of suspension cells
Cells were mixed thoroughly and 10ul of the suspension were counted in a neubauer

chamber.

2.2.2.6 Transfection of DT40 B cells by electroporation
1-2-10" cells were harvested and resuspended in 700ul PBS. After mixing with 25pg of
linearised DNA the cell suspension was transferred to an electroporation cuvette and placed

on ice for 10min. Electroporation was performed at 270V and 960uF. The cells were put on
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ice for 10min and resuspended in cell culture medium. After an incubation at 37°C for 24h
the cell culture medium was changed and 1pg/mL puromycin was added as antibiotic and the
cells were plated on two 96-well-dishes with 200pl/well. After 7-14 days stable transfectants

were visible and grown for further analysis.

2.2.2.7 Transfection of Platinum-E cells by lipofection

Platinum-E cells stably express gag-pol and env viral structural genes. To be used as
retroviral packaging cell line, cells were transfected with retroviral vectors (pMSCV, derived
from Moloney murine leukaemia virus, (Hawley et al. 1994)) providing the packaging signal
g", transcription and processing elements and a gene of interest. In addition a vector coding
for the envelope glycoprotein of the vesicular stomatitis virus (VSV-G) is co-transfected to
allow production of amphotrophic viruses (Emi et al. 1991). Platinum-E cells were split to 50-
70% confluency in a 6¢cm dish. The next day the lipofection mixture composed of 180ul RPMI
w/o supplements, 7.5pl TransIT® -293 Transfection Reagent (Mirus Bio LLC), 1.8ug retroviral
expression vector and 0.7ug pHCMV-VSV-G was incubated for 30min at RT. The Platinum-E
culture medium was exchanged with 4mL DT40 culture medium and the lipofection mixture
was added drop wise to the cells. After 48h incubation at 37°C and 5% CO, the supernatant

was used for retroviral transduction.

2.2.2.8 Retroviral transduction of DT40 B cells

Retroviral gene transfer (Ausubel et al. 1995) was used to introduce stable genetic material
into the genome of DT40 B cells. Therefore 1-2-10° DT40 B cells were resuspended in 2mL
fresh DT40 culture medium and the 4mL retrovirus-containing supernatant (see 2.2.2.7) was
added after sterile filtration (0.45um pore size). To increase infectivity polybrene was added
to a concentration of 3ug/mL. Cells were incubated for 24h under standard cell culture
conditions. To remove remaining retrovirus the cells were centrifuged and resuspended in
10mL fresh culture medium and 24h later selected with the appropriate antibiotics
(puromycin 1pg/mL for 3 days, blasticidin 30mg/mL for 3 days, bleocin 70ug/mL for
48h)(Ausubel et al. 1995).

All manipulations of pseudo-typed retroviruses were performed in compliance with the S2

standard and safety instructions.

Polybrene stock solution 3mg/mL polybrene in PBS; sterile-filtered; freshly

prepared
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2.2.3 Flow cytometry

2.2.3.1 Fluorophor expression analysis
To monitor the expression of fluorophor-tagged proteins 1-10° cells were washed,

resuspended in PBS and analysed by flow cytometry.

2.2.3.2 Surface chicken IgM internalisation assay

To monitor the amount of surface IgM 4-10° DT40 B cells were washed with ice-cold PBS
and resuspended in 100pl PBS containing 2ug/mL anti-chicken IgM (M4, mouse IgM). After
15min incubation on ice cells were washed three times with 1mL ice-cold PBS and
resuspended in 400mL ice-cold DT40 medium. 100pl of the cell suspension were put in
400ul pre-warmed DT40 medium and incubated at 37°C for 5, 10 or 20min. For the Omin
time point 400ul ice-cold DT40 medium was added. Cells were washed with 1mL ice-cold
PBS and centrifuged at 300xg for 4min at 4°C. To stain residual surface IgM bound by M4
cell pellets from different time points were resuspended in 50ul PBS containing goat anti-
mouse IgM Cy™5-conjugated F(ab’), fragment in a 1:200 dilution and incubated on ice for
15min. Cells were washed and resuspended in 300ul PBS and kept on ice until flow

cytometric analysis.

2.2.3.3 Ca* mobilisation analysis

For monitoring changes in Ca** levels of B lymphocytes flow cytometry (LSR IlI, Becton
Dickinson) was applied using the polycyclic chelator Indo-1-AM. As Indo-1 is an uncharged
molecule it is able to permeate membranes, but it is trapped inside the cell upon non-specific
cleavage by cytosolic esterases (dye-trapping). The fluorescence properties of this ratio
metric dye is markedly changed when Ca" is bound; the emission maximum from Indo-1-AM
shifts from ~475 nm in Ca**-free (Indo blue) medium to ~400 nm (Indo violet) when the dye is
saturated with Calcium-lons. The use of the 400/475 emission ratio reduces the effects of

unequal dye loading, leakage of dye and photo bleaching.

For Ca®* mobilisation analysis 1.5-10° cells were harvested at 300xg for 4min at RT. The cell
pellet was resuspended in 600ul DT40 cell culture medium loaded with 0.015% Pluronic F-
127 and 1pM Indo-1-AM and incubated for 20 min at 20°C. Cells were incubated at 37°C for
10 min and washed 1x with Ca**-containing Krebs-Ringer solution, resuspended in 600l
Ca’*-containing Krebs-Ringer solution and kept at 25°C for 15min and analysed by flow
cytometry. After 20 s of recording cells were stimulated with M4 in Ca®* -containing Krebs-

Ringer solution (concentration indicated in the figure) for 3-5 minutes. The Ca** mobilisation
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profiles were analysed using FlowJo and Excel software. Kinetic graphs in each figure

represent the median of all cells analysed in a given second.

For Ca?" mobilisation analysis in the genetic reconstitution experiments as depicted in figure
3.6 Citrine expression was monitored in parallel and kinetic graphs were derived after gating

for Citrine positive or negative populations resulting in two graphs from one measurement.

Krebs-Ringer solution (Ca2+) 10mM HEPES, pH 7.0; 140mM NaCl; 4mM KCI; 1mM
MgCl,; 10mM glucose

Indo-1-AM stock 1mM in DMSOQO; store at -20°C

Pluronic F-127 stock 5% (wiv)

2.2.4 Confocal laser scanning microscopy

Confocal laser scanning microscopy of Citrine fusion proteins 0.5-1-10° cells were washed
and resuspended in 200pl with Ca®*-containing Krebs-Ringer solution. Cells were analysed in
8-well chamber slides (LabTek™, Nunc) using the Leica TCS SP2 microscope (Leica
objective PL APO 63x1.3 Glycerol HCX) and Leica Confocal Software. The Citrine fluorophor
was excited at 514nm and emission was collected from 530-600nm. Pictures were taken
prior to BCR stimulation or after carefully adding 40ul M4-containing Krebs-Ringer solution to

a final concentration of 2ug/mL. Images were exported to Adobe® Photoshop® CS5.

Quantification of fluorescence intensities in DT 40 B cells was performed using the ImageJ
software. The mean fluorescence intensity (MFI) at the plasma membrane was normalised to
the MFI in the cytosol for each cell. The mean of the normalised MFI at the plasma
membrane in resting or BCR-stimulated cells is indicated as Myeg. Or Mgim., respectively. The
fold-change expresses the change of the MFI at the plasma membrane before and after

BCR-stimulation calculated for each cell.

n
1 MFI lasma membrane
Mrestz_'zxi: X = L
’ n

MFI )
cytosol resting cell

n
1 MFI plasma membrane
Mgim = —- Xi, X =
stim. n i

MFI )
cytosol stimulated cell
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n (M FI plasma membrane)
fold change = L Z X x = MFlcytosor stimulated cell
n < 1 Y (MFIplasma membrane)
i=
MFI cytosol

resting cell

2.2.5 Biochemical methods

2.2.5.1 Expression and purification of recombinant GST fusion proteins

To yield fusion proteins with the GST moiety at the N-terminus and the protein of interest at
the C-terminus the pGEX vector was transformed in E.coli BL21(DE3). A single colony was
inoculated in 2YT/Amp medium and grown over night. The culture was diluted into 20-500mL
2YT/Amp and grown until an ODgy Of 0.6-0.8 was reached. Expression was induced with
0.1mM IPTG. After shaking at 37°C for 3h bacteria were harvested by centrifugation at
3,000xg and 4°C for 20min. Bacterial pellets were resuspended in 1/20 of the culture volume
bacterial lysis buffer without Triton X-100 and the suspension sonicated six times for 15s.
Triton X-100 was added to the lysate to a final concentration of 1% and incubated for 30min
on ice. The lysate was centrifuged at 6000xg at 4°C for 15min. The supernatant was
transferred into a new reaction tube and incubated with 1/1000 of the culture volume
glutathione sepharose 4 Fast flow (50% slurry, GeHealthcare) rotating for 1h or overnight at
4°C. The sepharose beads were washed three times with Triton X-100 containing bacterial
lysis buffer and either used for affinity purification experiments or eluted with GST elution

buffer for immunisation of rabbits (expression method).

2YT medium 16g/L select peptone; 10g/L yeast extract; 5g/L NaCl

Bacterial lysis buffer 50mM Tris/HCI, pH 7.4; 150mM NaCl; 5mM DTT; protease
inhibitor

GST elution buffer 50mM Tris/HCI, pH 8; 10mM glutathione (reduced)

2.2.5.2 Immunisation of rabbits with GST fusion proteins

To produce polyclonal antiserum against chicken CD2AP the GST fusion protein chicken
CD2AP_ADb_long was purified with glutathione sepharose and eluted with GST elution buffer.
For the primary immunisation 75-100ug of the immunogenic protein was emulsified with 2x
volumes Freund's complete adjuvant (final volume 300ul) by sonification. The emulsion was
injected subcutaneously in female Chinchilla Bastard rabbits (Charles River Laboratories,

Germany) by a veterinarian at the Central Animal Facility University of Gottingen. At the date
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of primary injection 1mL pre-immune serum was taken from the animals. The immune
system of the animals was boosted three times every 3-4 weeks with an emulsion containing
the immunogen in Freund's incomplete adjuvant. Then 50mL blood were collected and
centrifuged after coagulation at 1500xg and 4°C for 25min. The serum was transferred in a
new tube and stored at -20°C. The antibody was tested on cleared cellular lysates from DT40
wild-type or cd2ap ” DT40 B cells and used in a 1:2000 dilution.

All procedures were displayed in accordance with 810a of the protection of animals act.

2.2.5.3 Expression and purification of recombinant Hisg fusion proteins

To express human SLP65 with an N-terminal Hiss —tag the pET15b expression vector was
transformed in E.coli BL21(DE3). A single colony was inoculated in LB/Amp and grown for 4h
before dilution into 50ml minimal medium containing ampicillin and shaking overnight. The
next day the overnight culture was transferred in 500ml minimal medium/Amp and grown
until an ODggo of 0.6. Expression was induced with 1mM IPTG and stopped after shaking for
3h at 37°C. Bacteria were harvested by centrifugation at 6000rpm and 4°C for 35min.
Bacteria pellets were resuspended in 6ml LEW-buffer and lysed by sonification 3 times for
30s. After sonification Triton-X 100 was added to a final concentration of 0.25% and
incubated on ice for 30min. Lysates were centrifuged at 18000g and 4°C for 30min. The
cleared lysate was run over an LEW equilibrated Ni-IDA column and the column washed with
LEW buffer containing 5mM Imidazole. The recombinant protein was eluted off the column
with 1.5ml elution buffer. LEW and elution buffers as well as Ni-NDA columns were taken
from the Protino® Ni IDA 1000 kit, MachereyNagel.

Minimal medium 135.6g/L Na;HPOy,; 60g/L KH,PO,; 10g/L NaCl; 20g/L NH,CI;
0.4% glucose; 2mM MgSO, 0.1mM CaCl,; 6ml thiamine
hydrochloride (5mg/mL); 50pg/ml ampicillin

2.2.5.4 Stimulation of DT40 B cells via the BCR

DT40 B cells were harvested and washed once with PBS. Cell were resuspended in RPMI
1640 without supplements and incubated at 37°C for 10-20min. Stimulation via the BCR was
induced by adding 2pug/mL M4 to the cell suspension and vortexing. Cells were incubated for
desired time points and directly centrifuged at 950xg and at 4°C for 2min. Cells were lysed by
adding 20pl/1-10° cell lysis buffer and incubation for 30 min on ice. Lysates were centrifuged

at maximum speed and 4°C for 10 min. The cleared cellular lysate (CCL) was either mixed
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with ¥ 4xSDS sample buffer and heated at 95°C for 5min or subjected to immuno- or affinity

purification experiments.

Lysis buffer 50mM Tris/HCI, pH 8; 150mM NaCl; 5mM NaF; 1mM NasVOy;
protease inhibitor cocktail; 0.5% NP-40

4xSDS sample buffer 250mM Tris/HCI, pH 6.8; 200mM DTT; 40% glycerol; 8% SDS;
0.05% bromophenol blue

2.2.5.5 Affinity purification with GST fusion proteins or antibodies

For affinity purifications with GST fusion proteins cleared cellular lysates from 2-5-10" cells
were incubated with 10pug of the fusion protein immobilised on glutathione sepharose rotating
at 4°C overnight. Alternatively CCLs were incubated with 0.5-2ug of the precipitating
antibody overnight and immobilised on 15ul Protein A/G plus agarose (Santa Cruz
Biotechnology, Inc.) incubated for 45min. For precipitation of the BCR, DT40 B cells were
stimulated with 2pug/mL M4 (anti-chicken IgM, mouse IgM) at 37°C or on ice (0 min time
point). Cells were washed once with PBS to remove residual unbound M4 Dbefore
resuspension in lysis buffer. After rotating over night the lysate was incubated with 2ug goat
anti-mouse IgM for 1h to allow subsequent immobilisation with ProteinA/G Plus agarose. The
beads were washed two times with 600ul lysis buffer and were finally heated in 50ul 4x SDS

sample buffer at 95°C for 5min. Purified proteins were resolved by SDS-PAGE.

For analysis of in vitro interaction of recombinant Hisg SLP65 with GST-CIN85(SH3); coupled
to glutathione sepharose 10ug of both proteins were incubated in NMR buffer and rotated for
2h at 4°C. Beads were washed three times with 1mL NMR buffer and heated in 4xSDS

sample buffer before analysis.

NMR buffer 20mM Bis-Tris; 150mM KCI; 2mM DTT; 0.01% NaNs;,;pH 7

2.2.5.6 SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli 1970)

For the separation of proteins by electrophoresis the discontinuous SDS gel system was
used. Proteins in a sample are concentrated in the stacking and resolved by molecular
weight in the separating gel. Electrophoresis was performed at 12mA for the stacking and
50mA for the separating gel in a Biorad gel electrophoresis system. As apparent molecular
weight standard the prestained protein marker (NEB) was used. For the visualisation of
proteins SDS-gels were either stained with Coomassie dye or subjected to western blot

analysis.
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Stacking gel 125mM Tris/HCI, pH 6.8; 4.8% acrylamide; 0.1% TEMED; 0.1%
APS

Separating gel 375 mM Tris/HCI, pH8.8; 10% acrylamide; 0.1% TEMED; 0.1%
APS

SDS running buffer 25mM Tris; 192mM glycine; 0.1% (w/v) SDS

Coomassie staining solution 2.5g/L Coomassie Brilliant Blue R250; 45% MeOH; 10% acetic
acid

2.2.5.7 Western blot analysis

After SDS-PAGE proteins were transferred onto nitrocellulose membranes via semi-dry
blotting. A sheet of transfer buffer soaked whatman paper was put on the anode followed by
the nitrocellulose membrane, the SDS gel, a second whatman paper and the cathode. The
transfer was performed applying a constant voltage of 16V for 1h. The membrane was put in
blocking solution for 1h at RT. For the specific detection of proteins the membrane was
incubated with the primary antibody diluted in antibody solution. For detection via chemi-
luminescence an HRPO-coupled secondary antibody was used in a 1:10,000 dilution. The
immunostaining was visualised using the ECL solution and a digital imaging system (Chemi

Lux , Intas).

Transfer buffer 39mM glycine; 48mM Tris; 0.0375% (w/v) SDS; 0.01% (w/v) NaNs;
20% MeOH

Blocking solution 5% (w/v) BSA in TBS-T
ECL solution 4ml solution A was freshly mixed with 400ul solution B and 1.2ul H,0,
Solution A 250mg/L luminol; 0.1M Tris/HCI, pH 8.6, 4°C

Solution B 55mg para-Coumaric acid/50mL DMSO
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3 Results

3.1 CINS5 is a positive regulator in the onset of BCR-induced Ca** signalling,
but can be replaced by CD2AP

3.1.1 CINS5 has a positive regulatory role in BCR-induced Ca* flux

In order to analyse the impact of the preformed SLP65 and CIN85 and/or CD2AP complex
on BCR-induced signal transduction from the side of CD2AP and CIN85, first, a cin85 *
DT40 B cell line was generated (Dr.K Neumann). Due to the existence of multiple promoters
in the rat cin85 (ruk) gene targeting the 5 region of the chicken cin85 gene still showed
expression of CIN85 isoforms (data not shown). Therefore, | decided to use RNA
interference (RNAI) to explore the function of CIN85 in DT40 B cells. cin85 gene expression
was arrested using retroviral vectors encoding a short hairpin (shRNA) targeting the 3°
untranslated region (UTR) of chicken cin85 mRNA. An unspecific sShRNA (mock) was always
carried along to rule out any effects derived from the blockage of the endogenous RNAI
pathway by overexpression of a synthetic shRNA. In the following sections cells that were
infected with sShRNA against cin85 mRNA or an unspecific ShRNA are referred to as cing5®"
or mock®" DT40 B cells, respectively.

To estimate the expression of chicken cin85 and shRNA-induced changes, DT40 B cells
were infected with shRNA against cin85 mRNA or control ShRNA and cleared cellular lysates
were analysed by immunoblot analysis (figure 3.1). Immunostaining with anti-CIN85
antibodies detected two signals at about 160 kilo Dalton (kDa) and two at 80kDa. The signals
at 160kDa are not targeted by the shRNA and are possibly unspecifically detected by the
anti-CIN85 antibody. The upper signal at 80kDa is considered to be the long CIN85 isoform
comprising all three N-terminal SH3 domains, while the lower is a truncation variant that
lacks the first SH3 domain. In mouse tissues these isoforms are referred to as Ruk, and
Rukaa, respectively (Buchman et al. 2002). The CIN85 signal of both isoforms shows is
strongly reduced in cells expressing the shRNA against cin85 mRNA (cin85°"). Thus, the
cing5™" DT40 B cells could be used to analyse the function of CIN85 in BCR signal

transduction.
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For BCR-induced Ca*" mobilisation analysis of mock®" and cin85°" DT40 B cells, the amount
of CIN85 was always controlled in parallel. Figure 3.2A shows a considerable reduction of
cin85 expression in cin85™" DT40 B cells. The shRNA-infected cells were subjected to BCR-
induced Ca*" mobilisation analysis using high or low concentrations of stimulating antibodies
(figure 3.2B and C, respectively). When stimulated with 0.2pug/ml both mock®" and cing5®"
wild-type DT40 B cells responded with a fast increase followed by a slow decline of
intracellular Ca** concentration (figure 3.2B). After low BCR stimulus comparison of the Ca**
profiles of mock®" and cin85*" wild-type DT40 B cells (figure 3.2B and C, blue and red line,
respectively) revealed that reduced expression of cin85 led to a slightly, but significantly
decreased and delayed Ca** response. Thus, CIN85 exerts a positive function in the kinetic
and magnitude of the Ca®" signal after BCR cross-linking with low amounts of stimulating

antibody.
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Figure 3.2: CIN85 is a positive regulator of BCR-induced ca” flux.

A) Wild-type DT40 B cells expressing an shRNA against cin85 mRNA (cin85$h) or a control shRNA
(mockSh) were either subjected to immunoblot analysis using anti-CIN85, anti-chicken CD2AP or anti-
actin antibodies (upper, middle and lower panel, respectively) or B) and C) to flow cytometry for BCR-
induced Ca®* flux analysis using either 0.2ug/ml or 0.02pg/ml anti-chicken IgM antibodies (B and C,
respectively). Apparent molecular weights of protein standards are indicated on the left in kDa. Parts
of this figure are published in (Oellerich et al. 2011).

3.1.2 CD2AP is dispensable for BCR-induced Ca* mobilisation
To elucidate a contribution of CD2AP to B lymphocyte signalling a cd2ap ™ chicken DT40 B
cell line was generated by homologous recombination. For the design of targeting vectors the

chicken cd2ap messenger ribonucleic acid (MRNA) (GenBank entry AJ720324.1) was
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blasted against the chicken genome (http://genome.ucsc.edu/cgi-bin/hgBlat) and the cd2ap

gene locus was mapped to chromosome 3:112824723-112889577.
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Figure 3.3: Generation of a cd2ap " DT40 B cell line.

A) Schematic representation of the chicken cd2ap wild-type allele, the targeting vector and the
targeted allele. The genomic locus of chicken cd2ap on chromosome 3 (wt allele) was targeted using
the vectors pBluescript-cd2ap-LARA-bsr or pBluescript-cd2ap-LARA-HisD either coding for a
blasticidin S or a histidinol D resistance cassette (bs' or hisD', respectively), 3" and 5" flanked by
genomic regions (targeting vector, left arm 2550bp, right arm 2500bp). The resistance cassettes were
inversely (3°—5") integrated into the targeting vector. Homologous recombination of the targeting
constructs into the genomic locus resulted in an introduction of a stop codon 3 of the third codon in
exon 3 and replacement of the downstream 2000bp by either bs" or hisD" (targeted allele). Depicted
sizes and distances are not drawn to scale. a,b,c,d: oligonucleotides used for genotype analysis, see
B). The targeting strategy was designed by Dr. K. Neumann. B) Genomic DNA of wild-type (lane 2) or
cd2ap ” (lane 3) DT40 B cells was analysed for targeted integration of the bs' or hisD' or the wt allele
via PCR using primers ¢ and d or a and b, respectively. A PCR reaction without genomic DNA was
performed as a negative control (H,O, lane 1). Primers: a: wtscreen; b: RAscreen; c: LAscreen, d:
either his (lower panel) or blast-300 (middle panel). C) Cleared cellular lysates from wild-type (lane 1),
cd2ap * (lane 2) or cd2ap * (lane 3) DT40 B cells were subjected to SDS-PAGE and analysed on an
immunoblot with antibodies recognising chicken CD2AP (upper panel) or actin (lower panel). Apparent
molecular weights of protein or DNA standards are indicated on the left in kDa or kb, respectively. For
all experiments shown cd2ap " clone 7.17 was used.
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Two targeting vectors were created that encode either a blasticidin S (bs) or a histidinol D
(hisD) resistance cassette, 3" and 5" flanked by genomic regions of the cd2ap gene locus.
Targeted integration resulted in a 2 kilo base (kb) gene deletion and the introduction of an in-
frame stop codon 3" of the third codon in exon 3 (figure 3.3A). This leads to early termination
of remaining transcripts. Targeted integration was analysed by PCR using genomic DNA

from wild-type or cd2ap

DT40 B cells (figure 3.3B) and on the protein level by
immunoblotting with anti-CD2AP antibodies (figure 3.3C). While wild-type DT40 B cells
showed expression of CD2AP, it was reduced in heterozygous cd2ap ** and not detectable

in cd2ap ” DT40 B cells.

Next, cd2ap ” DT40 B cells were retrovirally transduced to express either Citrine-tagged wild-
type CD2AP or enhanced Green Fluorescent Protein (EGFP) alone as a negative control
(figure 3.4, wt or cd2ap 7, respectively) and their competence to mobilise Ca?* was analysed
by flow cytometry. Upon stimulation of the BCR cd2ap ™ and cd2ap ” DT40 B cells
reconstituted with CD2AP showed no difference in their Ca®* flux (figure 3.4B and C).
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Figure 3.4: CD2AP is dispensable for BCR-induced Ca®* mobilisation.

A) CD2AP-deficient DT40 B cells retrovirally transduced with a vector coding for Citrine-tagged
chicken CD2AP (wt) or for EGFP as a control (cd2ap "') were either analysed by immunoblotting with
anti-chicken CD2AP or anti-actin antibodies (upper and lower panel, respectively) or B) and C)
subjected to flow cytometry for BCR-induced ca”" flux analysis using either 0.2ug/ml or 0.02pg/ml
anti-chicken IgM antibodies (B and C, respectively). Apparent molecular weights of protein standards
are indicated on the left in kDa. Parts of this figure are published in (Oellerich et al. 2011)

3.1.3 Reduced expression of cin85 combined with CD2AP-deficiency impaired BCR-
induced Ca* mobilisation

The data presented so far pointed to a function of CIN85 rather than CD2AP in BCR-induced

Ca?" signalling. The effect of cin85 expression arrest was small compared to the SLP65

variant unable to bind CIN85 or CD2AP. Since both, CIN85 and CD2AP were identified as
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interaction partners of SLP65 and both show the same overall domain architecture as well as
high sequence homology (Dikic 2002), | wanted to test if there was a functional redundancy
of the two in BCR-induced Ca** mobilisation.
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Figure 3.5: BCR-induced Ca” mobilisation is impaired upon reduced cin85 expression and
CD2AP-deficiency.

A) CD2AP-deficient DT40 B cells (cd2ap™?) expressing an shRNA against cin85 mRNA (cin85°") or a
control shRNA (mockSh) were either subjected to immunoblot analysis using anti-CIN85, anti-chicken
CD2AP or anti-actin antibodies (upper, middle and lower panel, respectively) or B) and C) to flow
cytometry for BCR-induced ca” flux analysis using either 0.2ug/ml or 0.02ug/ml anti-chicken IgM
antibodies (B and C, respectively). Apparent molecular weights of protein standards are indicated on
the left in kDa. Parts of this figure are published in (Oellerich et al. 2011).
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Therefore, | infected cd2ap ™ DT40 B cells with the constructs coding for the anti-cin85 or a
control shRNA. Immunostaining of cleared cellular lysates from cd2ap™9/cin85*" cells
showed a strong reduction in CIN85 on the protein level compared to wild-type (wt) or
cd2ap™?mock®™" cells (figure 3.5A). CD2AP was only detectable in wild-type DT40 B cells
(figure 3.5A, lane 3) and equal loading was confirmed by anti-actin immunostaining. BCR-
induced Ca®" analysis showed a diminished and delayed response of cd2ap™?/cin85" cells
compared to the cd2ap™¥mock®™ control cells under high as well as low stimulating
conditions (figure 3.5B and C). Again using low concentrations of cross-linking antibody the
positive effects of cd2ap and cin85 expression on a fast and strong Ca®* response was more
pronounced (see also figure 3.2C).

In summary, CD2AP-deficiency alone had no influence on the Ca*" profile, while reduced
cin85 expression resulted in a moderate decrease and delay in Ca®" flux after BCR
activation. However, CD2AP could exert positive effects on BCR-induced Ca** signalling

when the physiological amount of CIN85 protein was reduced.

3.1.4 Ectopic re-expression of cin85 reverses the defect in the onset of BCR-induced
Ca? mobilisation in cin85°" DT40 B cells
RNAI approaches have the disadvantage of giving false positive results, as the synthetic
shRNA might also bind non-specifically to other mRNAs. Thus, | wanted to establish a
system in which, after interference with cin85 expression by shRNAs, cin85 expression could
be reconstituted by ectopically expressed cin85 complementary DNA (cDNA). The
introduced cin85 cDNA was not targeted by the shRNA, since it did, in contrast to the
endogenous cin85 MRNA, not contain the 3'UTR. Figure 3.6 gives an overview of the
experimental steps undertaken: wild-type (wt) or CD2AP-deficient (cd2ap™’, not shown)
DT40 B cells were retrovirally transduced to express the shRNA targeting cin85 mRNA or an
unspecific shRNA and selected for stable integration of the construct (figure 3.6, 2).
Subsequently, wt/cin85*" or cd2ap™9/cin85" or their respective mock™ controls, were
infected a second time with viruses carrying a vector encoding the cin85 cDNA fused to
citrine. The cells were not selected for cDNA expression so that there were Citrine-positive
as well as Citrine-negative cells in one culture (figure 3.6, 3, black or white part of the well,
respectively). For subsequent BCR-induced Ca** mobilisation analysis the Citrine-positive
and Citrine-negative cells could be discriminated by concomitant flow cytometry. The latter

cells served as an internal negative control (4).
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Figure 3.6: Experimental strategy for the reconstitution of cin85/cd2ap expression in shRNA
transfected DT40 B cells.

Schematic drawing of the genetic modifications introduced to reconstitute cin85/cd2ap expression.
Wild-type (1, wt) or cd2ap " DT40 B cells (not shown) were retrovirally transduced with vectors coding
for an shRNA directed against the 3'UTR of chicken cin85 mRNA (cin855h) or with an unspecific
shRNA (mockSh) (2). After selection with the appropriate antibiotic and recovery of the cells they were
transduced a 2™ time with viruses containing the cDNA of interest in a Citrine-coding vector. After the
infection, cells were not selected for expression of the construct resulting in a cell population that
contains both, Citrine-positive (3, black part of the well, Citrine+) as well as Citrine-negative cells (3,
white part of the well, Citrine-) serving as an internal control. After flow cytometric analysis cells in 3
can be gated for Citrine-negative (P1) or Citrine-positive populations (P2) (4).

Ectopic expression of Citrine-tagged CIN85 in wt/mock®”, wt/cin85%", cd2ap"?/mock®" or
cd2ap™9/cin85°" DT40 B cells was confirmed by immunoblot analysis with anti-CIN85
antibodies (figure 3.7A, upper panel). With the same immunostaining the reduction of
endogenous cin85 expression could be determined in cin85%" cells (figure 3.7A, 2" panel,
lane 2 and 4).

47



RESULTS

A) B)
wt cd2ap™
S S
SESE CIN85
ectopic
83 — "ClN85 P1
[2]
83 — endogenous -
(&= W e - po
- 0-CIN85- 3 —
-]
-a-CD2AP- % WA L
10‘ m: 10 m‘ 105
2~ - MF|
- o-actin -
12 3 4
C)
45000 - mouse o— chicken IgM
§ 40000 - 4
8 y L)) M
7]
& sh
2 ’é\ﬁ:\"'\'\ﬂ — mock (P1)
£ ' sh
E M s MOCk h+CIN85 (P2)
S
S 30000 - — cin85 -
g . sh
3 cin85" +CIN85 (p2)
B 25000 .
£ e
20000 i : . .
0 50 100 150 200
time (s)
D)

45000 - mouse o— chicken IgM

£
40000 - g
S cd2ap
fg sh
o]
S 35000 - - \ -
- S
E = mock h+C|N85 (P2)
S
S 30000 - | — GIAE h 3
S
3 cin85 +CIN85 (p2)
0
E 25000
20000 , ' ' |
0 50 100 150 200

time (s)
Figure 3.7: Ectopic re-expression of cin85 reverses the defect in BCR-induced Ca*

mobilisation of cin85°" DT40 B cells. (legend on next page)
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Figure 3.7: Ectopic re-expression of cin85 reverses the defect in BCR-induced Ca*
mobilisation of cin85°" DT40 B cells

A) Wild-type (lanes 1 and 2) or CD2AP-deficient (lanes 3 and 4) DT40 B cells expressing either
ShRNA against cin85 mRNA (Cin85‘°‘h, lanes 2 and 4) or control shRNA (mockSh, lane 1 and 3) were
transduced with constructs coding for Citrine-tagged CIN85 and cleared cellular lysates were
subjected to SDS-PAGE and analysed by immunoblotting with antibodies recognising CIN85 (short or
long exposure), chicken CD2AP or actin (upper two, middle and lower panel, respectively). B)
Representative histogram of flow cytometric analysis of cells described in A). Gates reflect the Citrine-
positive (P2) or Citrine-negative (P1) populations of cells that were analysed in subsequent ca*
mobilisation assays. C) and D) Flow cytometric analysis of BCR-induced Ca*" mobilisation of cells
described in A) after gating for Citrine-CIN85 positive (light blue and yellow lines) or negative cells
(dark blue and red lines) in either wild-type (C, wt) or cd2ap™ DT40 B cells (D, cd2ap™?). Apparent
molecular weights of protein standards are indicated on the left in kDa.

The cells were analysed for their properties in BCR-induced Ca** mobilisation discriminating
Citrine-CIN85-negative (P1) or -positive cells (P2) as shown in figure 3.7B. Since the effects
of CIN85 were best observable using a low concentration of stimulating antibodies,
experiments were only performed with 0.02ug/ml anti-chicken IgM, hereafter. In accordance
with my previous results (figures 3.2 and 3.5C), interference with cin85 expression resulted in
a delayed and decreased Ca?' response upon BCR cross-linking in wt/cin85" or
cd2ap™?/cin85°" DT40 B cells, although the defect is more pronounced on cd2ap ™ genetic
background (figure 3.7C and D, compare dark blue and red lines). Importantly, when cin85
expression was reintroduced into wt/cin85°"+CIN85 or cd2ap™?/cin85°"+CIN85 DT40 B cells,
the defect in the Ca** response could be partially reverted (figures 3.7C or D yellow line).

The magnitude of the BCR-triggered Ca®* signal did depend on the strength of Citrine-CIN85
expression. Figure 3.8 shows the Ca®" profiles of Citrine-CIN85 expressing cd2ap%/mock®"
or cd2ap™¥/cin85°" DT40 B cells after gating for negative (P1), medium (P2) and high Citrine
expression (P3) (figure 3.8A). In the presence of endogenous CIN85, high overexpression of
cing5 resulted in a diminished Ca?* response compared to Citrine-CIN85 negative
cd2ap™¥/mock®™ DT40 B cells (figure 3.8B, compare green and dark blue line). After
interference with endogenous cin85 expression ectopic expression of cin85 resulted in an
increase in BCR-induced Ca* mobilisation, but the higher the expression of cin85 the
smaller was the positive effect on Ca®" fluxing in cd2ap™?/cin85°" DT40 B cells (figure 3.8C).
In conclusion the re-expression of cin85 reverses the anti-cin85 shRNA effects in the
initiation of BCR-induced Ca®* mobilisation confirming the specific function of CIN85 in this
signalling step. However, for optimal BCR-induced Ca** mobilisation cin85 expression must

be in tightly defined limits.
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Figure 3.8: The strength of ectopic cin85 expression influences the BCR-induced Ca”* profile.

A) Representative histogram of flow cytometric analysis of cd2ap™¥/mock™ or cd2ap™/cin85*" DT40
B cells (see figure 3.7) gated for no (P1), medium (P2) or high Citrine expression (P3). B and C) Flow
cytometric analysis of BCR-induced Ca®* mobilisation of cd2ap™¥/mock™ (B) or cd2ap™%/cin85°" DT40
B cells (C) after gating for Citrine-expression as described in A).
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3.1.5 CD2AP can rescue the BCR-triggered Ca* mobilisation defect induced by
diminished cin85 expression
To investigate whether CD2AP can restore the Ca* flux in cin85™" cells, wt/mock®",
wt/cin85°%", cd2ap™?mock™ or cd2ap™¥/cing5™" DT40 B cells were retrovirally transduced to
express CD2AP fused to a Citrine-tag (see figure 3.6). Expression of Citrine-tagged CD2AP
in the indicated cell types was confirmed by immunostaining with anti-CD2AP antibodies
(figure 3.9A, upper panel) and reduction of CIN85 on the protein level was determined using
anti-CIN85 antibodies (figure 3.9A, 2™ panel, lanes 2 and 4). Cells were selected with
puromycin prior to immunoblotting, since the expression of CD2AP was not detectable in the
mixed Citrine-CD2AP positive and negative population. Unselected wt/mock®", wt/cin85%",
cd2ap™¥/mock®™ or cd2ap™/cin85°" DT40 B cells either Citrine-CD2AP positive (P2) or -
negative (P1) were subjected to BCR-induced Ca®* flux analysis after gating on the
respective populations as shown in figure 3.9B.
Overexpression of cd2ap on a wild-type genetic background did not have an impact on the
BCR-induced Ca*" signal, but in wt/cin85*" DT40 B cells cd2ap expression shifted the
moderately reduced and delayed Ca?* signal towards the Ca?* profile of mock®™ cells (figure
3.9C, compare red line with yellow line). The described defect was more pronounced in
cd2ap™?/cin85°" DT40 B cells (figure 3.9D) and could be rescued upon re-expression of
cd2ap in these cells (cd2ap™cin85*"+CD2AP, yellow line). Note that the genetic
reconstitution experiment of cd2ap™mock™ with CD2AP is similar to the reconstitution
experiment of cd2ap ” DT40 B cells with CD2AP (see figure 3.4) and both experiments
showed no difference in BCR-induced Ca®* mobilisation between the CD2AP-deficient and
the reconstituted DT40 B cells.
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(figure continues on next page)
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Figure 3.9: CD2AP can rescue the Ca” mobilisation defect induced by diminished cin85
expression.

A) Wild-type or cd2ap ” DT40 B cells were retrovirally transduced to express an shRNA against cin85
MRNA (cin853h, lanes 2 and 4) or a control ShRNA (mockSh, lanes 1 and 3) prior to transfection with
constructs coding for Citrine-tagged CD2AP. After puromycin selection of the cells, cleared cellular
lysates were subjected to SDS-PAGE followed by immunoblotting with antibodies against human
CD2AP, CINS85, chicken CD2AP or actin (from top to bottom). B) Representative histogram obtained
by flow cytometry of cells described in A). Gates reflect the Citrine-negative (P1) or Citrine-positive
(P2) populations separately analysed in C) and D). C) and D) Flow cytometric analysis of BCR-
induced Ca®" mobilisation of cells described in A) after gating for Citrine-CD2AP positive (light blue
and yellow lines) or negative cells (dark blue and red lines) in either wild-type (C, wt) or cd2ap"' DT40
B cells (D, cd2ap™®). Apparent molecular weights of protein standards are indicated on the left in kDa.
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In conclusion, CIN85 regulated the onset of the Ca?" signal of BCR-activated DT40 B cells in
a positive manner and CD2AP was partially redundant in exerting this function. Upon cross-
linking of the BCR, DT40 B cells deficient for CD2AP and diminished in cin85 expression
displayed a kinetic and magnitudinal defect in Ca** mobilisation that could be reverted by
ectopical expression of either of the two proteins. This impaired Ca®* profile is similar to the
Ca** defect observed for the SLP65 variant in which binding to CIN85/CD2AP was abolished.

3.2 The preformed complex of SLP65 and CIN85/CD2AP is based on the
interaction of the SH3 domains of CIN85/CD2AP and atypical proline-
arginine motifs in SLP65

3.2.1 The SH3 domains of CIN85 and CD2AP bind to atypical proline-arginine motifs
in SLP65

The biochemical prerequisites for the formation of the preformed complex comprising
CIN85/CD2AP and SLP65 were investigated next. Figure 3.10A shows the location and
amino acid sequence of the three atypical proline-arginine motifs in SLP65. These motifs can
be destroyed by an exchange of the arginine (R) with an alanine (A) residue in the last
position eliminating CIN85 and CD2AP binding (Kowanetz et al. 2003).

To test if the SH3 domains of CIN85 and CD2AP recognise the proline-arginine motifs in
SLP65 in the DT40 system affinity purifications with Glutathione S-transferase (GST) fusion
proteins were performed (figure 3.10). slp65 * DT40 B cells were transfected with constructs
encoding GFP-tagged wild-type SLP65 (wt) or a SLP65 variant in which all three binding
sites for CIN85/CD2AP were removed (M1-3) (cells kindly provided by T.Oellerich). Equal
expression of proteins was confirmed by immunostaining with SLP65 antibodies (figure
3.10B and D, left panel). Cleared cellular lysates were incubated with a GST fusion protein
comprising either the three SH3 domains of CIN85 or CD2AP (figure 3.10B and D, right
panel, respectively). The SH3 domains of CIN85 as well as those of CD2AP precipitated
wild-type, but not the R-to-A variant of SLP65, independent of BCR activation (figure 3.10B
and D, right panel, lane 3 and 4 or lanes 5 and 6). Cleared cellular lysates were also
incubated with GST alone as a negative control (data not shown).

Figure 3.10C shows an in vitro experiment in which only the two fusion proteins GST-
CIN85(SH3); and Hise-SLP65 (lane 2) were mixed and the GST protein was precipitated. It

revealed a direct interaction of the SH3 domains of CIN85 with SLP65 in vitro.
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Figure 3.10: The SH3 domains of CIN85 and CD2AP bind to atypical proline-arginine motifs in
SLP65.

A) Schematic drawing of human SLP65 with the three atypical proline-arginine motifs (1, 2, and 3,
black). Respective primary structures of the motifs are written in the single letter amino acid code. B)
and D) SLP65-deficient (-/-, lane 1 and 2) or slp65 " DT40 B cells reconstituted with GFP-tagged
forms of either human wild-type SLP65 (wt, lane 3 and 4) or a mutant version harbouring R-to-A amino
acid substitutions in all three atypical proline-arginine motifs (M1-3, lane 5 and 6) were left untreated
(0%) or BCR-stimulated for 2 min (2°). Cleared cellular lysates were analysed by immunoblotting (CCL,
left panel) or were incubated with GST-fusion proteins encompassing the three SH3 domains of
human CIN85 (B) or CD2AP (D), subjected to SDS-PAGE and affinity-purified proteins were analysed
by immunoblotting with antibodies recognising SLP65 or GST (right panel, upper and lower blot,
respectively). C) The GST-CIN85(SH3); protein described in A) or GST alone as a negative control
were incubated with recombinantly expressed Hisg -SLP65 and immobilised on glutathione sepharose
beads. Affinity-purified proteins were separated with SDS-PAGE followed by immunoblot analysis with
anti-SLP65 (upper panel) or anti-GST antibodies (lower panel). Apparent molecular weights of protein
standards are indicated on the left in kDa. Parts of this figure are published in (Oellerich et al. 2011)
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3.2.2 CIN85 and CD2AP bind the second and third atypical proline-arginine motif in
SLP65
Next, the contribution of each proline-arginine motif in SLP65 to the interaction with
CIN85/CD2AP was explored. Therefore, DT40 slp65 ™ B cells were transfected with
constructs encoding wild-type or mutants of slp65. The introduced mutations resulted in R-to-
A substitutions at positions 49 (M1), 248 (M2), 313 (M3), 248,313 (M23) or 49,248,313 (M1-
3) of SLP65 (compare figure 3.10A).
Cleared cellular lysates of the indicated DT40 B cells were subjected to anti-GFP
immunoprecipitation and purified proteins were analysed by immunoblotting (figure 3.11,
cells kindly provided by T.Oellerich). Wild-type SLP65 was purified with CIN85 as well as
CD2AP independent of BCR stimulation (figure 3.11, lanes 1 and 2). SLP65 M1 bound the
same or higher (increased binding was not observed in all experiments performed) amounts
of CIN85 or CD2AP as did SLP65_wt (lanes 3 and 4), in contrast to SLP65_M2 in which the
binding to CIN85 and CD2AP was abolished (lanes 5 and 6). An R-to-A amino acid
exchange in the third motif (SLP65_M3) resulted in a weakened interaction with CIN85 and
CD2AP compared to SLP65_wt purifications (lanes 7 and 8). As soon as the second proline-
arginine motif was altered, CIN85 and CD2AP did not purify with SLP65 any more
(SLP65_M23, lanes 9 and 10, SLP65_ M1-3, lanes 11 and 12).
Thus, the SH3 domains of CIN85 and those of CD2AP recognise mainly the second proline-
arginine motif in SLP65 though the third motif contributes to the interaction. Thus, both
CIN85 and CD2AP had the same preferred SLP65 binding site and did not differ in their
mode of binding to SLP65.

Figure 3.11: CIN85 and CD2AP preferentially
bind the second atypical proline-arginine
motif in SLP65.

SLP65-deficient DT40 B cells expressing GFP-

IP: o — GFP

SLP65: wt M1 M2 M3 M23 M1-3
0202020202702

83— |

e 0 &
o-CIN85 —— tagged human wild-type (lanes 1 and 2) or

83— |-.—-- - | mutants of SLP65 containing one (lanes 3-8),
o-CD2AP — two (lanes 9 and 10) or three (lanes 11-12) R-

83— e —— —— to-A amino acid exchanges, were left untreated
o-SLP65 — (0) or stimulated via the BCR (27) and

12 3 4 5678 9101112 subjected to anti-GFP immunoprecipitation.

The proteins were separated by SDS-PAGE
and analysed by anti-CIN85, anti-chicken
CD2AP or anti-SLP65 immunoblotting (upper,
middle and lower panel, respectively).
Apparent molecular weights of protein
standards are indicated on the left in kDa.
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3.2.3 CIN85 and CD2AP can hetero-oligomerise via coiled coil domains

To gain further insight into the stoichiometry of the CIN85/CD2AP and SLP65 complex, |
tested for the possibility of higher order complexes due to hetero-oligomerisation of CIN85
and CD2AP via their coiled coil domains. N-terminally Citrine-tagged CIN85 or the coiled coil
truncated variant were expressed in DT40 wild-type B cells and purified from lysates of
unstimulated or BCR-stimulated cells with anti-GFP antibodies. Immunoblot analysis with
anti-CD2AP antibodies revealed that full length, but not the coiled coil truncation variant of
CIN8S5 purified CD2AP (figure 3.12, lanes 1-3 and lanes 4-6, respectively).

Figure 3.12: CIN85 and CD2AP can hetero-oligomerise via

IP: o -GFP _ _ _
CIN85:  wt ACC coiled coil domains.

0 210 0 210 Anti-GFP immunoprecipitates derived from unstimulated (0°) or
83_)-—-—0- 1IN BCR-stimulated (2") wild-type DT40 B cells expressing either
— a-CD2AP — Citrine-tagged full-length human CIN85 (lanes 1-3) or a coiled

83—‘ — —————--.—.| coil truncation variant (lanes 4-6) were analysed by SDS-PAGE
—a-GFP — followed by anti-chicken CD2AP or anti-GFP immunoblotting

12 3 456 (upper and lower panel, respectively). Apparent molecular

weights of protein standards are indicated on the left in kDa.

3.2.4 CIN85 and CD2AP bind to SLP65 independent of each other

The interaction of CIN85/CD2AP with SLP65 could be either direct or indirect when binding
of CD2AP is mediated via CIN85 or vice versa. To check for dependence, | used the
established cd2ap " DT40 B cells or the RNAi approach (figure 3.13).

Figure 3.13A shows anti-GFP immuno purifications of either SLP65 wt (lanes 1-4) or
SLP65_M23 (lanes 5-8) from lysates of wild-type (wt) or cd2ap ™ (-/-) DT40 B cells. The
SLP65_M23 variant did neither bind CIN85 nor CD2AP and thus served as a negative
control in this experiment (see figure 3.11). Wild-type SLP65 bound CIN85 and CD2AP
(figure 3.13, lanes 1 and 2) and importantly, the association of SLP65_wt and CIN85 was not
affected by the absence of CD2AP (lanes 3 and 4). This is underscored by the ability of
recombinant SLP65 to interact directly with the SH3 domains of CIN85 (see figure 3.10C).
The reverse experiment was performed with mock®™ or cin85"" DT40 B cells expressing
Citrine-tagged wild-type SLP65. Anti-GFP immuno purifications of SLP65 revealed an
association of SLP65 with CD2AP in mock®” cells as well as in cin85" DT40 B cells, although
the interaction of CIN85 with SLP65 is considerably reduced in the latter cells (lanes 5 and
6). Thus, CD2AP and CIN85 could bind to SLP65 independent of each other.
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Figure 3.13: CIN85 and CD2AP bind to SLP65 independent of each other.

A) Wild-type (lanes 1, 2, 5 and 6) or CD2AP-deficient (lanes 3, 4, 7 and 8) DT40 B cells expressing
Citrine-tagged forms of either human wild-type SLP65 (lanes 1- 4) or the SLP65_M23 variant (lanes 5-
8) or B) DT40 wild-type B cells retrovirally transduced to express shRNA against cin85 mRNA
(cin85°", lanes 2, 5 and 6) or control ShRNA (mock®", lanes 1,3 and 4) and Citrine-tagged human wild-
type SLP65 (lanes 1-6) were left untreated (0°) or BCR-stimulated (2°) and subjected to anti-GFP
immunoprecipitation or isotype-matched control antibodies (ctrl., B) lanes 1 and 2). After SDS-PAGE
the purified proteins were analysed by immunoblotting with antibodies to CIN85 (A) upper, B) middle
panel), chicken CD2AP (A) middle B) upper panel) or SLP65 (lower panel). Apparent molecular
weights of protein standards are indicated on the left in kDa.

In summary, the presented biochemical data showed that the interaction of CIN85/CD2AP
with SLP65 existed prior to BCR stimulation, thus these proteins were preformed. Moreover,
the mode of binding of CIN85 as well as CD2AP with SLP65 was identical by biochemical
means in that both proteins preferred binding to the second proline-arginine motif in SLP65,
but needed the third motif as well. Lastly, CIN85 and CD2AP bound to SLP65 independent of
each other and could mediate higher order protein complexes by oligomerisation via their

coiled coil domains.

3.3 CIN85 and CD2AP are recruited to the plasma membrane in BCR-activated
B lymphocytes using different anchoring modes

The BCR-triggered events leading to Ca?* release are characterised by plasma membrane
translocation of the proteins involved. To test whether CIN85 and CD2AP also obey to this
principle, | investigated the location of CIN85 and CD2AP and changes in their localisation

upon BCR activation in DT40 B cells by live cell confocal microscopy (figure 3.14).
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Figure 3.14: CIN85 and CD2AP translocate to the
plasma membrane after stimulation of the BCR, but
use different anchoring modes.

A) Wild-type DT40 B cells were retrovirally transduced to
express either N-terminally Citrine-tagged human
CD2AP or human CIN85 (CD2AP or CIN85) or truncated
variants which either lack all three SH3 domains
(CD2APASH3 or CIN85ASH3) or the coiled coil domain
(CD2APACC or CIN85ACC). Cells were analysed for
Citrine expression by flow cytometry (blue, red and
orange lines). Untransfected wild-type DT40 cells (wt)
served as negative control (black line). B-E) Confocal
laser scanning microscopy of cells expressing full-length
(B and C) or SH3 (D) or coiled coil (E) truncated variants
of CIN85 or CD2AP (upper and lower panel,
respectively) pre-treated with 2uM Latrunculin B for
15min (C) prior to or 3 min after BCR-stimulation (left
and right panels, respectively). Parts of this figure are
published in (Oellerich et al. 2011)
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Wild-type DT40 B cells were transfected with constructs coding either for Citrine-tagged
CINS8S5 or Citrine-tagged CD2AP or their respective truncation variants and the expression of
the Citrine fusion proteins was confirmed by flow cytometry (figure 3.14.A). Table 3.1 shows
the quantitative analysis of Citrine-CIN85 and Citrine-CD2AP fluorescence at the plasma
membrane in resting (Mest) and BCR-stimulated (Mgim.) DT40 B cells (for details see 2.2.4).
Figure 3.14B shows that in resting cells CIN85 resided mainly in the cytoplasm, which equals
an M. (CIN85)= 1.07, meaning there is comparable fluorescence at the plasma membrane
and in the cytosol (figure 3.14B, upper panel, left image). After BCR activation, CIN85
translocated towards the plasma membrane, where it built a dotted, ring like structure (figure
3.14B, upper panel, right image). Thus, in BCR-stimulated cells more CIN85 was found at
the plasma membrane, which is reflected by an Mg, (CIN85)>1= 1.36. CD2AP was mainly
cytoplasmatically localised, but could also be detected in vesicular structures and at
membrane ruffles (figure 3.14B, lower panel, left image). Increased amounts of CD2AP were
found at the plasma membrane after BCR stimulation (figure 3.14B, lower panel, right
image).

Next, | investigated the mechanism of membrane recruitment of CD2AP and CIN85. There is
recent evidence that the membrane skeleton controls BCR signalling by restriction of free
BCR diffusion within the plasma membrane of B cells (Treanor et al. 2009). Since CIN85 and
CD2AP are referred to as cytoskeletal adaptor proteins, | analysed their membrane
localisation with respect to an integral cytoskeleton.

Therefore, the Citrine-tagged CIN85 or Citrine-tagged CD2AP expressing DT40 B cells were
treated with the toxin Latrunculin B, which disrupts microfilament organisation and
microfilament-mediated processes (Spector et al. 1989) (figure 3.14C). After BCR activation
of Latrunculin B-treated B cells, CIN85 could be recruited to the plasma membrane, although
the amount and pattern of CIN85 at the membrane was different compared to untreated cells
(compare figure 3.14B and C, upper panel or Mg, (CIN85) =1.36 and Mgm. (CIN85
Latrunculin B) =1.21). CD2AP was neither found at membrane ruffles prior to nor at the
membrane after BCR stimulation in Latrunculin B-treated B cells.

Next, | evaluated the importance of the SH3 and coiled coil domains of CIN85 and CD2AP
for membrane translocation. Therefore wild-type DT40 B cells were retrovirally transduced to
express Citrine-tagged SH3- or coiled coil domain truncation variants. When not equipped
with its SH3 domains, CIN85 was not able to inducibly locate to the plasma membrane
(figure 3.14D, upper panel, right image). In contrast, CD2APASH3 could still be recruited to
the plasma membrane, though the amount of CD2APASH3 at the membrane was lower
before and after BCR stimulation compared to wild-type CD2AP (see table 3.1 and figure

3.14D, lower panel, right image). Figure 3.14E shows that upon truncation of the coiled coll
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domain, both CD2APACC and CIN85ACC could not attach to the plasma membrane

anymore.

Table 3.1: Quantification of plasma membrane localisation of CIN85 or CD2AP and their
respective variants in resting or BCR-activated DT40 B cells

DT40 B cell specimen Miest. Mstim. fold-change number of cells
CIN85 1.07 £0.02 1.36 £0.12 1.28 +0.13 n=75
CD2AP 1.43 +0.18 1.85 +0.26 1.33£0.15 n=89
CIN85 Latrunculin B 1.02 £+0.01 1.21 +0.01 1.21 £0.02 n=41
CD2AP Latrunculin B 1.00 +0.03 1.01 +0.13 1.03 £0.09 n=38
CIN85ASH3 1.04 £0.05 1.11 +0.06 1.08 £0.03 n=57
CD2APASH3 1.14+0.1 1.56 £0.11 1.38 £+0.03 n=63
CIN85ACC 0.96 +0.03 1.00 £0.01 1.05 +0.03 n=45
CD2APACC 0.98 +0.09 1.04 £0.12 1.07 +0.04 n=53

Relative membrane localisation (M) of Citrine-tagged CIN85 and CD2AP variants expressed in DT40
B cells without or with prior Latrunculin B treatment. M reflects the mean fluorescence intensity at the
plasma membrane normalised to the fluorescence intensity in the cytosol in either unstimulated (Mest)
or 3 min BCR-stimulated DT40 B cells (Mgim.). The fold-change equals the mean of the ratios of Mg,
and M, calculated for each cell. Quantification (£SD) of at least triplicates representative for at least
two independent experiments is shown (except CD2APACC, one independent experiment). See
section 2.2.4 for details.

In summary, CIN85 and CD2AP translocated to the plasma membrane in response to BCR
stimulation. Regarding the underlying mechanisms, CIN85 and CD2AP differed in their need
for a functional actin cytoskeleton; it was rather CD2AP that relied on the integrity of this
cellular microfilament. Moreover, CD2AP was less sensitive to truncation of its SH3 domains,
compared to CIN85 for which the C-terminal half of the protein was not sufficient for plasma
membrane localisation. The coiled coil domain was identified as an important mediator for
membrane attachment for both CIN85 and CD2AP.
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3.4 The SH3 and coiled coil domains of CIN85 mediate both BCR-induced

membrane recruitment and Ca®" flux

3.4.1 The SH3 and coiled coil domains of CIN85 are indispensable for full Ca®*
signalling in BCR-activated cells

If the inducible membrane recruitment of CIN85 is a requisite for an appropriate BCR-
induced Ca*" signal, the domains involved in membrane recruitment should also be important
for Ca®* mobilisation. To test for this hypothesis, | used the RNAi system described in figure
3.6 and infected wild-type or cd2ap ™ DT40 B cells with mock shRNA or shRNA against
cin85 mMRNA. Subsequently cells were transduced with constructs coding for cin85 deleted in
either the sequences encoding the three SH3 (ASH3) domains or the coiled coil (ACC)
domain. Expression of the constructs and reduction in endogenous cin85 expression was
confirmed by immunoblotting (figures 3.15A or 3.16A, respectively).

BCR-induced Ca*" mobilisation was analysed after gating on Citrine-CIN85ASH3 or Citrine-
CINB5ACC positive (P2) or negative (P1) DT40 B cells (figures 3.15A or 3.16A, respectively).
Expression of ¢in85Ash3 could not revert the delay and decrease in BCR-induced Ca**
mobilisation seen in wt/cin85*" and cd2ap™/cin85"" DT40 B cells, but rather led to an
inhibition of BCR-induced Ca?" mobilisation (figure 3.15C, compare dark and light blue lines

or red and yellow lines).
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(figure continues on next page)
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Figure 3.15: The SH3 domains of CIN85 are necessary domains for Ca* mobilisation in BCR-
stimulated DT40 B cells.

A) Wild-type (lanes 1 and 2) or CD2AP-deficient (lanes 3 and 4) DT40 B cells expressing either
shRNA against cin85 mRNA (cin855h, lanes 2 and 4) or control shRNA (mockSh, lane 1 and 3) were
transduced with constructs coding for Citrine-tagged CIN85ASH3 and cleared cellular lysates were
subjected to SDS-PAGE and analysed by immunoblotting with antibodies recognising CIN85 (short or
long exposure), chicken CD2AP or actin (upper two, middle and lower panel, respectively). B)
Representative histogram of flow cytometric analysis of cells described in A) showing the gates for
Citrine-negative (P1) or Citrine-positive (P2) populations. C) and D) Flow cytometric analysis of BCR-
induced Ca”* mobilisation of cells described in A) after gating for Citrine-CIN85ASH3 positive (light
blue and yellow lines) or negative cells (dark blue and red lines) in either wild-type C, wt) or cd2ap"'
DT40 B cells (D, cd2ap™®). Apparent molecular weights of protein standards are indicated on the left
in kDa.
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Expression of cin85ACC after shRNA mediated targeting of endogenous cin85 mRNA could
not restore full Ca** signalling in wild-type DT40 B cells (compare figure 3.16C, red and
yellow lines). Performing the same experiment on cd2ap * genetic background revealed that
the BCR-induced Ca?* signal of cd2ap™?/cin85°"+CIN85ACC DT40 B cells did not revert the
full Ca®* mobilisation competence compared to cd2ap™?mock*"+CIN85ACC control B cells.
However, a slightly increased signal could be observed in cd2ap™?/cin85°"+CIN85ACC DT40
B cells (figure 3.16D, yellow line).
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Figure 3.16: The coiled coil domain of CIN85 exerts a function in BCR-induced Ca*" flux.

A) Wild-type or cd2ap " DT40 B cells were retrovirally transduced to express an shRNA against cin85
MRNA (cin85"", lanes 2 and 4) or a control ShRNA (mock®", lanes 1 and 3) prior to transfection with
constructs coding for Citrine-tagged CIN85ACC. Cleared cellular lysates were subjected to SDS-
PAGE followed by immunoblotting with antibodies against GFP, CIN85, chicken CD2AP or actin (from
top to bottom). B) Representative histogram obtained by flow cytometry of cells described in A). Gates
reflect the Citrine-negative or Citrine-positive populations separately analysed in C) and D). C) and D)
Flow cytometric analysis of BCR-induced Ca”" mobilisation of cells described in A) after gating for
Citrine-CIN85ACC positive (light blue and yellow lines) or negative cells (dark blue and red lines) in
either wild-type (C, wt) or cd2ap ™ DT40 B cells (D, cd2ap™®). Apparent molecular weights of protein
standards are indicated on the left in kDa.
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In line with the hypothesis that membrane recruitment of CIN85 might be a crucial step for its
positive regulatory function in BCR-induced Ca** mobilisation, the SH3 and coiled coil
domains of CIN85 were found to be indispensable for both plasma membrane localisation
and a full Ca* response in BCR-stimulated B lymphocytes.

3.5 CIN85 colocalises with BCR-containing microclusters

In response to membrane-bound antigen most BCR-proximal effector proteins colocalise to
clusters of BCRs in the plasma membrane - the BCR-containing microclusters (Sohn et al.
2008; Weber et al. 2008). We were interested to see if CIN85 or CD2AP can be found at this
site of most proximal BCR signalling. Therefore total internal reflection microscopy (TIRF) of
cells settled on planar lipid bilayers (Fleire et al. 2006) was performed in collaboration with
Tim Schnyder and Dr. Facundo Batista (Lymphocyte Interaction Laboratory, Cancer
Research UK, London, UK). The planar lipid bilayer contained fluorophor-coupled anti-BCR
antibodies that were able to freely diffuse in the lipid bilayer and stimulate the settling B cell.
Upon contact with the anti-BCR-loaded bilayer, small BCR-containing microclusters are
formed. The cells spread over the lipid bilayer before they contract and gather antigen in a
central cluster. TIRF microscopy allowed investigation of the colocalisation of fluorescent

anti-lgM antibodies with fluorescently-tagged CIN85 or CD2AP during this B cell response.

3.5.1 CIN85 colocalises with BCR-containing microclusters independent of SLP65
TIRF microscopy of wild-type DT40 B cells expressing Citrine-tagged CIN85 was performed
on anti-lgM-loaded lipid bilayers. Figure 3.17A shows the localisation of CIN85 (left images,
green) in comparison to fluorescent anti-lgM (middle images, red) and merged images from
both fluorophores at the beginning as well as at the end of the BCR-induced B cell response
(upper and lower panel, respectively). CIN85 colocalised with the microclusters after
engagement of the BCR (figure 3.17A, upper panel), remained localised to BCR-clusters
during contraction of the cells and was finally part of the central cluster of BCRs (figure
3.17A, lower panel). To follow the complete course of BCR-induced micro - and central
cluster formation see supplemental movie 2 in (Oellerich et al. 2011).

To test whether the preformation of CIN85 with SLP65 is required for the colocalisation of
CIN85 with BCR-containing microclusters, slp65 * DT40 B cells expressing Citrine-tagged
CIN85 were investigated next. The recruitment of CIN85 to signalling-competent
microclusters and its localisation to the immunological synapse was independent of SLP65,

since colocalisation with the BCR was also evident in slp65 * DT40 B cells (figure 3.17B).
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The distribution of CD2AP with respect to the BCR was analysed for Citrine-tagged CD2AP
expressed in cd2ap © DT40 B cells. Formation of the microclusters and the central BCR
cluster seemed to occur normally in the cd2ap ™ DT40 B cells as determined by the anti-IgM
antibodies initially distributed and later pooled in a central cluster (figure 3.17C). However,
rather few CD2AP molecules colocalised with the BCR-containing microclusters over time
(also compare supplementary movie 4 in (Oellerich et al. 2011)).
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(figure continues on next page)
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Figure 3.17: CIN85 colocalises with BCR-containing microclusters independent of SLP65.

A) Wild-type or B) slp65 " DT40 B cells were retrovirally transduced to express Citrine-tagged CIN85
or C) CD2AP-deficient DT40 B cells were reconstituted with Citrine-tagged chicken CD2AP and settled
on planar lipid bilayers containing fluorescently labelled anti-chicken IgM as a BCR stimulus.
Colocalisation (Merge) of CD2AP or CIN85 (green) and anti-chicken IgM (red) was analysed by TIRF
microscopy in collaboration with Tim Schnyder and Facundo Batista (Lymphocyte Interaction
Laboratory, Cancer research UK, London, UK) as described in (Oellerich et al. 2011). The upper
panels reflect TIRF microscopic images acquired early after settling of the cell, while the lower panels
show localisation at the time BCRs are gathered into a central cluster. An additional demonstration of
this experiment can be found in figure 5 and supplementary movies 2-4 in (Oellerich et al. 2011).

Recruitment of CIN85 to BCR-containing microclusters observed by TIRF microscopy could
be further supported by biochemical means. Figure 3.18 shows an immuno purification of
surface bound IgM from wild-type DT40 cells expressing either Citrine-tagged versions of
CD2AP or CIN85 lysed under mild-detergent conditions. Unlike in unstimulated cells, after
stimulation of the BCR for 2 minutes CIN85 was copurified with the surface BCR (lane 9).
Over time the association seemed to get lost, but the amount of precipitated IgM decreased
as well (lanes 4, 5, 10 and 11). This is possibly due to BCR aggregates at the cell surface
forming insoluble precipitates that are pelleted after centrifugation. CD2AP did not precipitate
with the BCR upon stimulation, but a weak association was also observed in unstimulated

cells.
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IP-a. IgM IP-0. IgM Figure 3.18: CIN85 associates with surface IgM.
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by SDS-PAGE followed by immunoblotting with
anti-GFP, anti-Syk or anti-chicken IgM antibodies
(upper, middle and lower panel, respectively).
Apparent molecular weights of protein standards
are indicated on the left in kDa.

The microscopic analysis revealed for the first time a localisation of CIN85 within BCR-
containing microclusters, which was also evident in the absence of SLP65. The biochemical

experiment likewise indicated an association of CIN85 with the BCR.

3.5.2 BCRinternalisation is not affected by reduced cin85 expression

CIN85 colocalised with BCR clusters at the immunological synapse, which is the site of
antigen uptake (Batista et al. 2001) and is known for its ability to support internalisation of
e.g. epidermal growth factor receptors (Soubeyran et al. 2002). Thus, it was hypothesised
that CIN85 also plays a role in BCR internalisation of BCR-activated B cells.

This was tested by flow cytometric determination of surface IgM in wild-type or CD2AP-
deficient DT40 B cells transfected with an shRNA against cin85 mRNA (figure 3.19). The
efficiency of arrested cin85 expression was determined via immunoblotting with anti-CIN85
antibodies (figure 3.19A, lanes 2 and 4). Internalisation of BCR molecules was induced with
anti-IlgM antibodies at 37°C. After incubation for the indicated time points and washing away
of the primary anti-lgM antibody, residual surface BCRs were stained with a secondary,
fluorescently-labelled antibody. With this setup no intracellular, internalised or newly
synthesised BCRs should be detected. Figure 3.19B and C shows that after anti-lgM cross-
linking the BCR was internalised resulting in decreasing BCR molecules at the surface over
time. Stimulation of the B cells for 20 minutes led to a decrease of surface BCR of over 80%
compared to unstimulated cells (figure 3.19B, 0 and 20 min). Reduced expression of cin85
had no effect on BCR internalisation at all time points analysed. Likewise, arrest of cin85

expression on the cd2ap

" genetic background did not alter the kinetics of BCR
internalisation as compared to cd2ap™¥/mock®" DT40 B cells (figure 3.19C). However, BCR

internalisation was increased in cd2ap " B cells, in which already 57% of all surface BCRs
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were internalised after 5min, compared to 35% surface BCR in wild-type DT40 B cells. Thus,

a function or functional redundancy of CIN85 and CD2AP in BCR internalisation could not be
identified in this setup.
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Figure 3.19: Reduction of cin85 expression has no influence on BCR internalisation.
(legend on next page)
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Figure 3.19: Reduction of cin85 expression has no influence on BCR internalisation

A) Wild-type (wt) or CD2AP-deficient (-/-) DT40 B cells were retrovirally transduced to express shRNA
against chicken CIN85 (cin85*", lanes 2 and 4) or control ShRNA (mock®", lanes 1 and 3) and cleared
cellular lysates were subjected to SDS-PAGE followed by immunoblotting with antibodies against
CIN85, chicken CD2AP or actin (upper, middle or lower panel, respectively) or B) wild-type or C)
CD2AP-deficient (cd2ap™®) DT40 B cells described in A) were analysed for surface IgM by flow
cytometry for indicated time points (cin85Sh, black bars or mock®™, shaded bars, respectively). The
diagram shows the percentage of surface BCR determined from the mean fluorescence intensity of
Cy™b5-conjugated F(ab’), fragment bound to chicken IgM via M4. B) and C) inlay Histograms of
fluorescently labelled surface IgM of cells described in A) before or 5, 10 or 20 min after stimulation
(red, blue, orange or green line, respectively). Standard deviations were calculated from three
independent experiments.

3.6 Lyn, but not Syk kinase activity is required for BCR-induced plasma

membrane translocation of CIN85

3.6.1 The BCR-induced recruitment of CIN85 to the plasma membrane requires Lyn,
but not Syk

To further investigate the mechanisms underlying the membrane recruitment and
presumably BCR microcluster colocalisation of CIN85 in activated B cells, | focussed on the
BCR-proximal kinases Lyn and Syk. Although Lyn is important for the phosphorylation of the
ITAMs, Lyn-deficient DT40 B cells are able to induce a delayed Ca?* response (Takata et al.
1994). In order to decipher a Lyn specific function, | wanted to abolish residual BCR
signalling in lyn " B cells by expression of a dominant-negative variant of Lyn. In this Lyn
variant the lysine (K) residue at position 275 was replaced by an arginine (R), which results
in loss of Lyn kinase-activity (Corey et al. 1998).

lyn
dead variant of Lyn (Lyn KD), were subjected to BCR-induced Ca** mobilisation analysis
(figure 3.20A). Lyn-deficient DT40 B cells exhibit a delayed and decreased BCR-induced

Ca’* response (dark blue line). Expression of the kinase-dead variant of Lyn prevented the

“or lyn " DT40 B cells reconstituted with HA-tagged wild-type Lyn or with the kinase-

residual Ca*" mobilisation in lyn™ DT40 B cells (dominant-negative), while reconstitution of
lyn” DT40 B cells with wild-type Lyn exhibited a fast and strong BCR-induced Ca?* response
(red and light blue line, respectively).

With the established Lyn-transfectants, | analysed BCR-induced CIN85 membrane
recruitment by confocal microscopy. Expression of HA-tagged Lyn variants and Citrine-
tagged CIN85 was confirmed by immunoblotting (figure 3.20B. left). In lyn ™ DT40 B cells
expressing the kinase-dead variant of Lyn, membrane translocation of CIN85 could not be

observed after BCR cross-linking (figure 3.20B, right, upper panel). Lyn-deficient DT40 B

70



RESULTS

cells transfected with wild-type Lyn served as a positive control. Indeed, in these cells CIN85

was recruited to the plasma membrane again (figure 3.20B, lower panel, right image).
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(figure continues on next page)
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Figure 3.20: The BCR-induced membrane recruitment of CIN85 requires Lyn, but not Syk.

A) Lyn-deficient DT40 B cells (dark blue line) or Iyn"' reconstituted with HA-tagged wild-type (Lyn wt,
light blue line) or a kinase-dead variant of Lyn (Lyn KD, red line) were subjected to BCR-Induced ca”
mobilisation analysis. B) Lyn wt or Lyn KD cells described in A) (right, middle and upper panel,
respectively) or C) Syk-deficient cells were retrovirally transduced to express Citrine-tagged CINS5.
Cleared cellular lysates of cells were subjected to SDS-PAGE before immunoblotting with anti-HA,
anti-Syk, anti-CIN85 or anti-actin antibodies (left panels) or were analysed by confocal laser scanning
microscopy in the absence of (left images) or presence of BCR stimulation (right images).

In syk " DT40 B cells CIN85 attached to the plasma membrane upon BCR stimulation, but
was a bit enriched prior to BCR triggering (Msim=1.15, figure 3.20C). Two independent
experiments of CIN85 membrane recruitment in syk ” DT40 B cells are shown in table 3.2.
The first shows a small reduction in the fold change of CIN85 membrane recruitment, while in
the second experiment CIN85 translocation was increased when compared to a fold-change
of CIN85 membrane recruitment in wild-type DT40 B cells of (CIN85)=1.28. On average this
indicates that the enzymatic activity of Syk was not required for membrane translocation of
CINSS.

Table 3.2 Quantification of plasma membrane localisation of CIN85 in different DT40 B cell lines

DT40 B cell specimen M est. Mstim. fold-change number of cells
CIN85 in lyn™ Lyn KD 1.00 £0.02 0.99 +0.03 1.00 +0.06 n=42
CIN85 in lyn” Lyn wt 1.09 £0.09 1.50 £0.05 1.39 +0.08 n=48

CIN85 in Syk'/' 1.18 £0.07 1.41 £0.21 1.21£0.14 n=82
CIN85 in syk'/' 1.15 +0.07 1.56 +0.09 1.37 £0.07 n=116

Relative membrane localisation (M) of Citrine-tagged CIN85 expressed in DT40 B cells. M reflects the
mean fluorescence intensity at the plasma membrane normalised to the fluorescence intensity in the
cytosol in either unstimulated (Mes) or 3min BCR-stimulated DT40 B cells (Mg;m.). The fold-change
equals the mean of the ratios of Mg, and Mg calculated for each cell. Quantification (xSD) of
replicates of one independent experiment is shown. See section 2.2.4 for details.
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3.6.2 Membrane recruitment of CIN85 after BCR stimulation is independent of CD2AP
or Grb2

Previous experiments have shown that the coiled coil and SH3 domains of CIN85, mediating
protein-protein interactions, are necessary for its membrane recruitment raising the question
whether CIN85 membrane recruitment in BCR-activated B cells depends on its interaction
partners CD2AP or Grb2 (Kirsch et al. 1999; Borinstein et al. 2000; Watanabe et al. 2000). |
analysed localisation of Citrine-tagged CIN85 in either cd2ap ™ or grb2 ” DT40 B cells by
confocal laser scanning microscopy (figure 3.21).

Interestingly, in CD2AP-deficient DT40 B cells CIN85 is enriched at the plasma membrane
prior to BCR-stimulation reflected by an M. (CIN85 in cd2ap™) = 1.22, thus was higher than
in all other DT40 B cells examined so far. However, after BCR cross-linking CIN85 still
translocated to the plasma membrane in the absence of CD2AP (figure 3.21, upper panel,
right image) with a normal fold-change of 1.34. Likewise, Grb2-deficiency did not abolish

BCR-induced membrane recruitment of CIN85 (figure 3.21, lower panel and table 3.3).

DT 40 cd2ap” B cells
o 3

Figure 3.21: BCR-induced membrane
recruitment of CIN85 is independent of
CD2AP or Grb2.

Confocal laser scanning microscopy of cd2ap *
(upper panel) or grb2 " (lower panel) DT40 B
cells expressing Citrine-tagged human CIN85
before or 3 min after BCR-stimulation (left and
right images, respectively).

0 3

Table 3.3 Quantification of plasma membrane localisation of CIN85 in cd2ap "or grb2 " DT40 B
cell lines before and after BCR stimulation

DT40 B cell specimen Myest. Mstim. fold-change number of cells
cd2ap " 1.22 +0.04 1.62 +0.08 1.34 +£0.05 n=67
grb2 1.10 +0.02 1.41 +0.09 1.29 +0.1 n=74

Relative membrane localisation (M) of Citrine-tagged CIN85 expressed in cd2ap ™ or grb2 ™ DT40 B
cells. M reflects the mean fluorescence intensity at the plasma membrane normalised to the
fluorescence intensity in the cytosol in either unstimulated (M,es) or 3min BCR-stimulated DT40 B
cells (Mg;m.). The fold-change equals the mean of the ratios of Mg, and Mg Calculated for each cell.
Quantification (£SD) of at least triplicates representative of two independent experiments is shown.
See section 2.2.4 for details.
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3.7 BCR-targeted SLP65 functions independent of CIN85/CD2AP in BCR-
triggered Ca** mobilisation

3.7.1 The TIRAP PIP;, binding domain substitutes the function of the N-terminus in
SLP65_wt, but notin SLP65 M23.

To test whether binding of CIN85/CD2AP to SLP65 serves the purpose of SLP65 plasma
membrane localisation, | engineered chimeric proteins in which the first 48 amino acids of
either SLP65_wt or the SLP65_M23 (no binding to CIN85/CD2AP) variant were replaced by
the first 40 amino acids of human TIRAP. TIRAP is an adaptor protein in Toll-like receptor
(TLR) signalling and contains a PIP, binding domain, which allows its membrane localisation
(Kagan and Medzhitov 2006). The anchoring function of the PIP, binding domain can be
inactivated upon exchange of the 4 lysines by alanines (Kagan and Medzhitov 2006;
Hermann 2009). Fusion of the membrane-binding inactivated variant of TIRAP (mTIRAP) to
SLP65 served as negative control. Figure 3.22A gives an overview of the SLP65 fusion
proteins. slp65 ” DT40 B cells were retrovirally transduced to express either SLP65_wt as
positive or SLP65 M23 as a negative control or the respective TIRAP chimeras
(TIRAPANSLP65_wt, TIRAPANSLP65 M23,mTIRAPANSLP65 wt, mTIRAPANSLP65 M23).
Anti-GFP immunoprecipitates of these TIRAP chimeras showed that the exchange of the
SLP65 N-terminus did not alter the binding or lack of binding to CIN85/CD2AP (figure 3.22B,
lanes 1 or 2, respectively and data not shown).

Next, the slp65” DT40 B cells transfectants were analysed for their competence in BCR-
induced Ca*" mobilisation (figure 3.22C). Reconstitution of slp65 * DT40 B cells with wild-
type SLP65 enabled the BCR-activated cells to mobilise Ca®* in a profound way (dark blue
curve), while deficiency in CIN85 or CD2AP binding strongly impaired SLP65 function (light
blue curve, (Oellerich et al. 2011)). Exchange of the N-terminus of SLP65 with the TIRAP
PIP, binding domain resulted in the same Ca* mobilisation profile as wild-type SLP65
reconstituted cells (compare dark blue and red lines). In contrast, the TIRAP PIP, binding
domain was not sufficient to restore Ca®* flux to SLP65_wt levels, when fused to the R-to-A
variant of SLP65 (TIRAPANSLP65_M23, vyellow Iline). The negative controls
mTIRAPANSLP65 wt and mTIRAPANSLP65_M23 could not mobilise Ca** (green lines).
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Figure 3.22: The TIRAP PIP, binding domain functionally substitutes the N-terminus of
SLP65_wt, but not SLP65_M23.

A) Schematic representation of chimeric proteins of SLP65 in which the first 48 amino acids of SLP65
were replaced by the PIP, binding domain of human TIRAP or a K-to-A variant (nTIRAP). The
remaining two proline-arginine motifs were left intact (TIRAPANSLP65_wt, mTIRAPANSLP65_wt) or
destroyed by R-to-A amino acid exchanges (TIRAPANSLP65_M23, mTIRAPANSLP65_M23). All
chimeras harbour a N-terminal Citrine-tag (not shown) B) slp65 " DT40 B cells were retrovirally
transduced to express the Citrine-tagged chimeras TIRAPANSLP65 wt or TIRAPANSLP65 M23 and
cleared cellular lysates subjected to anti-GFP immuno purifications followed by immunoblotting with
antibodies recognising CIN85, chicken CD2AP or SLP65 (continued on next page)

75



RESULTS

(legend to figure 3.22 continued) C) slp65 * DT40 B cells expressing Citrine-tagged wild-type
(SLP65 wt) or the R-to-A variant of SLP65 (SLP65_M23) or the respective TIRAP chimeras
described in A) were analysed for BCR-induced Ca** mobilisation by flow cytometry using 1ug/ml M4.
D) inlay Flow cytometric analysis of Citrine expression of cells analysed. Apparent molecular weights
of protein standards are indicated on the left in kDa.

By confocal laser scanning microscopy | analysed whether the engineered proteins were
able to locate to the plasma membrane. Quantitative analyses as presented in table 3.4
showed that the TIRAP PIP, binding domain did not anchor TIRAPANSLPGS5_wt
constitutively to the plasma membrane (M, <1), but after BCR cross-linking the chimera
translocated to the plasma membrane (Msim(TIRAPANSLP65_wt)=1.13 or fold-
change=1.19). Incomprehensibly, the TIRAPANSLP65 M23 was not found at the plasma
membrane in BCR-activated cells, respectively showed the same behaviour as
MTIRAPANSLP65 wt, in which the TIRAP anchor is not supposed to bind to the plasma

membrane.

Table 3.4: Quantification of the membrane localisation of the TIRAP-SLP65 chimeras

DT40 B cell specimen Myest. Mstim. fold-change number of cells
TIRAPANSLP65 wt 0.96 +0.03 1.13 £0.03 1.19 +0.03 n=54
TIRAPANSLP65_M23 0.95 +0.02 1.08 +0.03 1.13 +0.04 n=64
mTIRAPANSLP65_wt 0.93 +0.01 1.06 +0.03 1.15 +0.03 n=66
mTIRAPANSLP65_M23 0.93 +0.02 0.99 +0.03 1.08 +0.04 n=55

Relative membrane localisation (M) of indicated TIRAP chimeras expressed in slp65 " DT40 B cells.
M reflects the mean fluorescence intensity at the plasma membrane normalised to the fluorescence
intensity in the cytosol in either unstimulated (M,es;) or 1min BCR-stimulated DT40 B cells (Mg;im.). The
fold-change equals the mean of the ratios of Mg, and M. calculated for each cell. Quantification
(xSD) of replicates of one independent experiment is shown. See section 2.2.4 for details.

In conclusion the TIRAP PIP, binding domain could functionally replace the N-terminus of
SLP65 (Hermann 2009), but it was not functional when fused to the R-to-A variant of SLP65.
Although this is an interesting finding this setup does not allow drawing conclusions
regarding the question whether membrane targeting of SLP65 can compensate for
CIN85/CD2AP binding to SLP65.
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3.7.2 Targeting of SLP65_M23 to the BCR restores its function in BCR-induced Ca*
mobilisation

To explore whether the interaction of CIN85/CD2AP and SLP65 can be bypassed by
targeting SLP65 directly to the BCR, | designed chimeric proteins depicted in Figure 3.23A.
These fusion proteins contain the tandemly arranged SH2 (tSH2) domains of Syk instead of
the first 48 amino acids of the SLP65 N-terminus (tSH2ANSLPG5 wt or
tSH2ANSLP65_M23). The Syk tSH2 domains bind to doubly phosphorylated ITAMs in the
Iga/B hetero-dimer of the BCR (Wienands et al. 1995).

slp65 " DT40 B cells were transfected with fluorescently tagged constructs coding for either
slp65_wt, slp65_m23 or the respective chimeras. Figure 3.23B shows that both fusion
proteins translocate to the plasma membrane in response to BCR cross-linking as analysed
by live cell microscopy. Quantification of relative membrane localisation is listed in table 3.5.
Furthermore, | validated that the addition of the Syk tSH2 domains did not change the
interaction or loss of interaction to CIN85 or CD2AP (figure 3.23C, lane 1 and 2,

respectively).

Table 3.5: Quantification of the plasma membrane localisation of the tSH2_SLP65 chimeras

DT40 B cell specimen Miest. Mstim. fold-change number of cells
tSH2ANSLP65_ wt 1.06 £0.03 1.40 £0.15 1.32 £+0.11 n=93
tSH2ANSLP65 M23 0.97 +0.02 1.36 £0.07 1.40 £0.05 n=80

Relative membrane localisation (M) of tSH2ANSLP65_wt or tSH2ANSLP65_M23 expressed in slp65 ™
DT40 B cells. M reflects the mean fluorescence intensity at the plasma membrane normalised to the
fluorescence intensity in the cytosol in either unstimulated (M,es;) or 1min BCR-stimulated DT40 B
cells (Mgim ). The fold-change equals the mean of the ratios of Mg, and M, calculated for each cell.
Quantification (xSD) of replicates of one independent experiment is shown. See section 2.2.4 for
detalils.
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Figure 3.23: Targeting of SLP65_M23 to the BCR restores its function in Ca” mobilisation after
BCR cross-linking.

A) Schematic representation of SLP65 chimeras in which its N- terminus is replaced by the tandem
SH2 domains (tSH2) of Syk. The two remaining atypical proline-arginine motifs were left intact (top,
tSH2ANSLP65_wt) or destroyed by an R-to-A amino acid exchange (bottom, tSH2ANSLP65_M23).
(continued on next page)
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(legend figure 3.23 continued) B and C) slp65 ™ DT40 B cells were retrovirally transduced to express
the chimeras described in A) and analysed for membrane recruitment by confocal laser scanning
microscopy before and after BCR-stimulation (B, left and right images, respectively).or C) subjected to
anti-GFP immunoprecipitation followed by immunoblotting with antibodies against CIN85, CD2AP or
SLP65 (from top to bottom). D) slp65 " DT40 B cells expressing wild-type (SLP65_wt), the
CINB5/CD2AP binding deficient variant (SLP65_M23) or the corresponding Syk tandem SH2 chimeras
(tSH2ANSLP65 wt and tSH2ANSLP65 M23) of SLP65 were analysed for BCR induced ca*
mobilisation by flow cytometry using 1upg/ml M4. D) inlay Flow cytometric analysis of Citrine
expression of cells analysed. Apparent molecular weights of protein standards are indicated on the left
in kDa.

Next, their BCR-induced Ca*" mobilisation profiles were investigated. Disruption of binding of
SLP65 to CIN85/CD2AP is reflected by a strong inability of SLP65_M23 to mobilise Ca?
after BCR cross-linking compared to SLP65 wt expressing B cells (figure 3.23D, compare
dark and light blue lines). In contrast, once SLP65 is targeted to the BCR by fusion to the Syk
tSH2 domains the Ca*" profiles in slp65 * cells expressing either tSH2ANSLP65 wt or
tSH2ANSLP65 M23 were comparable. Hence, when SLP65 was targeted to the BCR by the
Syk tSH2 domains, it did no longer depend on the interaction with CIN85 or CD2AP for
proper Ca* mobilisation in BCR-activated cells. This indicates that the Ca** signalling defect

in BCR-activated B cells results from dislocation of SLP65 molecules.
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4 Discussion

One major aim of B cell biology is to scrutinise the early phase of BCR signal transduction
that is characterised by the translocation of signalosomes to BCR-enriched areas in the
plasma membrane. In my PhD thesis | examined the contribution of the adaptors CD2AP and
CIN85 on BCR signal transduction, which previously have been found in a preformed
complex with SLP65 by our group. The herein documented results contribute to the
understanding of early BCR signal transduction with respect to BCR-proximal signalosomes

and their importance in generating Ca®" responses.

The main findings of this thesis are:

1) CINS5 is a positive regulator in the onset of BCR-induced Ca** mobilisation by enabling
BCR-activated B cells to respond with a rapid and strong Ca** profile. In this respect CD2AP
can exert a partially compensatory function, as soon as cin85 expression is reduced. The
coiled coil and the SH3 domains of CIN85 are necessary for mounting an appropriate Ca?*
response after BCR cross-linking.

2) CIN85 and CD2AP are recruited to the plasma membrane upon stimulation of the BCR,
but use different anchoring modes. CIN85 membrane recruitment depends on its SH3
domains, but not the cytoskeleton. In contrast, CD2AP membrane localisation is less
dependent on its SH3 domains, but sensitive to actin inhibitors. However, both molecules

require their coiled coil domain for tethering to the plasma membrane.

3) CIN85 colocalises with BCR-containing microclusters upon BCR engagement. This
colocalisation is evident throughout the whole response of the B cell to stimulating lipid
bilayers. This includes early microcluster as well as later formation of the central BCR
cluster. Unlike CIN85, only very few CD2AP molecules were found to colocalises with the
microclusters. The BCR signal that is obligatory for CIN85 plasma membrane translocation
and presumably BCR colocalisation is transduced by Lyn, but not Syk. A role of CIN85 in

BCR internalisation was not observed.

4) The preformation of CIN85/CD2AP with SLP65 is based on an interaction of the SH3
domains of CIN85/CD2AP and the second and third proline-arginine motif in SLP65. CIN85
and CD2AP bind SLP65 independent of each other and can hetero-oligomerise via their
coiled coil domains. Importantly, the disruption of the preformed complex comprising SLP65

and CIN85/CD2AP is bypassed by providing SLP65 with direct access to the BCR.
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4.1 CIN85, CD2AP and SLP65 - complex BCR signalling

4.1.1 The preformed complex of CIN85 and SLP65 in BCR-induced Ca®* mobilisation
In this thesis the role of CD2AP and CINS5 in the BCR-triggered Ca®" mobilisation, was
analysed in a cd2ap ™ DT40 B cell line and a genetic reconstitution experiment after RNAI.
With this setup, | was able to specifically link the shRNA-evoked effect to the expression of
CINS85 or CD2AP. | could demonstrate that already the knock-down of cin85 expression had
a negative impact on Ca*" flux, while complete CD2AP-deficiency had none. Thus, | assume
that CIN85 has the dominant role in the BCR-induced Ca®* pathway. However, in
combination with CD2AP-deficiency interference with cin85 expression resulted in an even
more delayed and decreased BCR-induced Ca®* flux, which implies that CD2AP can partially
compensate for diminished CIN85 abundance. This is further supported by the notion that
both CIN85 and CD2AP are able to restore Ca** mobilisation in the “absence” of each other
making a concerted action of CIN85 and CD2AP rather unlikely. These data are in direct
accordance with the initial observation that prevention of SLP65 binding to CIN85/CD2AP
resulted in a strong defect in Ca®" mobilisation (Oellerich et al. 2011). Taken together this
provides evidence that a preformed CIN85 and SLP65 module operates in the rapid initiation
and progression of BCR-induced Ca** flux, as was predicted, but not identified earlier in our
group (Wienands et al. 1996). The contribution of CIN85 to SLP65 function will be discussed
in section 4.2.

This positive regulatory effects of CIN85 in BCR signalling is corroborated by the phenotype
of mice with a B cell-specific deletion of the cin85 gene (Kometani et al. 2011). The ¢cin85
mice exhibited reduced numbers of B-1 B cells and failed to elicit a T cell-independent type Il
immune response. Common to both, maintenance of the B-1 B cell population and the T cell-
independent activation of B cells is an almost exclusive stimulation of the BCR i.e. by
natural/self antigen or highly repetitive, multivalent antigen, respectively (Hayakawa et al.
1999; Fagarasan and Honjo 2000; Vos et al. 2000). This, together with the colocalisation of
CIN85 to BCR-containing microclusters, supports a function of CIN85 specifically
downstream of the BCR. The effect of CIN85 in the herein analysed Ca** mobilisation was
more pronounced after low BCR stimulation and rather negligible after BCR-stimulation with
higher density of anti-chicken IgM. Likewise, the mitogenic response of cin85 * murine B
cells to mitogenic BCR stimuli showed a titratable sensitivity in in vitro experiments, but
nonetheless CIN85 was indispensable for in vivo B cell proliferation (Kometani et al. 2011).
Thus, the experimental use of low amounts of BCR cross-linker, might be closer to in vivo B
cell activation than maximal BCR stimulation.

The cing85 " B cells displayed a defect in the NFkB pathway, but neither in overall tyrosine

phosphorylation of BCR proximal downstream effector molecules nor in BCR-induced Ca**
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mobilisation (Kometani et al. 2011). The failure to observe a function of CIN85 in this respect
is likely due to the compensation by CD2AP as demonstrated herein for the DT40 system.
Studies in T cells demonstrated a positive role of CD2AP in pre TCR and TCR signalling
(Dustin et al. 1998; Lee et al. 2003; Navarro et al. 2007), which would be similar to the
compensatory, positive effects of CD2AP in BCR-induced Ca?* signalling in B cells.

Contrary to the publication of Kometani and data from this thesis, a recent publication
investigating the function of CIN85 in human B cells postulate an inhibitory role of CIN85
(Niiro et al. 2012). Overexpression of CIN85 in the BJAB B cell line resulted in decreased
phosphorylation of Syk, SLP65 or PLCy2 (among others) and BCR-induced Ca?*
mobilisation, while knock-down of cin85 mMRNA expression led to increased protein
phosphorylation and Ca?" flux. The authors hypothesise that CIN85 forms an inhibitory
module together with Cbl. The discrepancy between the cin85 knock-down data of Niiro et al.
and the data from this thesis might be easily explained by the different nature of the B cell
types analysed.

The Ca?* defect observed in cd2ap ” DT40 B cells together with reduced cin85 expression
was not as pronounced as the defect of the SLP65 R-to-A variant that does no longer bind
CIN85/CD2AP. This is likely due to the use of RNAI instead of a CIN85-deficient DT40 B cell
line, in which residual CIN85 expression might dilute the effects. Noteworthy, the observed
differences might depend on the species from which SLP65 was derived. For Ca*
mobilisation analysis of the SLP65 R-to-A variants, human slp65 cDNA was used. In the
cd2ap ” DT40 B cells a dependence on CD2AP/CIN85 could only be analysed for
endogenous chicken SLP65. Indeed, data from a diploma thesis carefully analysing the
SLP65 species differences suggests that chicken SLP65 is less dependent on CIN85/CD2AP
interaction than human SLP65 (K.Henzel, diploma thesis). A function of Grb2 in SLP65-
mediated Ca?* mobilisation cannot be excluded, because binding of Grb2 to SLP65 was
reduced upon changes in the proline-arginine motifs in SLP65 (Oellerich et al. 2011).
However, Grb2 is a negative regulator in BCR-induced Ca®" signalling of immature B cells
and not known to positively influence SLP65 phosphorylation in DT40 B cells (Stork et al.
2004). This, and the specificity of the PxxxPR maotifs for CIN85 and CD2AP SH3 domains,
argues in favour of CIN85 as the important binding partners for the SLP65 proline-arginine

motifs in BCR-induced Ca”* signalling.

4.1.2 CINS85 - atrue scaffold for protein complexes
Interestingly, only upon tightly defined cin85 expression, DT40 B cells showed a BCR-

induced Ca?" profile comparable to control cells. Diminished cin85 expression (as in the
knock-down situation) or strong overexpression of cin85 resulted in a decrease of BCR-

induced Ca?* flux. Non-physiological abundance of CIN85 might result in changes in the
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formation of naturally occurring protein complexes: Instead of one CIN85 molecule (CIN85)
forming one functional, e.g. trimeric complex (CIN85+B+C), two CIN85 molecules are used
forming two non-functional dimers (CIN85+B, CIN85+C). This is known as combinatorial
inhibition (Levchenko et al. 2000). For the yeast mating pathway Chapman et al. showed that
signal throughput in yeast cells did depend on the abundance of the scaffold Sterile 5 (Ste5)
in a biphasic manner. Below and above an optimal concentration of Ste5, signalling was
altered (Chapman and Asthagiri 2009). My data suggests that CIN85 displays a biphasic
character as well. Since cd2ap expression was not as high as cin85 expression a biphasic
character could not be detected for CD2AP technically. Importantly, the sensitivity to
imbalanced expression suggests that CIN85 serves as a backbone for multimolecular
complex formation in BCR-induced Ca? mobilisation. This complex involves the SH3
domains since overexpression of a SH3 domain truncation variant of CIN85 is dominant-
negative in Ca?" signalling. In contrast, the coiled coil truncation variant of CIN85 displays no
biphasic character (data not shown). Hence, CIN85 might scaffold e.g. SLP65 and yet
unknown proteins via its SH3 domains and proline-rich motifs in cis. Interestingly, in silico
analysis (http://scansite.mit.edu/motifscan_seq.phtml) of possible interaction partners of
CIN85 and CD2AP revealed hits for PLCy1 and ltk, respectively. It is thus very tempting to
speculate that CIN85 or CD2AP could stabilise the Ca* initiation complex comprising
SLP65, Btk and PLCy2. The elucidation of CIN85-based complexes is currently addressed

with a mass spectrometric approach by our group.

4.1.3 CIN85 and CD2AP: twins or siblings?
In my experimental system partial redundancy of CIN85 and CD2AP was demonstrated by

the enhanced defect in BCR-induced Ca®* mobilisation after interference with cin85
expression in combination with CD2AP-deficiency. Studies with CD2AP- or CIN85-deficient
cells dampened the originally assigned function of CD2AP in the immunological synapse and
for CIN85 in receptor internalisation (Lee et al. 2003; Shimokawa et al. 2010), which might
have been less pronounced due to functional compensation by CIN85 or CD2AP,
respectively. Functional redundancy of CIN85 and CD2AP is very likely due to the high
similarity of the proteins. Indeed phylogenetically they are paralogues descending from a
gene duplication event after the split of vertebrates from invertebrates (Tossidou et al. 2011).
Looking on the primary sequence which shares 41% amino acid identity and the same
overall domain architecture CIN85 and CD2AP SH3 domains share more similarities among
themselves than with any other SH3 domain (Dikic 2002). A likely explanation for the
redundancy is that CIN85 and CD2AP have similar binding qualities; e.g. both bind CD2

83



DISCUSSION

(Dustin et al. 1998; Tibaldi and Reinherz 2003), Cbl (Take et al. 2000; Kirsch et al. 2001) and
SLP65.

The association of the preformed complex comprising CIN85 and/or CD2AP (CIN85/CD2AP)
and SLP65 is based on the SH3 domains of CIN85/CD2AP and the atypical proline-arginine
motifs in SLP65 (Kowanetz et al. 2003; Kurakin et al. 2003) and could be confirmed in this

study. Immuno purifications of full length CD2AP or CIN85 have not been conducted herein,
but would further proof the interaction with SLP65. A stimulation-dependent alteration of the
interaction could not be observed in DT40, primary mouse and human Ramos B cells by
either mass spectrometry or biochemistry (Oellerich et al. 2011). However Niiro et al. claim to
observe an increase in SLP65/CINSS interaction after BCR stimulation in the human BJAB B
cell line, nonetheless there is substantial association already in unstimulated B cells (Niiro et
al. 2012). Hence the term preformed is appropriate to describe the stimulation-independent
association of CIN85/CD2AP and SLP65. This is in accordance with the binding of SH3
domains and their ligands, which - unlike SH2 domains do not rely on posttranslational
modifications (for review see (Mayer 2001)).

SLP65 contains three atypical proline-arginine motifs thus being a selected binding partner of
the CIN85/CD2AP family rather than other SH3 domain containing proteins. Indeed, mass
spectrometry showed that upon destruction of these motifs in a SLP65 peptide CIN85 and
CD2AP got specifically lost, albeit there is also diminished association of the subunits of F-
actin capping protein (CapZ) and Grb2 with SLP65 (Oellerich et al. 2011). CapZ is an
interaction partner of CIN85/CD2AP and harbours no obvious binding motif for a direct
SLP65 interaction (Hutchings et al. 2003). Thus, CapZ probably gets lost from SLP65 due to
interaction with CIN85 or CD2AP. Although there are publications describing an interaction of
CIN85 with Grb2 (Kirsch et al. 1999; Borinstein et al. 2000; Watanabe et al. 2000), mass
spectrometry performed in our group did not reveal CIN85 or CD2AP as part of the Grb2
interactome in murine Ball7 B cells (Neumann et al. 2009). It would be worth to study
whether Grb2 and CIN85/CD2AP can interact in the DT40 B cell system.

Destruction of the second (PSPLPR) or the third proline-arginine motif (PIPLPR) in SLP65
resulted in abolished or decreased binding of CIN85/CD2AP, respectively. This is in line with
data by Kowanetz et al. but additionally showed that CD2AP had the very same binding
characteristics to SLP65 as CIN85 had (Kowanetz et al. 2004). Thus, | propose a binding
mechanism in which recognition of the second SLP65 proline-arginine motif by one SH3
domain of CIN85/CD2AP is necessary, but to be sufficient a second SH3 domain in
CIN85/CD2AP must bind the third proline-arginine motif in SLP65 (see figure 4.1A). The
differential importance of the proline-arginine motifs for CIN85/CD2AP binding is in
accordance with the BCR-induced Ca** mobilisation profiles of the single SLP65 R-to-A

variants (Oellerich et al. 2011). Destruction of the second proline-arginine motif in SLP65 led
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to more severe impairment in BCR-induced Ca?* flux than destruction of the third motif, while
a combination of both displayed the strongest defect in this assay. Alteration of the first
proline-arginine motif (PPSVPR) of SLP65 neither impaired the interaction with
CIN85/CD2AP nor BCR-induced Ca’* signalling. It can be discriminated from the two other
proline-arginine motifs (PxPxPR) by lacking the central proline (PxxxPR). Previous analysis
of dynamic phosphorylation of chicken SLP65 identified two conserved serine residues in the
first or second proline-arginine motif as BCR-induced or down-regulated phosphorylation
sites, respectively (Oellerich et al. 2009). Since the first proline-arginine motif is possibly not
bound by CIN85/CD2AP it would be accessible for a kinase. A phosphorylated serine residue
in the second proline-arginine motif would possibly not be tolerated by CIN85/CD2AP SH3
domains. An involvement of serine phosphorylation in CIN85/CD2AP and SLP65 interaction
needs further experimentation.

Watanabe et al. showed that the three SH3 domains of CIN85 together purified more SLP65
than the single SH3 domains (Watanabe et al. 2000). This could not be confirmed by our
group. Affinity purifications with the three SH3 domains of either CIN85 or CD2AP did not
purify more SLP65 than the individual SH3 domains (J. Gerstmaier, diploma thesis). The
respective contribution of the individual SH3 domains of CIN85/CD2AP for SLP65 binding
would be worth to elucidate by mutational analyses. It would be interesting to further analyse
the binding mechanisms of SLP65 with CD2AP and CIN85 especially with respect to
dissociation constants. A clue to differences between CIN85 vs. CD2AP function with respect
to SLP65 might lie in their affinity for SLP65.

Still, the stoichiometry of the preformed complex comprising SLP65 and CIN85/CD2AP
needs further elucidation. SLP65 has been found in a preformed 180kDa complex by 2
dimensional blue native polyacrylamid gel electrophoresis in unstimulated K46 B cells
(Swamy et al. 2006). Possible interaction partners of SLP65 were not elucidated in this
study, thus it would be interesting to see whether CIN85 and/or CD2AP can be found
preformed with SLP65 in this setup.

Due to the same binding behaviour of CIN85 and CD2AP to SLP65, it is difficult to envision
how these two molecules would bind to one SLP65 molecule at the same time forming a
trimeric SLP65/CIN85/CD2AP complex. Moreover an interaction of one SH3 domain of
CIN85 and one SH3 domain of CD2AP with the second and third proline-arginine motif,
respectively, is unlikely since the SLP65_M2 variant (destruction of the SLP65 second
proline-arginine motif) did not copurify any CD2AP or CIN85 with its intact third proline-
arginine motif. The independence of each other for binding SLP65 allows individual non-
trimeric complexes. In addition the coiled coil domains of CIN85 and CD2AP can
homo/hetero-oligomerise opening the possibility of an at least tetrameric complex with two

SLP65 molecules (see figure 4.1B). A functional importance for SLP65 clustering due to
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homo-oligomerisation of CIN85 or CD2AP molecules needs further investigation. A need for
hetero-oligomerisation of CIN85 and CD2AP is rather unlikely, because, instead of showing a
concerted action in BCR-induced Ca** mobilisation, CIN85 and CD2AP are partially
redundant.

The biochemical analysis provided insight into the molecular details of the formation of
CD2AP/SLP65 and CIN85/SLP65 protein complexes, but is less suitable to reveal functional
differences between CIN85 and CD2AP. Investigations with living cells, like in Ca*
mobilisation or microscopical assays (see section 4.2.1), are more powerful in this respect.
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Figure 4.1: Model for the interaction of CIN85 or CD2AP with SLP65.

Two of the three SH3 domains of CIN85/CD2AP (red) interact with the second and third atypical
proline-arginine motif in SLP65 ((). This results in formation of either CIN85/SLP65 or CD2AP/SLP65
dimers (A) or oligomers (B). Homo-oligomerisation of CIN85 or CD2AP involves the coiled coil (CC)
domains and results in clustering of SLP65 molecules. Even higher-order oligomers can be formed
(not shown).

Post-translational modifications could contribute to (differential) function of CIN85 and
CD2AP; e.g. CIN85 and CD2AP are known to be ubiquitinated (Haglund et al. 2002);(Verdier
et al. 2002). CD2AP contains 5 tyrosine phosphorylation motifs, while in CIN85 exists only
one, but tyrosine phosphorylation of CD2AP and CIN85 could not be detected in DT40 B
cells (Tibaldi and Reinherz 2003). Whole phospho-proteome mass spectrometric approaches

already elucidated threonine- and serine phosphorylation sites on CD2AP or CIN85
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(http://www.phosphosite.org). Former analysis from our group revealed the importance of

serine phosphorylation in SLP65 and Syk (Oellerich et al. 2009; Bohnenberger et al. 2011).

Hence, exploration of serine/threonine phosphorylation in CIN85 and CD2AP could reveal

functional aspects of the scaffolds in BCR signalling.

Table 4.1 Structural and functional features of CIN85 and CD2AP

feature CIN85 CD2AP similarity ref.
structure:
3 N-terminal SH3 domains yes yes
1% SH3 domain (aa) 60% (Tibaldi and
Reinherz 2003)
2" SH3 domain (aa) 72% (Tibaldi and
Reinherz 2003)
3" SH3 domain (aa) 60% (Tibaldi and
Reinherz 2003)
coiled coil domain yes yes 37%
basic pl 8.68 8.25 expasy.org
proline-rich motifs (number) 4 3
1 proline-rich motif 100% (Tibaldi and
Reinherz 2003)
3" proline-rich motif 75% (Tibaldi and
Reinherz 2003)
4™ proline-rich motif 67% (Tibaldi and
Reinherz 2003)
PEST sequence (number) 1 1(less) (Tibaldi and
Reinherz 2003)
actin binding motifs 0 4 (Tibaldi and
Reinherz 2003)
isoforms yes no (Buchman et al.
2002)
intramolecular folding yes no (Kowanetz et al.
2003)
regulation (potential):
proteolysis yes no phosphosite.org
tyrosine phosphorylation 1 4 (Tibaldi and
(number of sites) Reinherz 2003)
threonine phosphorylation yes yes phosphosite.org
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serine phosphorylation yes yes phosphosite.org
ubiquitination yes yes (Haglund et al.
2002)
SUMOylation yes  not known (Tossidou et al.
2011)
BCR signalling (this thesis):
plasma membrane recruitment, yes yes
depends on
SH3 domains yes no
coiled coil domain yes yes
actin cytoskeleton no yes
positive regulatory role in the vyes com-
onset of Ca®" flux pensatory
BCR colocalisation strong weak
SLP65 binding yes yes

4.2 SLP65’s third tooth for biting the membrane

A bidentate membrane anchoring mode for SLP65 with the N-terminus providing general
membrane localisation, while the SH2 domain provides BCR proximal localisation was
discussed before by our group (Abudula et al. 2007). A cooperation of the two domains was
demonstrated to stabilise SLP65 at the plasma membrane (Hermann 2009). The interaction
of CIN85/CD2AP with SLP65 could add a third mechanism to the plasma membrane
localisation of SLP65.

4.2.1 Sub cellular localisation of CIN85 and CD2AP

The precise sub cellular localisation of B cell effector proteins is crucial for BCR signal
transduction. Microscopy is a powerful method for the analysis of membranous vs. cytosolic
location of fluorescent proteins, since BCR-induced translocations can be followed in living,
intact cells. The microscopic analysis of CD2AP and CIN85 revealed that recruitment to the
plasma membrane required their coiled coil domain. Coiled coil domains are present in many
proteins associated with the cytoskeleton. CD2AP and CIN85 were shown to colocalise with
actin-rich membrane ruffles (Kirsch et al. 1999) or actin (Schmidt et al. 2003) and to bundle
F-actin dependent on their coiled coil domain and proline-rich motifs (Gaidos et al. 2007).

This could explain why the coiled coil truncation variant of CD2AP did not localise to the
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plasma membrane, and the sensitivity of CD2AP membrane localisation to the actin inhibitor
Latrunculin B. Thus, it can be assumed that CD2AP plasma membrane localisation depends
on an integral cytoskeleton in unstimulated as well as stimulated B cells. This might involve
either a direct interaction with F-actin via CD2AP’s four actin binding motifs (which are
lacking in CIN85) (Kirsch et al. 1999) or might be indirect via cytoskeleton-associated binding
partners of CD2AP, like CapZ, p**°Cas or cortactin via the proline-rich motifs of CD2AP
(Kirsch et al. 1999; Hutchings et al. 2003; Lynch et al. 2003). Both mechanisms are in
accordance with the ability of the C-terminal half of CD2AP to sufficiently translocate to the
plasma membrane (see figure 4.2, right).
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Figure 4.2: Model for the mechanisms of CIN85 and CD2AP plasma membrane recruitment

For anchoring to the plasma membrane CIN85 and CD2AP use different modes: CIN85 requires its
coiled coil domain either for binding phosphatidic acid (PA, black dots), homo-oligomerisation or
interaction with yet unknown proteins. Moreover the SH3 domains or the proline-rich motifs of CIN85
mediate binding to yet unknown ligands. In contrast, CD2AP is either directly anchored to the actin
cytoskeleton via its actin-binding motifs (black triangles) or interacts with cytoskeletal adaptor proteins
via its coiled coil domain or proline-rich motifs. The SH3 domains are not involved in anchoring CD2AP
to the plasma membrane.

Unlike CD2AP, CIN85 membrane localisation required the coiled coil as well as the SH3
domains and was rather insensitive to Latrunculin B. The SH3 domains mediate protein-
protein interactions and possible B cell specific interaction partners of CIN85 might include
those identified by a mass spectrometric approach (Buchse et al. 2011). The dependence of
CIN85 membrane recruitment on interaction partners would be worth to study and will be
discussed in section 4.2.2. The coiled coil domain of CIN85 was shown to bind to
phosphatidic acid likely via electrostatic interactions (Zhang et al. 2009). Phosphatidic acid
comprises 1-4% of all membrane lipids and the major pathway of its generation is hydrolysis
of phosphatidylcholine by activated Phospholipase D (PLD) (for review see (Selvy et al.;
Stace and Ktistakis 2006)). Given that the signal for CIN85 translocation is transduced by
Lyn, but independent of Syk, PLD activation should be independent of Syk, too. This could
not be observed in investigations of PLD activity after BCR cross-linking in the DT40 system,

which revealed a dependence on Syk, Btk and PLCy2, but not Lyn (Hitomi et al. 1999).
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However, PLD activation must not necessarily precede CIN85 membrane translocation if the
constant pools of phosphatidic acid in the plasma membrane are sufficient to stabilise CIN85
there. A dependence of CIN85 on phosphatidic acid in B cells would be worth to address, by
either directly adding phosphatidic acid or overexpression of PLD in DT40 B cells (Zhao et al.
2007). A function of coiled coil domains in oligomerisation and localisation was shown for
CARD-containing MAGUK protein 1 (CARMAL) in T cells (Tanner et al. 2007). Of course the
coiled coil domain could function in homo-oligomerisation of CIN85 molecules thereby
mediating CIN85 membrane translocation (see figure 4.2, left). CIN85 membrane recruitment
is likely to be independent of hetero-oligomerisation with CD2AP, since membrane
translocation of CIN85 occurred in cd2ap " DT40 B cells to normal levels.

4.2.2 CIN85 - anovel resident of BCR-containing microclusters

High resolution TIRF microscopy performed in collaboration with the group of Dr.F. Batista
demonstrated for the first time that CIN85 is part of BCR microclusters in B cells during the
whole biphasic spreading and contraction response. Thereby CIN85 joins the list of other
BCR signal transducers (e.g. Lyn, Syk, PLCy2) that colocalise to BCR-containing
microclusters (Fleire et al. 2006; Sohn et al. 2008; Weber et al. 2008; Oellerich et al. 2011).
An association of CIN85 with the BCR was also observed by two complementary approaches
i.e. by confocal microscopy of Citrine-tagged CIN85 expressing DT40 B cells with differently
fluorescently labelled BCR (data not shown (Kometani et al. 2011)) and coimmuno
purifications of the surface BCR with CIN85. Although all of the data demonstrate an
association of CIN85 and the BCR, conclusions towards CD2AP and its relation to the BCR
are difficult to draw. At least, it is indicated that BCR association with CD2AP is much weaker
compared to CIN85. However, different expression levels of the two proteins might have had
an influence on that.

CIN85 microcluster localisation is likely not due to a direct interaction with the BCR. Although
| was able to precipitate CIN85 with the BCR, this could also be due to an indirect interaction,
which is further supported by the fact that the intracellular part of chicken IgM does not
comprise proline-rich motifs, SH3 domains or coiled coils to mediate a direct interaction with
CIN85. Given that the lysis condition applied was very mild whole membrane complexes
might have been purified. This opens the possibility that other proteins in the microclusters
were the actual interaction partner of CIN85. TIRF microscopy of CIN85 in slp65 ” DT40 B
cells showed that CIN85 BCR colocalisation was independent of SLP65, thus, SLP65 is
unlikely to have a membrane-anchoring function for CIN85. Grb2 localises to BCR-containing
microclusters in DT40 B cells as well (Schnyder et al. 2011), but a membrane-anchoring
function of Grb2 for CIN8S is rather unlikely because CIN85 could still localise to the plasma

membrane in the absence of Grb2. Therefore also Downstream of kinase 3 (Dok3) and Cbl
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are unlikely candidates, because their recruitment to microclusters was shown to depend on
Grb2 (Schnyder et al. 2011). However, in favour of Cbl as a membrane anchor for CIN85
speaks that in the absence of Cbl and Cbl-b SLP65 is less phosphorylated (Kitaura et al.
2007) as is SLP65 when not bound to CIN85 (Oellerich et al. 2011). Dependence of CIN85
membane recruitment on Lyn kinase activity puts Lyn itself or its substrates into the focus.
CD2AP was shown to copurify with the SH3 domains of the Src kinases Fyn, Src and Yes,
which points to an affinity of Lyn SH3 domains to CIN85 as well (Kirsch et al. 2001). Indeed,
CIN85 has been shown to indirectly associate with tumour necrosis factor receptor 1 (TnfR1)
via Src (Narita et al. 2005). However, in lyn” DT40 B cells CIN85 can translocate to the
membrane albeit with a pronounced delay and aberrant pattern (data not shown). The B cell
marker CD19 is as substrate of Lyn and a transient resident of the microsignalosomes
(Depoil et al. 2008), however expression of a chicken homologue is not proven. Another,
albeit only partial, substrate of Lyn is B-cell phosphoinositide 3-kinase adapter protein 1
(BCAP) (Okada et al. 2000). It is enriched in lipid rafts and would be a bona fide CIN85
interacting protein; it comprises a coiled coil domain and three atypical proline-arginine
motifs. Thus, multiple proteins are candidates to be involved in CIN85 membrane localisation

and need further elucidation.

CIN85 mediates ligand-dependent internalisation of several RTKs via scaffolding a Chbl-
CIN85-endophilin complex (Petrelli et al. 2002; Soubeyran et al. 2002; Szymkiewicz et al.
2002). A role of CIN85 in BCR internalisation could not be observed by me or others in either
chicken DT40 B cells, human BJAB B cells and CIN85-deficient primary mouse B cells (Niiro
et al.; Kometani et al. 2011; Niiro et al. 2012). Although BCR down modulation seems
independent of CIN85, it requires Cbl proteins as demonstrated by a higher amount of
surface BCR in cbl ” cbl-b ™ primary B cells and decreased BCR internalisation in these cells
compared to wt controls (Kitaura et al. 2007). Thus the CIN85-Cbl-endophilin is employed by
certain receptors while others like the BCR do not depend on this internalisation complex.
Analysis of internalisation of dopamine receptors in mice lacking expression of the brain
specific CIN85 isoforms revealed that CIN85 facilitated complex formation of endophilin with
the D2 dopamine receptor and subsequent D2 dopamine receptor internalisation, while D1
dopamine receptor internalisation was not affected (Shimokawa et al. 2010). CD2AP was
shown to be involved in T cell receptor degradation, but not internalisation (Lee et al. 2003).
Thus, a function of CIN85/CD2AP in BCR degradation could be hypothesised in B cells as

well.
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4.2.3 CIN85 and SLP65 - a preformed and BCR-targeted module

Several lines of evidence support the hypothesis that CIN85/CD2AP target SLP65 to the
plasma membrane to allow further BCR signal transduction: CIN85 and CD2AP translocate
to the plasma membrane upon BCR stimulation, thus, fulfilling a requirement for targeting
SLP65 there. The domains involved in CIN85 membrane recruitment, were also needed for
proper Ca®* fluxing, which points to functional relation of these two BCR-induced processes.
Importantly, our group (T.Oellerich and Dr. M. Engelke) could show that SLP65 did only
efficiently translocate to the plasma membrane when harbouring the binding motifs for
CD2AP/CINS8S. Specificity and functionality of the atypical proline-arginine motifs and their
recognition by CIN85 was additionally shown by our group by reintroducing the three proline-
arginine motifs of SLP65 into its T cell paralogue SLP76 (H. Bohnenberger). SLP76 is very
similar to SLP65 in sequence but can only reconstitute signalling function in slp65 * B cells
when co-expressed with its membrane anchor LAT (Ishiai et al. 2000; Wong et al. 2000).
SLP76 equipped with the binding sites for CIN85/CD2AP translocated to the plasma
membrane and restored BCR-induced Ca*" mobilisation in the absence of LAT (Oellerich et
al. 2011). To dissect whether general plasma membrane localisation of SLP65 would be
sufficient to circumvent CIN85/CD2AP binding to SLP65, | generated TIRAP/SLP65
chimeras. Although the N-terminus of SLP65 could be functionally replaced by the TIRAP
PIP, binding domain (Hermann 2009), membrane recruitment of TIRAP fused to the SLP65
R-to-A variant did not exceed the membrane recruitment of the negative control. Since the
experiment worked technically, functionally there might be cooperation between the PIP,
binding domain of TIRAP (and SLP65 N-terminus?) and SLP65 proline-arginine motifs
explaining why the TIRAP membrane anchor did not place proline-arginine exchanged
SLP65 to the membrane. Hence, another membrane anchor has to be analysed in order to
reveal the functional mechanism.

In line with the data showing that CIN85 is the dominant ligand of SLP65 in BCR-induced
Ca®* signalling, CIN85 rather than CD2AP would provide SLP65 with access to the plasma
membrane. Moreover, since SLP65 resided in BCR microclusters as well, which is in
accordance with its direct binding to Iga (Engels et al. 2001; Oellerich et al. 2011) CIN85
could have an additional BCR-targeting function for SLP65 rather than general plasma
membrane localisation. This is further supported by the notion that BCR-targeting of SLP65
was sufficient to bypass CIN85 binding for BCR-induced Ca** mobilisation. BCR-targeted
SLP65 then would be directly accessible for phosphorylation by Syk, increasing the efficiency
of BCR signal transduction. Previous studies described that phosphorylation of BCR effector
proteins did depend on the BCR as organiser of an unidentified preformed BCR transducer
complex (Wienands et al. 1996). In this line preformation of SLP65 with its BCR-targeting

device CIN85, would allow a fast and efficient BCR signal throughput, explaining the delay in
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the onset of BCR-induced Ca?* mobilisation in cells, in which the CIN85/SLP65 module is not

formed. Together with the evidence that the proline-arginine motifs provide a plasma
membrane localisation signal, the dominant role of CIN85 in BCR-induced Ca** signalling
and the colocalisation of CIN85 and SLP65 to BCR-containing microcluster it is rather CIN85
and SLP65 that constitute a preformed signal transducer module, that localises, not to the
plasma membrane in general, but to BCR-rich subdomains of it.

To further proof the importance of a CIN85 and SLP65 module, chimeric proteins
encompassing parts of CIN85 or CD2AP fused to mutant SLP65 could be analysed for their
signalling competence. Another tool for studying this issue would be to dimerise engineered
CIN85 and the SLP65 R-to-A variant with a cross-linker. Thereby functionality of a
CIN85/SLP65 module can be measured in slp65 * cells, even in the presence of
endogenous CIN85. Performing these experiments with CD2AP as well will allow further
discrimination of CIN85 vs. CD2AP function with regard to SLP65.
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Figure 4.3: Model of the preformed CIN85/SLP65 BCR transducer module in the initiation of
ca”* signalling.

CIN85 and SLP65 reside in the cytosol of resting B cells as a preformed CIN85/SLP65 complex. Upon
stimulation of the BCR a Lyn-mediated signal leads to translocation of the CIN85/SLP65 complex to
BCR-containing microclusters. Membrane localisation of CIN85 requires its coiled coil domain to
interact with phosphatidic acid (PA). The CIN85/SLP65 complex is further stabilised by the interaction
of the SLP65 SH2 domain with Iga and the basic effector domain (B) with phospholipids in the plasma
membrane. At the BCR SLP65 is phosphorylated by Syk allowing a rapid onset and efficient course of
BCR-induced Ca*" mobilisation.
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4.3 Outlook

Based on the findings of this thesis and the B cell specific cin85” mice (Kometani et al. 2011)
as well as on a model for the function of the T cell immunological synapse (Lee et al. 2003), |
will discuss a function of CIN85 during formation of the B cell immunological synapse as an
outlook. In this model CIN85 facilitates BCR signalling by preformation with SLP65 and
subsequent location of SLP65-based signalosomes directly to BCR microclusters. This
mechanism might be of particular importance when the activation of the B cell relies
specifically on BCR signal transduction and when the antigenic load is relatively low. Besides
supporting the formation of microclusters, CIN85 might even increase the number of
BCR/antigen clusters which then translates in enhanced Ca?* signalling. In the subsequent
contraction phase CIN85 might be involved in clustering of the BCR/antigen complexes.
Thereby the signal’s own decline is induced resulting in the degradation of BCRs.

The cytoskeleton is getting more and more into the focus of BCR signalling (Viola and Gupta
2007; Batista et al. 2010) , because it restricts BCR diffusion and thereby signalling in resting
B cells (Treanor et al. 2009), allows morphological changes during spreading and has a
pivotal role in gathering of antigen into the immunological synapse (Schnyder et al. 2011).
CIN85/CD2AP are multiply linked to this cellular microfilament (Kirsch et al. 1999; Hutchings
et al. 2003; Lynch et al. 2003; Gaidos et al. 2007). Exploration of the function of the
CIN85/CD2AP family of adaptor proteins in B cells has just started (Niiro et al.; Kometani et
al. 2011; Oellerich et al. 2011; Niiro et al. 2012) and future studies should be linked to the
cytoskeleton. This will involve sophisticated imaging technologies and the use of
CIN85/CD2AP-double deficient B cells.
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5 Summary and conclusions

The immune system is an extraordinary evolutionary achievement in protecting the organism
from the fatal consequences of pathogenic invasion. One powerful executive molecule of the
body's defence to pathogen is the antibody. Antibodies are produced by B cells as the
soluble form of the mig on the B cell’'s surface. Antigen-induced BCR signalling is the
prerequisite for antigen-specific antibody secretion. Early BCR signal transduction is
characterised by the assembly of BCR effector proteins into multimeric complexes and
translocation of these signalosomes to BCR-containing microdomains in the plasma
membrane. The Ca®" initiation complex is such a signalosome that has to be built and
targeted to the plasma membrane by the central adaptor protein SLP65. Therefore SLP65
has to be phosphorylated and recruited to the plasma membrane. To elucidate the
mechanism of SLP65 membrane localisation, the interaction partners of SLP65 were
analysed by a mass spectrometric approach in our group. The adaptor proteins CIN85 and
CD2AP were identified as steady interaction partners of SLP65. Disruption of this
preassociation by the exchange of critical amino acids in SLP65 resulted in a defect in
SLP65 phosphorylation and Ca* mobilisation in DT40 and primary B cells after BCR
stimulation. Moreover, it was discussed earlier in our group that preformed, BCR signalling-
independent complexes must exist to allow rapid BCR signal initiation, but their nature
remained elusive. Hence, the following questions arose: do CIN85 and CD2AP have a role in
BCR signalling and do they together with SLP65 comprise a preformed signal transducer
complex in BCR-induced Ca** mobilisation? And how then do they support SLP65 function in
BCR signal transduction?
In this thesis a positive function of CIN85 in the onset and strength of BCR-induced Ca®*
mobilisation in DT40 B cells could be shown. However, CD2AP could partially replace CIN85
function in this respect, because a profound defect in BCR-induced Ca** mobilisation was
only observable upon combined reduction of cd2ap and cin85 expression. Hence, ablation of
CIN85 and CD2AP displayed a similar impairment of Ca®" flux as the SLP65 variant that did
not bind CIN85 and CD2AP. Biochemical analysis revealed that the interaction of
CIN85/CD2AP with SLP65 is mediated by the SH3 domains of CIN85/CD2AP and the
second and third proline-arginine motif in SLP65. Using live cell microscopy techniques |
demonstrated that CIN85 and CD2AP were recruited to the plasma membrane upon
stimulation of the BCR, but used different anchoring modes. While CD2AP required its coiled
coil domain possibly to interact with the cytoskeleton, CIN85 needed its SH3 as well as its
coiled coil domains to anchor to the plasma membrane. Interestingly, the very same domains
of CIN85 necessary for BCR-induced Ca®" signalling provided CIN85 with access to the
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plasma membrane. This indicates that the function of CIN85 in BCR-induced Ca?
mobilisation is connected to its ability to translocate to the plasma membrane. High
resolution analysis of membrane localisation using total internal reflection microscopy
revealed that CIN85 colocalised with BCR-containing microclusters upon BCR engagement,
while only very few CD2AP molecules did. CIN85 plasma membrane translocation and
presumably BCR colocalisation required Lyn, but not Syk kinase activity. Importantly, the
binding of CIN85 to SLP65 could be bypassed by providing SLP65 with direct access to the
BCR. Together with previous data from our group my data provide evidence for the existence
of a preformed BCR signal transducer module of CIN85 and SLP65 operating in BCR
signalling. The scaffold CIN85 targets its already bound ligand SLP65 directly to BCR-
containing microclusters explaining the efficiency of BCR signal transduction. The
identification of a CIN85/SLP65 transducer complex contributes to the knowledge of early
BCR activation with respect to preformed and BCR-targeted signalosomes and the
importance of adaptor proteins in the kinetic and magnitude of the BCR signal. The
exploration of CIN85 in B cells has just started and this thesis is one of the first descriptions
of the importance of this scaffold in BCR signal transduction. The functional importance of
CINSS is further corroborated by the fact that CIN85 is indispensable in the generation of T
cell-independent antibody responses (Kometani et al. 2011). The failure to produce
antibodies is manifested in medicine by humoral immunodeficiencies, which results in live-
long suffering from infections with eventually fatal consequences. With my studies | hope to
contribute to future investigations aiming at understanding and treating B cell-related

diseases.
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