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Abstract 1

1 Abstract

Signals that are transduced by the B cell antigen receptor (BCR) control B cell
development and activation. Engagement of the BCR initiates the assembly and activation
of the antigen receptor-specific Ca* initiation complex which triggers the transient release
of Ca®* from intra- and extracellular stores. The profile of the Ca®* signal differs amongst
developmental B cell stages and is thought to control distinct cellular responses like
proliferation and apoptosis. Hence, regulation of BCR-induced Ca®* mobilization is
important to keep the balance between humoral immunity and tolerance. An important
regulator of differential Ca?* mobilization is the adaptor protein Dok-3. Lyn-dependent
complex formation with Grb2 is essentia to attenuate the efficiency of Ca?" mobilizing
enzymes. By combining genetic, biochemical and real time imaging approaches this work
elucidates the molecular mechanisms underlying the association of Dok-3 and Grb2. It
could be shown that the Dok-2/Grb2 complex is translocated into microsignalosomes upon
BCR-engagement. Furthermore, molecular details of this process and two potential binding
partners required for the translocation of Dok-3/Grb2 have been elucidated. Once residing
in the microsignalosomes the data unvell that, although not influencing the
phosphorylation or activity of Lyn, Dok-3/Grb2 directly orchestrates the phosphorylation
pattern of Lyn targets. Whereas the phosphorylation and activity of Ca® mobilizing
enzymes are suppressed by Dok-3/Grb2, regulatory proteins become stronger
phosphorylated. Based on these results we propose that Dok-3 modulates the balance of
activatory and inhibitory Lyn functions by shaping the composition of BCR

microsignal 0somes.



Introduction 2

2 Introduction

Cells mediating immune responses originate fronripbtent hematopoietic stem cells
(HSCs) in the bone marrow (BM) (WEISSMANN, 2000heEe leukocytes encompass
cells from the myeloid lineage and the lymphoideéige. The myeloid lineage includes
granulocytes, macrophages, dendritic cells and el and participates in both, innate
and adaptive immunity. The lymphoid lineage cong®misB lymphocytes (B cells),
T lymphocytes (T cells), and natural killer (NK)llse While the latter are ascribed to
belong to the innate immunity, B and T cells prevataptive immunity. B cells mature in
the bone marrow whereas T cells mature in the tilsyrBuand T Lymphocytes form the
basis of the adaptive immunity. They specificallgagnize antigens by a vast repertoire of

antigen receptors.

2.1  Structure, function and development of antigen receptorson B lymphocytes

The B cell antigen receptor (BCR) is a multiproteomplex comprising an antigen-
binding membrane-bound immunoglobulin (mlg) of eiént classes associated with two
transmembrane proteins, ¢(g{CD79a) and I¢3 (CD79b). The mlig recognizes and binds
extracellular antigens whereas dgand 8 are responsible for the signal transduction
(RETH et al., 1991; RETH, 1992; NEUBERGER et a@93). Membrane-bound Ig’s are
tetrameric proteins consisting of two heavy chand two light chains which are linked
via disulfide bonds. The interplay of the complemagity-determining regions (CDR) of
the heavy- and light-chain shape the antigen-bopdegion (RETH, 1992, WIENANDS,
2000a) and each individual B cell carries BCR airggle antigen specifity. There are five
different classes of immunglobulines (IgM, IgD, Igl@E and IgA) due to the isotype of
their constant region. These regions differ fromheather by their amount of Ig-domains,
their amount of glycosylation and the compositidntreeir cytoplasmic tail. The signal
transducing units Igr and Igf exhibit an extracellular Ig-like domain, @-helical
transmembrane region and a cytoplasmic tail of 62&amino acids, respectively. The
cytoplasmic tail inherits the immunoreceptor tynesbased activation motif (ITAM)
(SANCHEZ et al., 1993, FLASWINKEL and RETH, 1994ADDIE et al., 1994;
CAMPBELL, 1995). One Igx is disulphid-linked to one I§ and only when non-
covalently associated with the mlg this complexclions as signal transferring unit
(CAMPBELL and CAMBIER, 1990; HOMBACH et al., 1990/IENANDS, 2000;
SCHAMEL and RETH, 2000).
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Signals mediated through the BCR are fundamentahf® development of B cells. B cell
maturation in the bone marrow depends on nonlyngbhtsomal cells. They form specific
adhesive contacts with the cells and provide seluiaktors that control lymphocyte
differentiation and proliferation (SUDA et al., ZBZHANG and LI, 2008). The earliest
B cell precursors are the pro-B cells. During thevelopmental stage the rearrangement of
the heavy (H)-chain genes takes place (GRAWUNDERI.et1998; GELLERT, 2002).
After successful rearrangement the cells starth@gizing these heavy chains and are thus
termed as pre-B cells. Small amounts of the he&ayncassociate with the surrogate light
chain (VpreB and5 chains) and the Ig#-3 heterodimer to form the pre-BCR expressed
on the surface (KARASUYAMA et al., 1996; MARTENSS@al., 2007). These are the
first cells expressing a ‘BCR’ and signals throutis pre-BCR are essential for the
survival and differentiation of pre-B cells and skeathat fail to resemble the pre-BCR are
deleted (HERZOG et al., 2009). Following receptmmplex assembly pre-B cells endure
several rounds of cell division (clonal expansioRxe-BCR signaling is not only
responsible for the survival of the pre-B cells @i$o is required for initiating the
rearrangement of the light-chain gene leading ¢éoetkpression of the BCR (compromised
of two heavy and two light chains) and marking gtep from pre-B cells to immature
B cells (HERZOG et al., 2009). BCR-expression isdaory for B cell development and
survival in the periphery (LAM et al., 1997).

Immature B cells are checked for self reactivityobe they are allowed to leave the BM.
The cells that bind to antigen in the BM can undezipnal deletion (apoptosis or negative
selection), anergy or receptor editing (MANJARRERIUNO et al., 2009) whereas the
cell fate decision depends on the strength of tG& Bignals. This process is referred to as
central tolerance (GOODNOW et al., 1999). Once itum@aB cells leave the BM they
have to go through further transition processesndwvhich low-level BCR signaling is
required to inhibit apoptosis and to promote cetl/val, while excessive BCR stimulation
leads to cell death (WANG et al., 2007). Immaturedls then traffic to the spleen to
undergo final maturation processes. These immafienic cells, termed as transitional B
cells, are based on their phenotype divided intoahtd T2-transitional B cells (LODER et
al., 1999). T1-transitional B cells that detectigens are trapped in the spleen and undergo
apoptosis upon antigen recognition (WANG et al.020 T1 B cells which survive
negative selection continue to mature into T2-titaorsgal B cells which in turn complete B

cell development as mature naive B cells.
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Taken together, signals from the pre-BCR and th& B& required for the progression of
B cell development and the maintenance of B celligal.

2.2 Antigen receptor-induced signaling in B lymphocytes

In resting B cells most BCR are freely diffusingthimn the plasma membrane. Binding of
multivalent ligands to the BCR reduces their mépiéind leads to the formation of BCR
microsluster (DEPOIL et al., 2008). This proces8GR engagement activates Src family
kinases (Ick/yes-related novel kinase, Lyn; frgfyeated novel PTK, Fyn; B cell
lymphoma kinase, Blk). The Src family kinases atage to their palmitoylation and
myristoylation sites, constitutively residing iildl rafts and are abundant at sites of BCR
microcluster.In vitro studies show that Lyn and Fyn are in close asBogiavith the
unligated, resting BCR (YAMANASHI et al., 1991; CANBELL and SEFTON, 1992;
PLEIMAN et al., 1994).

Activated Src kinases phosphorylate the ITAM’s @fol and 198 thus providing docking
sites for the N-terminal tandem-Src homology 2 (¥ld@8main of the cytosolic spleen
tyrosine kinase (Syk) (KUROSAKI et al., 1995; WIENBS et al., 1995; FUTTERER et
al., 1998; PAO et al., 1998; SADA et al., 2001)ndBng to the phosphorylated ITAM
translocates Syk to the plasma membrane. Subsegctrdtion of the kinase results from
a combination of Lyn-mediated phosphorylation, awdnd trans-phosphorylation and a
break of allosterical inhibitory intramolecular enactions induced by the SH2-mediated
recruitment to Iga/-B (KUROSAKI et al., 1994; KUROSAKI et al., 1995; KIVRA et
al., 1996, DEINDL et al., 2007; TSANG et al., 2008)

Once activated, Syk phosphorylates the adaptoeipr&LP-65 (SH2 domain-containing
leukocyte protein of 65 kDa) also known as BLNKd@&I linker) or BASH (B cell adaptor
containing an SH2 domain) (FU et al., 1998; GOIT2U# al., 1998; WIENANDS et al.,
1998). SLP-65 encompasses an N-terminal leucingeeifollowed by a central region
containing five highly conserved tyrosine phospletign sites and several proline rich
regions (PRR), and a C-terminal SH2 domain anchésdentral adaptor protein in the
formation of protein complexes involved in sevesighaling processes.

One of these complexes, the so called*@stiation complex, is formed by the binding of
the SH2 domains of the Tec family kinase Btk (Brngotyrosine kinase) and the
phospholipase @2 (PLCy2) to phosphorylated SLP-65 (KUROSAKI and TSUKADA,
2000). Only in context of this ternary complex Btgcomes phosphorylated and activated
by Syk (KUROSAKI and KUROSAKI, 1997; BABA et al.0R1) and Lyn (MAHAJAN et
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al., 1995; RAWLINGS et al., 1995). Btk and Lyn ppberylate and activate PL{2,

which then triggers the hydrolysis of phosphatihgsitol-4,5-bisphosphate (P1(4,5)P
into the second messengers diacylglycerol (DAG) husitol-1,4,5-trisphosphate dP
(TAKATA and KUROSAKI, 1996; FLUCKIGER et al., 1998JASHIMOTO et al., 2000;

HUMPHRIES et al., 2004; KIM et al., 2004).
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Figure 2.1: Domain structure of signaling effector s and events downstream of BCR engagement.

(A) Domain structure of the central effectors of B@ediated C& signaling: Lyn (Ick/yes-related
novel tyrosine kinase), Syk (spleen tyrosine kipa&t P-65 (SH2 domain-containing leukocyte
protein of 65 kDa), Btk (Bruton’s tyrosine kinasejd PLCy2 (phospholipase §2). Src homology 2
(SH2) domains bind to phosphorylated tyrosinesgdats), Src homology 3 (SH3) domains bind|to
proline-rich regions (PRR) (red dots) and pleckstiomology (PH) domains associate with
phospholipids (modified from KUROSAKI, 2002). (B)ftar stimulation of the cell via the BCR
protein tyrosine kinases like Lyn phosphorylate ithenunoreceptor tyrosine-based activation motifs
(ITAM, orange) of Igi/3. Phosphorylated ITAMs provide docking sites for sipdeen tyrosine kinas¢
(Syk). Syk phosphorylates the adaptor protein SEPwhich then assembles the *Canitiation
complex (grey) by recruiting Btk and PL@2- Activated PLCy2 hydrolyzes phosphatidylinositolr
(4,5)-bisphosphate (PjPrevealing the second messenger diacyglycerol (DA inositol-(1,4,5)-
trisphosphate (l3).

DAG is a membrane associated second messengemnsdsgpofor the plasma membrane
recruitment of the protein kinase C (PK@. Fully activation of PK(3 requires the
binding of C&* to the PKC-conserved region 2 (known as C2 dom&nge activated, it
mediates the activation of the transcription fadié+«kB (nuclear factor fork gene in

B lymphocytes) (OANCEA and MEYER, 1998; SAIJO et 2002; SHINOHARA et al.,
2005). DAG additionally recruits the Ras guanineleotide-releasing proteins 1 and 3
(RasGRP1 and RasGRP3). Their activation then is -B&iendent (TOGNON et al.,
1998; OH-HORA et al., 2003; AIBA et al., 2004). &®P3 initiates the Ras signaling
cascade in B cells which activates several furfitecesses including the activation of the
mitogen-activated protein (MAP)-kinase Erk (exttadar signal-regulated kinase) which
activates the transcription factor Elk-1 (OH-HORt#ag, 2003).

The soluble second messengeg Ifinds to ligand-gated iHeceptors (IBR) in the
membrane of the endoplasmatic reticulum (ER) andudes the efflux of Ca
(KUROSAKI et al., 2000; PATTERSON et al., 2004; EEKXE et al., 2007). The P
mediated C& release from the ER induces the opening of stpezated C& channels
(SOC) in the plasma membrane leading to an influ€a* from the extracellular space.
The functional relationship between ER-depletiom &0OC activation remains widely
unknown but one example which has been describ#tkigntry through calcium release
activated channels (CRAC). Thereby the stromalranfiton molecule 1 (STIM1) and
STIM2, which are localized in the membrane of the, Hetect the decrease of ER*Ca
stores and communicate with the CRAC channel prad®Al in the plasma membrane to
trigger C&" entry by a yet to be defined mechanism (WILLIAMSag, 2001; ROOS et
al., 2005; LIOU et al., 2005; PRAKRIYA et al., 2006



Introduction 7

Cytosolic C&" levels control the activity of the transcripticacfors NFAT (nuclear factor
of activated T cells) and NkB (BAEUERLE and HENKEL, 1994; CRABTREE and
CLIPSTONE, 1994; FRANTZ et al.,, 1994; NEGULESCU at, 1994; RAO, 1994;
FANGER et al.,, 1995; SHIBASKI et al., 1996; TIMMERWIN et al.,, 1996). The
amplitude and duration of €asignals in B lymphocytes differentially activatdsese
transcription factors. NKB is selectively activated by a large transien¢ i C&* ions
whereas NFAT is activated by a low, sustained’ @tateau (DOLMETSCH et al., 1997).
Ccd" ions mediate these activation processes by eitfieding to proteins and directly
influencing the activity of the enzymes, e.g. thetpin kinase C (PKC) as described
above, or indirectly by binding to regulatory piiotelike Calmodulin. When associated
with C&" ions it regulates a plethora of proteins e.g. i@elain. Calcineurin then
dephosphorylates and activates NFAT transcriptamtoirs which then translocate to the
nucleus to regulate gene transcription (CRABTRE& @hSON, 2002; PARSONS et al.,
2004).

B cells of distinct developmental stages have ifie BCR-induced CGa profiles. Naive
mature B cells mount a biphasic Caignal with C&" mobilization from the ER and the
extracellular space. Immature B cells in contrasuni only a weak influx of Ca from
the extracellular space. Deregulated *Caesponses have been associated with
pathophysiological processes in several autoimmane inflammatory diseases, e.g.

systemic lupus erythematosus.

2.3  Consequences of deregulated BCR signaling

Signals mediated via the BCR are responsible fdtijphel processes in B cell development
and maintenance. For different reasons it can happs signals transduced via the BCR
lead to compromised B cell functionality. Failuré BCR-induced signals can be
characterized by defects in immunoglobulin (lg) darction; can result in excessive
production of autoantibodies (autoimmunity) or tieduction/lack of specific Igs
(immunodeficiencies), while defects regarding uricalied proliferation of B cells may
result in lymphomas and leukemias.

Lymphomas of the B cell lineage can derive fromeliscof all different developmental
stages and due to their occurrence can be classiBethose associated with infectious
agents (e.g HIV), with host’'s immunosuppressionthwderegulation of apoptosis and
survival pathways, with deregulation of the celtleyand with deregulation of the cell
signaling and of transcriptional regulation (JAFEE al., 2008). Diffuse large B cell
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lymphoma (DLBCL), for example, is a heterogenouagdostic category consisting of
molecular distinct subtypes, e.g. the activatedeBlike (ABC). Key feature of ABC-
DLBCL is the constitutive activation of the NdB signaling pathway to block apoptosis
(DAVIS et al., 2001). Recurrent CARD11 (Caspaseuitment domain-containing protein
11, also known as CARMA1 or Bimp3) mutations haeerbdescribed in about 8-11% of
the ABC-DLBCL. In normal B cells, CARD11 is phospiiated by PKCB upon BCR
engagement which subsequently induces the activatidhe kB kinase (IKK), thereby
initiating NF«B signaling (SOMMER et al., 2005, MATSUMOTO et a2005). The
CARD11 mutations potentiate its NdB transactivation activity (LENZ et al., 2008).
Leaving a lot of ABC-DLBCLs with wild-type CARD11 large group could be related
with constitutive signaling via the BCR (also reést as ‘chronic active’ BCR signaling).
Screenings in these lymphomas revealed mutatio®CiR signaling effectors like 1§;
which increase the BCR surface expression by itingireceptor internalization, as well
as interfering with the feedback inhibition of BGRjnaling. Thereby I mutations have
been shown to attenuate negative autoregulatidtyby(DAVIS et al., 2010).

In contrast to hyperproliferative cells causing pmomas, autoimmune diseases are
correlated with B cells having defects in B celletance, resulting in the generation of
autoreactive antibodies. The autoimmune diseasesbeaclassified as systemic (e.g.
systemic lupus erythematosus [SLE] and rheumatdlttiss [RA]), as organ-specific or
localized (e.g Typl diabetes mellitus or multiplelesosis [MS]) and as intermediate
immunological disorders, the latter comprising egst and local effects. Local
autoimmune diseases tend to be associated withoalies against local tissues, e.g. the
insulin-producingB-cells of the pancreas (diabetes) or the myelirestoé the central
nervous system (MS). Systemic autoimmune diseasegever are associated with
autoantibodies directed against antigens that atetissue specific. SLE is a prototype
systemic autoimmune disease characterized by antexkefect in immune tolerance
resulting in the development of a diverse repestaf autoantibodies against secreted,
cytoplasmic, and nuclear antigens and involveménnuitiple organ systems including
skin, kidneys, CNS and more (ARBUCKLE et al., 20@3)e to the variety of the disease
many mouse models have been described that delgbog-like phenotypes. Some of
them display features of the human disease andalrevgathogenic role of B cells in
developing SLE beyond the production of autoanti®das mice lacking antibody
secretion still develop lupus-like phenotypes (CH&MNal., 1999). Further studies showed
that the regulation of BCR signaling is responsifole several cases of SLE. Numerous
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lines of evidence suggest that BCR-mediated” Ganals are abnormal in B cells from
patients with SLE and that this is correlated wmtipaired negative regulation of the signal
(LIOSSIS et al., 1996; PUGH-BERNARD and CAMBIER,0®) ENYEDY et al., 2001).
Studies in mouse models of SLE have demonstratetear association between the
inhibitory function of the FgRIIB receptor and disease susceptibility (BOLLANDa¢,
2000, MACKAY et al., 2006). They could show that reducexpression of R&RIIB
contributes to decreasedyRiIB-mediated suppression of BCR-inducedO@sponse in
memory B cells of SLE patients. The observatioat #ome of the genes that contribute to
lupus function by downregulating BCR signaling antpeding antigen-driven negative
selection was supported by the analysis of furgiaient populations which showed that
lupus is also linked to polymorphisms in BCR sigmgleffectors (e.g. tyrosine kinases)
responsible for antigen-driven BCR responses (LISS& al., 1996). Data revealed that
expression of Lyn was significantly decreased sting as well as in antigen-stimulated
B cells from SLE patients (LIOSSIS et al., 2001)cl® defects are important because they
might contribute to the loss of B cell tolerancselved in SLE.

BCR signaling effectors also have been associatiéld mmmunodeficiencies. X-linked
agammaglobulinaemia (XLA) is a B cell immunodefimg characterized by a defect in
B cell development resulting in low numbers of matB cells and a lack of Ig-production
(LEDERMAN and WINKELSTEIN, 1985; OCHS and SMITH, 98). These phenotypes
have been mainly associated with defects ifi €gnaling of B cells which are caused by
mutations in the G4 initiating effector Btk (RAWLINGS et al., 1993; THKADA et al.,
1994; VIHINEN et al., 1997; RAWLINGS, 1999). B celirom patients with mutations in
Btk andbtk” mice show strongly impaired €ainflux upon BCR crosslinking (KHAN et
al., 1995) and most XLA patients do not expreseaable levels of Btk (SIDERAS et al.,
1994). Nonetheless, about 15% of the XLA patierasehno defects in thbtk gene
indicating that also other proteins of the BCR-pmeed signal-transduction unit are
affected. Indeed, mutations in tl#p-65 gene have been identified in some patients
(MINEGISHI et al., 1999). Similar observations wesported in SLP-65-deficient mice.
They have defects in B cell development and acdtimatresulting in xid-like
immunodeficiencies (XU et al., 2000).

These are only a few examples showing that devetopnmaintenance and elimination of
B cells depends on BCR signaling, which has toxXaetty regulated to keep the balance

between humoral immunity and tolerance.
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24  Modulation of BCR-mediated signaling processes

Intracellular signaling regulates cellular respanseportant for lymphocyte development,
activation, and maintenance of tolerance. B cedks several mechanisms to control BCR
signaling. Although the underlying mechanisms aoé completely understood one key
element is a balanced action between positive agdtive signaling events.

To exactly regulate intracellular signals B cellsvé a complex inhibitory machinery
including immunoreceptor tyrosine-based inhibitomptif (ITIM)-bearing receptors (e.g.
FcyRIIB, CD22) which recruit negative regulators likgosine phosphatases (e.g. SH2
domain-containg phosphatases, SHP), lipid phospbatée.g. SH2 domain-containing
inositol 5’-phosphates, SHIP) and ubiquitin ligageg Casitas B-lineage lymphoma, Cbl).
Regulation by the transmembrane glycoprotein CD22am example for inhibitory
signaling components counterbalancing activatoryRB€ffectors. When CD22 is co-
expressed with the BCR it becomes tyrosine phostdated at its ITIM motifs by Lyn
(CORNALL et al., 1998; SMITH et al., 1998). ITIM phphorylation of CD22 leads to the
recruitment of the tyrosine phosphatase SHP-1 (D®@0Dal., 1995, SMITH et al., 1998).
SHP-1 dephosphorylates several effectors, incluBylg(TUSCANO et al., 1996; LAW et
al., 1996) and Ig+/-B (PANI et al., 1995), which in turn downregulatesg®Omobilizing
enzymes.

Moreover signal regulation is organized by adaptoteins. Adaptor molecules exert their
function by mediating protein-protein or proteipdl interactions without intrinsic
enzymatic activities. Although these proteins hawe intrinsic kinase or phosphatase
activity they regulate signaling processes by niéiagiproteins to signaling complexes and
clusters (SAMELSON, 2002; LINDQUIST et al., 200Beyond activatory processes like
e.g. SLP-65 mediated formation of the?Canitiation complex, adaptor proteins also

organize signal inhibiting effectors.

2.4.1 Theadaptor protein Grb2isakey regulator of BCR mediated Ca®* signaling
One adaptor protein which has been identified asngortant regulator in BCR signaling
is the growth factor receptor-bound protein 2 (Gr{&TORK et al., 2004; STORK et al.,
2007; ENGELS et al., 2008; ENGELS et al., 2009).

Grb2 is an adaptor protein composed of a cent@h8mology 2 (SH2) domain, which is
flanked by two SH3 domains and is ubiquitously esged (CLARK et al., 1992;
LOWENSTEIN et al.,, 1992; OLIVIER et al., 1993). (ertargeting experiments

demonstrate a critical role for Grb2 asb2’" mice die during early embryogenesis
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(CHENG et al., 1998). Since its discovery multipies of binding partners have been
described (OLIVIER et al., 1993; NEUMANN et al.,8) (figure 2.2). The central SH2
domain is binding to phosphorylated tyrosines wille consensus sequence pPYXN
(KESSELS et al., 2002). By virtue of its SH3 donsa(Brb2 binds to proline rich regions
(PRR) of multiple proteins, among which are cenB&R signaling effectors like SLP-65
(with the C-terminal SH3 domain) or the guanineleotde exchange factor (GEF) son of
sevenless (SOS) (with both SH3 domains) (figurg A2 et al., 1993; FUSAKI et al.,
2000). Downstream of antigen-receptor signalindyZ3slays a divergent role. Upon T cell
receptor (TCR)-induced stimulation it promotes MAPRKthways and the Lck-mediated
increase of CA flux (JANG et al., 2010). In B cells Grb2 posily regulates BCR-
induced Vav signaling (JOHMURA et al., 2003). Ndredéss, several lines of evidence
show that Grb2 mainly mediates negative regulatongtions upon BCR engagement. It
has been shown to promote CD22 phosphorylationansa B cells (JANG et al., 2009)
and to negatively regulate €amobilization (STORK et al., 2004). Decisive forb@r
function downstream of BCR signaling is the suhdafi localization of this cytoplasmic
protein. Mature B cells express the transmembralaptar protein LATII (alternatively
called NTAL or LAB [JANSSEN et al., 2003]) (BRDICKAt al., 2002; STORK et al.,
2004). It becomes rapidly phosphorylated upon BCiRvation and thus provides potential
binding sites for the SH2 domain of Grb2. This lmgdwas shown to counteract the
capacity of Grb2 to attenuate BCR-induced'Glx (figure 2.4). In contrast B cells of the
immature phenotype do not express LATII resultingan attenuated &aresponse upon
BCR engagement especially from the extracellulaicep(STORK et al., 2004). Herein,
Grb2 can bind another, till this point unknown, tero responsible for negative regulation
of the C&" mobilization.

This central binding partner of Grb2, the adaptatgin Dok-3 (downstream of kinase-3),
has been identified in 2007. The Dok-3/Grb2 pretmmplex has been shown to
negatively regulate Gasignaling upon BCR stimulation (STORK et al., 2p07

Figure 2.2: Grb2: schematic overview of its

Dok-3 SLP-65 Vavl structure and examples for binding partners

T / \ / Grb2 possesses a central SH2 domain (blue)

flanked by two SH3 domains (orange). The SH2

SH3 domain is, amongst others, binding to Dok-3 gnd
SLP-65 whereas the SH3 domains mediate

\ / ¢ interaction with proteins like Vav, Sos, SHIP and

Sosl SHIP SLP-65.
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2.4.2 TheDok adaptor proteins

Till now seven members of the Dok family of adagiosteins have been described (Dok-1
up to Dok-7). All proteins share structural simiigs characterized by an N-terminal
pleckstrin homology (PH) domain, followed by a pbleg-tyrosine binding (PTB) domain.
The C-terminal region of the proteins contains saveroline rich regions (PRR) and
tyrosine-based phospho-acceptor sites (VEILLETTEl.e22002). The PH domain binds to
phospholipids and thus is mediating the plasma maneblocalization of the proteins
(LEMMON and FERGUSON, 1998; LEMMON, 2004). The PTdmain mediates
protein-protein interactions, usually by interagtinvith short peptide sequences
encompassing phosphorylated NPxY motifs (FORMAN-KANd PAWSON, 1999;
SLESSINGER and LEMMON, 2002).

2.4.2.1 Dok proteinsin immunoreceptor signaling

Three members of the Dok family adaptors (Dok-1k{Z2oand Dok-3) are expressed in
hematopoietic cell lines. Dok-1 (also termed $5§2is expressed in both, T and
B lymphocytes, whereas Dok-2 (also termed Dok-RJPFBr p56°) is expressed in
T cells and Dok-3 (also termed Dok-L) in B cellEE(MAY et al., 2000, YASUDA et al.,
2004, YASUDA et al., 2007).

Dok-1 and Dok-2 are key regulators in TCR signaliMice lacking both proteins have an
enhanced IgG response to thymus dependent antig&#. T cells from these mice have
an enhanced proliferation and IL-2 production doeah increase in TCR-induced
phosphorylation of ZAP-70, LAT and Erk (YASUDA dt,&2007). Individual knockdown
of either Dok-1 or Dok-2 have only minimal effedtsplicating a redundant regulatory
function (DONG et al., 2006). This is further suped by earlier data generated in cells of
myeloid origin (NIKI et al., 2004; YASUDA et al.(024).

The first physiological role demonstrated for Dabktgins in B cells was that of Dok-1 in
BCR-mediated signaling pathways. Upon phosphoytaliy Lyn it recruits the p120 Ras
GTPase-activating protein (p120 RasGAP) and inbilfie activation of Ras and Erk.
B cells from Dok-1 deficient mice show enhanced Bckivation implicating a negative
regulatory function for this protein. However tlgeresponses to thymus dependent (TD)
and —independent (TI) antigens as well a§" @ax and proliferation of the B cells are not
enhanced (ELLIS et al., 1997; YAMANASHI and BALTIMRE, 1997; CARPINO et al.,
1997; NELMS et al.,, 1998; JONES and DUMONT, 1998AMIR et al., 2000;
YAMANASHI et al., 2000; OTT et al., 2002).
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Dok-3 function in B cells first has been descrili@@000 by Lemay and colleagues. They
showed that Dok-3 is highly expressed in severaitdiepoietic cells, including B cells,
macrophages and myeloid cells and upon BCR engagebecomes highly tyrosine
phosphorylated. In contrast to Dok-1 and -2, Dolks3not interacting with RasGAP
proteins (CONG et al., 1999; LEMAY et al., 2000)oriétheless, like Dok-1 and-2 it
interacts with the inositol phosphates SHIP andGkerminal Src kinase (Csk) (CHOW
and VEILETTE, 1995). As both proteins are known ateg regulators of BCR-induced
signaling they postulated a negative regulatorgtion for Dok-3.

Indeed, following studies showed that associatidnDok-3 with SHIP suppresses
specifically BCR-mediated JNK activation whereavieot MAPKs like Erk were not
affected (ROBSON et al., 2004 vitro studies in DT40 B cells gained further evidence
for the negative regulatory function of Dok-3 asytlshowed that upon BCR stimulation
Dok-3-deficient cells encompass a marked increéggracellular C4" levels compared to
wild-type cells (STORK et al., 2007). The studiesttier revealed first insights into the
molecular mechanisms underlying this negative @guy function.

Upon BCR engagement Dok-3 becomes highly phospéiteylby the Src kinase Lyn. Due
to its PH domain, Dok-3 is localized at the plasmambrane (GOLDBECK, 2007). Three
tyrosine phosphorylation motifs have been describevian Dok-3. The ¥° between the
PH- and the PTB domain is necessary for formatidmoano-oligomers of the protein as it
is bound by the PTB domain of other Dok-3 protdi8$ORK et al., 2007). The tyrosine
residue at position 307 provides upon phosphooasi binding site for Csk (LEMAY et
al., 2000). Although this kinase has been showibadnvolved in regulatory signaling
processes like the phosphorylation of inhibitoryogmes, e.g of Lyn, this interaction is
dispensable for BCR-induced €anhibition by Dok-3 (STORK et al., 2007). Assodiat
of Dok-3 with SHIP could be shown to be mediateaithie PTB domain of Dok-3 (binding
to Y% of SHIP) and Y** (bound by the SH2 domain of SHIP). However, bigdof
Dok-3 to SHIP is likewise not essential for theibition of C&* release.
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Figure 2.3: Schematic overview of the structure and
binding partners of avian Dok-3

Dok-3 Grb2

Dok-3 comprises an N-terminal PH domain (rdd)
/ \ I mediating its membrane recruitment by binding [to
phospholipids. The domain is followed by a PTB doma
o’ v (green). This domain is interacting with phosphm$yne
@ motifs in SHIP and mediates the formation of honjo-
‘ V307 oligomers. The C-terminal region comprises the YXN
motif (Y**) which is upon phosphorylation bound by the
SHIP Csk SH2 domain of Grb2. The tyrosines 140 (bound by the

PTB domain of Dok-3) and 307 (bound upon
phosphorylation by Csk) are dispensable for thé* Ga
inhibition mediated by Dok-3.

The third tyrosine residue at position 331 forms tonsensus Grb2-SH2 domain binding
motif YXN. Together with the PH domain, this mdtids been shown to be indispensible
for Dok-3-mediated signal inhibition.

The BCR-induced association with Grb2 further iases the phosphorylation of Dok-3
and has been shown to attenuate the Btk-depentiespporylation of PLG2 giving rise

to a reduced WPproduction and thus to a diminished?Ceesponse. Similar amounts of
increased C& responses in Grb2- and Dok-3-deficient cells (SKGRal., 2007) as well
as ingrb2” anddok-3" primary B cells (NG et al., 2007; JANG et al., 2@DBmphasize
the concerted function of both proteins. Once Gsh2cruited to the plasma membrane by
Dok-3 the Grb2-cSH3 domain is essential to medsdmal inhibition (STORK et al.,
2007). The data generated in timevitro experiments were then supported ibyvivo
studies in Dok-3 deficient mice. These mice encasapa higher level of basal IgM
antibodies and, in contrast tiok-1" mice, an enhanced response to T cell-independent
antigens. B cells from these mice are hyperpralifee, show higher levels of calcium flux
and enhanced NkB and MAPK activation, further supporting the negatregulatory
function of Dok-3 (NG et al., 2007).

Dok-3/Grb2 appears to be important for differentBCR-induced C& signals. In
immature B cells Grb2 binds to phosphorylated Dokgn BCR engagement. The
complex then inhibits the rise of the cytosolic?Ceoncentration mounting a weak a
signal (figure 2.4 A). In contrast, in mature B Isethe Dok-3/Grb2 function is
compromised by the binding of Grb2 to LATII, whieliminates the negative regulatory
function of Grb2 (B). These cells comprise a mudrerintensive Cd signal upon BCR

stimulation.



Introduction 15

A [immature] % B [mature] %

Figure 2.4: The alter native recruitment of Grb2 mediates inhibition of Ca** signaling

(A) Dok-3/Grb2 complex in BCR-induced Ca®* mobilization of immature B cells. Binding of
antigen (yellow) to the BCR leads to the formatiwinthe C&" initiation complex (grey) and the
release of Cd into the intracellular room. BCR engagement aistutes the phosphorylation of th
adaptor protein Dok-3 (blue) providing a bindingesfor Grb2 (red). Upon formation of th
Dok-3/Grb2 complex the Btk-dependent phosphorytataf PLCy2 (black arrow) is decrease
resulting in a reduction of intracellular €devel. (B) Dok-3/Grb2 complex in BCR-induced Ca®*

mobilization of mature B cells. Alternatively, BCR stimulation also leads to thieosphorylation of
the transmambeane adaptor LATII (light blue). Phasplated LATII provides binding sites for Grbp
thus preventing it from its inhibitory function (mified from STORK et al., 2007).

o0 o

Despite its importance for BCR signal regulatioe tmolecular details of Dok-3/Grb2
function are poorly understood. Aim of this thesims to elucidate the molecular
mechanism of Dok-3/Grb2 mediated’Ciahibition in B lymphocytes.
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3 Aims of the Work

BCR-induced Ca?* mobilization and its regulation are mandatory for the generation of
antigen-specific B lymphocytes. Several studies ascribe the adaptor-protein Dok-3 a key
regulatory function in negative regulation of BCR mediated signaling. In vitro studies showed
that the complex of Dok-3 and Grb2 inhibits the Ca?* mobilization from intra- and
extracellular stores whereas the molecular details of thisinhibitory process remain elusive.

Aim of this thesis was to elucidate the molecular steps of Dok-3 mediated regulation of BCR
stimulation. Therefore the DT40 B cell model system was used. This system is proneto a high
frequency of homologous recombination, and therefore an appropriate tool for gene targeting

and subsequent reconstitution experiments.

In detail | addressed the following questions:

[1] What is the underlying mechanism for the Grb2-dependency of Dok-3 tyrosine
phosphorylation?

Several molecular details have been evaluated which are responsible for this effect. First the
phosphorylation of the membrane associated Dok-3, second the binding of the Grb2-SH2
domain to phosphorylated Dok-3 and third the C-terminal SH3 domain of Grb2, whereas the
exact function of the latter remains unclear. The role of the Grb2 binding and the role of its
SH3 domain are investigated within this work.

[2] How does Dok-3 inhibit BCR-induced mobilization of Ca?*?

Previous studies showed that Dok-3 aters the tyrosine phosphorylation and the kinase activity
of PLC-y2. The question yet to be answered is, at which point in the Ca®* mobilizing signaling
cascade Dok-3 aters the process. Thus the impact of Dok-3 on BCR-induced Ca?*
mobilization and regulation was investigated.
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4 Results

4.1 Grb2 mediates the redistribution of Dok-3 intomicrosignalosomes
Previous studies show that Dok-3 is a central @gul of differential BCR-induced
signals. Essential for Dok-3 function is the Lyrpdadent complex formation of Dok-3
and Grb2. The minimal structural requirements okB3Grb2 mediated G4 inhibition
are the SH2 domain of Grb2 binding to Dok-3 and @hterminal SH3 domain of Grb2,
whereas the precise role of the latter is unknawvdate (STORK et al., 2007). Moreover
the efficiency of Dok-3 phosphorylation dependsGm2-binding, leaving the molecular
details of Dok-3/Grb2 complex formation elusive.the first part of my thesis the precise

role of Dok-3-associated Grb2 was addressed.

4.1.1 Microsignalosomal abundance of Dok-3 is appved by an association of Grb2
and the microsignalosome resident Lyn
Binding of antigen by the BCR induces redistribnteind aggregation of the receptors into
microcluster (DEPOIL et al., 2008). These domaiampartmentalize cellular processes
by serving as organizing platforms for the assemiflysignaling molecules and are
enriched in signaling effectors including Lyn, Sy,.Cy2 as well as CD20 and CD40
(SOHN et al., 2008, WEBER et al., 2008). Therefthese areas are defined as
microsignalosomes indicating that these are théomegwhere BCR induced signaling
processes mainly occur (WEBER et al., 2008). Theceromposition and formation of
these membrane areas nonetheless is not known t&o Ganfocal laser scanning
microscopy analysis showed that in wild-type DT40c8lls Dok-3 is constitutively
residing at the plasma membrane (GOLDBECK, 200%9weler, the analysis did not
include any indication about its abundance in nsigealosomes.
The Src family kinase Lyn is constitutively assoethwith the BCR even when unligated
(PLEIMAN et al.,, 1994). Moreover, Lyn is accumulhtan the areas of BCR
microsignalosomes (SOHN et al., 2008) and mediétek-3 tyrosine phosphorylation
(STORK et al.,, 2007). Hence, | first tested whetli@&h2 can link Dok-3 to the
microsignalosomal resident Lyn.
Lyn-deficient {yn”) and HA-tagged wild-type Lyn-expressing cells wsk untreated or
stimulated via their BCR and lysates were subjedtea@ffinity purification with GST
fusion proteins of the full length Grb2 protein (G&rb2), its N-terminal SH3 domain
(GST-nSH3) or the C-terminal SH3 domain (GST-cSHR)rified Lyn was analyzed by
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immunoblotting using anti-HA antibodies (figure 4.A, upper panel). Anti-HA
immunoblotting of cleared cellular lysates (CCL)vealed equal amounts of Lyn-
expression (lower panel). | was able to purify Hpalwith GST-Grb2 (lanes 1 and 2) and
GST-cSH3 (lanes 5 and 6). Thereby, BCR stimuldigoito more efficient purification of
Lyn. Purification with GST-nSH3 revealed only a wesignal for stimulated cells (lanes 9
and 10) showing that the purification was restdcte the cSH3 domain. These results

imply that Grb2 is associated with the BCR micrasigsomes.

A GST-
AP:__ GST-Grb2 GST-cSH3 GST-nSH3 _ only
LynHA  /n~ LynHA Ilynw LynHA Ilyn= LynHA
a-lgM 0 3 0 3 0 3 0 3 0 3 0 3 0 3

587 | aum dii i di Lo “Lyn
o-HA
CCL

58 | o - 1 e - Lyn
o-HA

1 2 3 4 5 6 7 8 9 10 11 12 13 14

B C
IP:a-HA IP: a-GFP
GST-Grb2 GST-Grb2
Dok-3
Lyn HA wt GFP
a-lgM 0 3 0 3 o-lgM 0 3
58 - 83 —| e emmm |- Dok-3
-Lyn
—o-GST—
b 83 ~| e st | - Dok-3
o-GST ——
—o-GFP—
87| - - “Lyn )
o-HA
1 2 3 4

Figure 4.1 (legend see next page)
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Figure 4.1: Grb2 is associated with Lyn in an indiect manner

(A) Lyn deficient {yn”) and HA-tagged Lyn expressing DT40 cells were leftreated (0) or
stimulated (3) via the BCR for 3 min. Lysates wsutdbjected to affinity purification with 10 pg d
GST only protein (GST-only; lanes 13 and 14) or G&Jion proteins of either the fullength Grh
protein (GST-Grb2; lanes 1-4), the C-terminal Sk8ndin (GST-cSH3; lanes 5-8) or the N-termirjal
SH3 domain (GST-nSHS3; lanes 9-12). Purified prcteirre separated via SDS-PAGE and analyged
by immunoblotting using anti-HA antibodies (uppanpl). Equal protein expression was analyzed by
anti-HA immunoblotting of cleared cellular lysaté€CL) (lower panel). (B) For Far Westenn
analysisJyn” cells expressing Lyn HA (lanes 1 and 2) and DT46-type cells (lanes 3 and 4) were
left untreated (0) or stimulated (3) via the BCRnlwas immunoprecipitated from cellular lysatgs
using anti-HA antibodies and subjected to westdottibg. Membrane was incubated with purifigd
GST-Grb2 fusion protein and with anti-GST antibad{epper panel). Equal protein amounts were
controlled by reprobing the blot with anti-HA ardities (lower panel). (C) Dok-3-GFP was
immunoprecipitated from cellular lysates of unstiated (0) and BCR-stimulated (3) Dok-3-GHP
expressing DT40 cells. Far western blot analysis performed as described in (B). Equal protgin
amounts were controlled by anti-GFP immunoblottiigwer panel). Molecular protein mags
standards (kDa) are indicated on the left (A-C)

N P

To address the question whether the binding of G®EA3 to Lyn is mediating the
translocation into the microsignalosomes a far aresblot analysis was done. Lyn was
immunoprecipitated fronyn™ cells expressing HA-tagged Lyn using anti-HA aodies.
Purified protein was subjected to far western hlwdlysis using purified GST-Grb2 fusion
protein and subsequently anti-GST antibodies. oadiwas detectable showing that there
iIs no direct Lyn/Grb2 interaction (figure 4.1 B,pgv panel). As positive control, GFP-
fused Dok-3 was purified with GFP-antibodies andlgred with GST-Grb2 fusion
protein and anti-GST antibodies (figure 4.1 C, upgmnel). As expected, GST-Grb2 binds
to Dok-3 and signal intensity increases for samfrles stimulated cells. Equal amounts
of purified protein were proven by immunoblot arsgyusing anti-HA antibodies for Lyn
(B, lower panel) or anti-GFP antibodies for Doke3 (ower panel).

These data show that Grb2-SH3 can link the Dok{3Gcomplex to Lyn in BCR

microsignalosomes. However, the association iglimett.

4.1.2 Relocalization of Dok-3/Grb2 to microsignalosomessidepending on Vav3 and
SLP-65

It has been shown earlier that efficient BCR-indaLlP®k-3 phosphorylation requires Grb2

with a functional SH2 and cSH3 domain (STORK et dD07). Considering the data

described above it appears likely that efficienhimgediated phosphorylation of Dok-3

depends on the microsignalosome abundance of DBKs3/ complexes and that this

process is mediated by the cSH3 domain of Grb2.



Results 20

| utilized this fact to screen for putative bindipgrtners of the Grb2-cSH3 domain that
support the relocalization of Dok-3/Grb2 into BCRcrasignalosomes. | screened Dok-3
phosphorylation in cells lacking expression of Gd®H3 interactors to identify the
proteins being required for Dok-3 relocalizatiortoirmicrosignalosomes. As negative
controllyn” andgrb2” DT40 B cells were used. Cells were left untreatestinulated via
their BCR. Lysates were subjected to immunoblotlyama using anti-pTyr antibodies
(figure 4.2). In contrast to wild-type DT40 cellarfes 1 and 2), Vav3-deficient (lanes 5
and 6) and SLP-65-deficient cells (lanes 11 andst#®wed a weak phospho-tyrosines
signal at the apparent molecular weight of Dok-38ck of both proteins, respectively,
suppresses the increase of Dok-3 phosphorylati@m BCR stimulation. Equal loading

was confirmed using anti-actin antibodies (lowemegdpn

CCL: DT40

wt dok-3"  vav3™ grb2”  cbl"  slp-65" Ibyn shp-1T shp-2~
o-lgM 0o 3 0 3 0 3 0 3 0 3 O 3 0 3 0 3 0 3

e
80— o i o 3
58— e ' "
~m T Es ehes M | —Dok-3
46- | - .

’ & B8 - '8

o-pTyr(4G10)

—

o-actin

1 2 3 4 5 6 7 8 910 11 12 13 14 15 16 17 18

Figure 4.2: The BCR-induced phosphorylation of DoK3 is impaired in DT40 cells lacking
SLP-65- and Vav3-expression

—

DT40 wild-type cells (wt, lanes 1 and 2), Dok-3idimt (dok-3", lanes 3 and 4), Vav3-deficien]
(vav3” lanes 5 and 6), Grb2-deficiergrb2™, lanes 7 and 8), Cbl-deficientb{™, lanes 9 lanes 10)|
SLP-65-deficientgp-65", lanes 11 and 12), Lyn-deficieryif”, lanes 13 and 14), SHP-1-deficieht
(shp-17, lanes 15 and 16) and SHP-2-deficiesip(2”, lanes 17 and 18) cells were left untreated |(0)
or BCR-stimulated (3) for 3 min. CCLs were subjecte SDS-PAGE and analyzed with anti-pTyr
immunoblotting (upper panel). Equal protein loadings controlled by anti-actin immunoblotting
(lower panel). Molecular protein mass standard {kBandicated on the left.




Results 21

Figure 4.2 indicates a role of Vav3 and SLP-65 iadrating microsignalosomal Dok-3
phosphorylation. To further specify obtained result these two genetic variants |
retrovirally transfected wild-type DT40 cells anells deficient for Vav3, SLP-65 or Grb2
with DNA encoding wild-type Dok-3-GFP. Cells weftluntreated or stimulated via the
BCR. Lysates were subjected to immunoprecipitatioth anti-GFP antibodies and the
phosphorylation status of purified Dok-3 was anatyby immunoblotting with anti-pTyr
antibodies (figure 4.3 A, upper panel). Analysigshwanti-GFP antibodies revealed equal
amounts of purified protein (figure 4.3 A, lowemged).

A IP: a-GFP

wt vav3 slp-65 arb2 ™

a-1gM 0 3 0 3 0 3 0 3
80—

- —— 'pDOk-3

o-pTyr (4G10)

80- ey W—

seemn |- Dok-3

B 2_
= 15 -
S
S
2
S
Q 1
i
2
-
& g5 |
0

wt  vav3” sip-65" grb2”

Figure 4.3: The BCR-induced Dok-3 phosphorylation s compromised in Vav3- and SLP-65-
deficient cells

(A) DT40 wt, vav3”, slp-65" andgrb2” cells were retrovirally transfected with DNA enaugl wild-
type Dok-3-GFP. Cell were either left untreated d0ytimulated (3) via the BCR for 3 min. Cellular
lysates were subjected to immunoprecipitation vétti-GFP antibodies and purified Dok-3 W£S
analyzed by immunoblotting using anti-pTyr (uppanel) and anti-GFP (lower panel) antibodigs.
Molecular mass protein standard (kDa) is indicaiadthe left. (B) Using ImageJ software ratios [of
anti-pTyr versus anti-GFP signals was calculatedsuRs are shown as mean values + standard
deviation (s.d.) of three independent experiments.
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As shown in lanes 1 and 2 of figure 4.3 (A), Doks3 weakly phosphorylated in
unstimulated wild-type DT40 cells and phosphorgiatis markedly increased upon BCR
stimulation. In contrast Vav3-deficiency leads talightly higher basal phosphorylation
status of Dok-3 in unstimulated cells (lane 3) BGR engagement did not alter the Dok-3
phosphorylation significantly (lane 4). Cells thate SLP-65-deficient also have an
increased basal phosphorylation (lane 5). Simitavav3” cells there is no marked
increase in phosphorylation upon stimulation (I6heGrb2-deficiency, which is known to
result in an impaired Dok-3 phosphorylation, serasscontrol (lanes 7 and 8). The
observation is confirmed by densitometrically asayof three independent experiments.
Ratios of signal intensities of anti-pTyr versusi-&FP are displayed in figure 4.3. | could
show that similar tgrb2” cells BCR-induced Dok-3 phosphorylation is compised in
DT40 cells lacking Vav3- or SLP-65-expression.

The data reveal that Vav3 and SLP-65 are impottameélocalize Dok-3/Grb2 into BCR
microsignalosomes. Thus | next wanted to see venédinb?2 is still associated with Lyn in
absence of Vav3 or SLP-65. Therefore | transfeatéld-type DT40 cells and cells
deficient for either Vav3 or SLP-65 with DNA encodi HA-tagged Lyn. Lysates of
unstimulated and BCR-stimulated cells were subgetteaffinity purification with GST
fusion proteins the C-terminal SH3 domain (GST-cpHRurified Lyn was analyzed by
immunoblotting using anti-HA antibodies (figure 4.4upper panel). Anti-HA
immunoblotting of cleared cellular lysates (CCL)vealed equal amounts of Lyn-
expression (third panel). Like already seen inrggd.1, Lyn could be purified with the
cSH3 domain from Lysates of wild-type DT 40 cellanes 3 and 4) and amount of
purified protein increases upon BCR-stimulation. dontrast to wild-type DT40 cells
(lanes 3 and 4), Vav3-deficient (lanes 5 and 6) &bhR-65-deficient cells (lanes 7 and 8)
showed a marked decrease of purified Lyn and adb8CR-induced increase of purified
protein amounts. Purification with GST-only protégecond panel) and in wild-type DT40
cells not expressing HA-tagged Lyn (lanes 1 ance2¢aled this interaction to be specific.
The data support the finding that Vav3 and SLP-@5iavolved in the relocalization of

Dok-3/Grb2 into BCR microsignalosomes.



Results 23
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Figure 4.4: The association of Grb2 and Lyn is nawwed in cells deficient for Vav3 and SLP-65

(A) Wild-type DT40 cells (control, lanes 1 and 2)daHA-tagged Lyn expressing wild-type (lanesg 3
and 4), Vav-deficient (lanes 5 and 6) and SLP-6fcamt (Lanes 7 and 8) DT40 cells were lgft
untreated (0) or stimulated (3) via the BCR for Bi.nysates were subjected to affinity purificatign
with 10 ug of GST-fusion proteins of the C-termiisti3 domain (GST-cSHS3; first panel) or GST
only protein (second panel). Purified proteins wesparated via SDS-PAGE and analyzed |b
immunoblotting using anti-HA antibodies. Equal miat expression was analyzed by anti-HA
immunoblotting of cleared cellular lysates (CCLhil panel). Molecular mass protein standard
(kDa) is indicated on the left.

4.1.3 Providing microsignalosome abundance of Dok-3 not the only function of
the C-terminal SH3 domain of Grb2
Grb2 is important for microsignalosomal localizatiof Dok-3, as | could show above.
Next the question was addressed whether Grb2 funcits restricted to Dok-3
relocalization. For this purpose we generated cootst coding for a chimera that is
directly recruited to the microsignalosomes uporRB&hgagement in a Grb2 independent
manner. In this chimeric protein the PH domain okE3 was substituted by the tandem-
SH2 domains of Syk (figure 4.5 A). Additional suhsion of tyrosine residue in position
331 of Dok-3 by phenylalanine abrogates the intevacof Dok-3 and Grb2. Upon BCR
stimulation the chimeras (TSH2-Dok-3 wt and TSHXEoY**'F) are directly recruited
to the phosphorylated ITAM. These experiments veknee in co-operation with Michael
Engelke. Constructs encoding for GFP-fused chimagrasvell as Dok-3 wt and Dok-3

Y33F were retrovirally transfected intipk-3" cells. Confocal laser scanning microscopy
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analysis revealed that both chimeras were recriitétde plasma membrane within 3 min
after BCR stimulation (figure 4.5 B).
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Figure 4.5 (legend see next page)
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Figure 4.5: Grb2 contributes to the Dok-3-mediatechegative regulation of BCR signals in BCR
microsignalosomes

(A) Domain structure of the TSH2-Dok-3 chimeric f@ios. The PH domain of Dok-3 was
substituted by the tandem SH2 domain of Syk (umeerel). Additionally the ¥, necessary for
Grb2 binding, was substituted by phenylalanine @owanel). (B) Subcellular distribution of the
chimeras was analyzed using confocal laser scamingpscopy. Dok-3 deficient cells were either
reconstituted with the GFP-tagged wild-type chimgF&H2-Dok-3 wt; upper panel) or the*}F

mutant (TSH2-Dok-3 ¥'F; lower panel) and distribution was monitored bef(0) and 3 min (3)
after BCR induced stimulation. (C) Dok-3 deficiestlls either expressing GFP-tagged Dok-3 |wt
(lanes 1 and 2), TSH2-Dok-3 wt (lanes 3 and 4), BoK*'F (lanes 5 and 6) or TSH-Dok-3*%¥F
(lanes 7 and 8) were left untreated (0) or stineadB) via the BCR for 3 min. Cellular lysates wegre
subjected to immunoprecipitation with anti-GFP boties and purified proteins were analyzed |by
immunoblotting using anti-pTyr (upper panel) and-&FP (lower panel) antibodies. Molecular mass
standard (kDa) is indicated on the left. (D) Celéscribed in (B) were loaded with Indo-1 and BCR-
induced C&' release from intracellular stores was measure® fmin in presence of 0.5 mM EGTA.
Extracellular C& concentration was restored to 1 mM and‘@iaix over the plasma membrane was
monitored for another 4 min.

The generated cells were next used to analyzeytbsime phosphorylation efficiency of
the chimeras compared to wild-type Dok-3. The pnstevere immunoprecipitated from
lysates of unstimulated and stimulated cells uskidP-antibodies. Phosphorylation of the
proteins was analyzed by anti-pTyr immunoblottifigure 4.5 C, upper panel) and equal
purification and loading were controlled using @B&P antibodies (lower panel). In
comparison to wild-type Dok-3 (upper panel, laneard 2) TSH2-Dok-3 is already
phosphorylated in resting cells (lane 3) and becomere efficiently phosphorylated after
BCR engagement (lane 4). As expected, BCR-indubedghorylation of Dok-3 ¥F is
markedly reduced compared to wild-type Dok-3 (laBesd 6). In contrast, TSH2-Dok-3
Y3*F was significantly phosphorylated upon BCR engaggnilanes 7 and 8) similar to
the TSH-Dok-3 wt. This further proves that BCR mgignalosome abundance is
mandatory for efficient phosphorylation of Dok-3.

Next it was tested whether Grb2 is required for 3é&rb2-mediated BCR signal
regulation once residing in microsignalosomes. ldetransfectands described above were
loaded with Indo-1 and Garelease from the ER was monitored by flow cytosédr 6
min in presence of 0.5 mM EGTA. The extracellulafGoncentration was restored to 1
mM and the influx of C& through the plasma membrane was recorded for andtmin.
Compared to TSH2-Dok-3 wt-expressing cells, DT40scthat express TSH2-Dok-3
Y3**F show an increased BCR-induced?CTmobilization from intra- and extracellular
sources (figure 4.5 D, black and grey line).

These data show that beyond mediating correctilatain of Dok-3, Grb2 contributes to

further processes leading to attenuatet! @gdease.
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4.2 The Dok-3/Grb2 complex modulates the Lyn-depermuht
phosphorylation of BCR signaling effectors

In the first part of the thesis | could elucidate tetails of BCR-induced relocalization of
Dok-3/Grb2 into BCR microsignalosomes. In the faliog part the details of Dok-3/Grb2-

mediated signal inhibition within the BCR microsaiosomes were examined.

4.2.1 The Dok-3/Grb2 complex regulates effector fugtions upstream of the C&"
initiation complex

It was shown previously that Dok-3/Grb2 reducesBR#R-induced IR production caused

by a reduced PLG2 activity (Stork et al., 2007). As activation df®y2 is mediated by

Btk (Humphries et al., 2004) it was hypothesizeak thok-3/Grb2 directly regulates Btk

function.

4.2.1.1 The Dok-3/Grb2 complex still inhibits BCR+iduced C&* mobilization when
Btk is absent from the C&" initiation complex

Binding of Btk to phosphorylated SLP-65 is crudiat the activation of PLGR. DT40
cells lacking Btk expression show no’Ceesponse upon BCR engagement whereas cells,
expressing a SLP-65 variant (SLP-65"¥) incapable for Btk-binding, have a markedly
reduced C& response. Plasmids encoding either wild-type Dak-3he Dok-3 Y*'F
variant were transfected into SLP-65"F and wild-type SLP-65 expressing cells. It has
been shown earlier that Dok-3*3F acts dominant negative over endogenous Dok-3.
Transfectands were loaded with Indo-1 and*@ax from intra- and extracellular sources

was monitored for 4 min.

Figure 4.6: Dok-3 still
influences a Btk binding
deficient SLP-65
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DT40 cells expressing the SLP-65'% variant show a delayed and reduced*Glax
compared to cells expressing the wild-type SLP-&fue 4.6, blue and black lines).
Moreover, Dok-3 Y*'F has a dominant negative effect on the signahaih, wild-type
SLP-65 and the ¥°F expressing cells, evident from an increasetf €ignal (figure 4.6,
grey and orange lines, respectively) in comparisorells expressing wild-type Dok-3
respectively (black and blue lines, respectively).

These data show that Dok-3/Grb2 can regulate B@RBeded C& mobilization
independent of Btk.

4.2.1.2 Dok-3/Grb2 decrease the BCR-induced SLP-@hosphorylation

Phosphorylation of SLP-65 is the key event in B@Buiced formation of the €a
initiation complex (KUROSAKI and TSUKADA, 2000).next tested whether Dok-3/Grb2
changes the phosphorylation of PyZbinding sites in SLP-65 which would also resailt i
a decreased PL@2 activity.

Dok-3-deficient cells and wild-type Dok-3 reconstédd cells were transfected with DNA
coding for Citrin-tagged human SLP-65. SLP-65 wasifigd from cellular lysates of
unstimulated and stimulated cells using anti-GFibadies and the phosphorylation status

of purified SLP-65 was analyzed by anti-pTyr immhludting (figure 4.7, upper panel).
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This analysis revealed that SLP-65 becomes phoglaitved upon BCR engagement (lanes
2 and 4) and that SLP-65 phosphorylation is maskddtreased in cells expressing Dok-3
(lane 4) in comparison tok-3" cells (lane 2). Additional analysis with antibodtkat are
specific for phosphorylated tyrosines of eithertlod two major PLGZ binding sites in
human SLP-65 (Chiu et al., 2002) revealed that B@fced phosphorylation of
especially Y¥’® (second panel) and to a lower extend of°Xthird panel) was weaker in
cells expressing Dok-3 (lane 4). Detection withi-&itP-65 antibodies (lower panel)
served as control for equal amounts of purifiedgiro

Taken together, these data show that the Dok-3rdkgpe reduction of PL§2 activity is
caused by a decreased SLP-65 phosphorylation.

4.2.2 Dok-3 expression decreases the BCR-inducedk®gtivation
As phosphorylation of SLP-65 is mediated by Syk @ilal., 1998), | next examined the
influence of Dok-3 on this kinase.

4.2.2.1 Dok-3 attenuates BCR-induced phosphorylatioof Syk

Dok-3-deficient cells, wild-type reconstituted sedindsyk”™ cells were either left untreated
or stimulated for 3 min via their BCR. Lysates weubjected to affinity purification with
a biotinylated peptide mimicking the phosphorylateAM motif of Ig-a (Engels, 2004)
and phosphorylation of purified proteins was anatyzy anti-pTyr immunoblotting
(figure 4.7, upper panel). In contrast tibk-3" cells (lane 2) BCR-induced Syk
phosphorylation is clearly decreased in cells esgirgy Dok-3 (lane 4).

AP: pITAM Figure 4.8: Dok-3 expression leads to decreased
BCR-induced Syk phosphorylation

dok-3~ Dok-3 wt syk

a-lgM 0 3 0 3 0 3 Syk was precipitated from untreated (0) or BCR-
stimulated (3) DT40 cells, that were either Dok-3
58 - e — -pSyk deficient (lanes 1 and 2), Dok-3 wt reconstituted

(lanes 3 and 4) or Syk-deficient (lanes 5 and §)| a
control. Precipitation was performed using |a
biotinylated peptide mimicking the phosphorylated

o-pTyr (4G10)

58 - —_— — -pSyk ITAM motif of Ig-a. Purified protein was analyzefl
via immunoblotting using anti-pTyr antibodigs
o-pSyk (Y5526 (upper panel) or phospho-T§¥°*%ite specific

antibodies (middle panel). As control, membrane
was reprobed with anti-Syk antibodies (lower
0-Syk panel). Molecular mass protein standard (kDa)| is
indicated on the left.

— — — — -Syk

58 -

1 2 3 4 5 6
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Tyrosine residues 525 and 526 of Syk are knowretlate kinase activity (ZHANG et
al., 2000). To test the Dok-3 effect on the phosglation of these tyrosines immunoblots
were additionally analyzed using phospho-tyrosite-specific antibodies (middle panel).
This approach revealed that in contrast to the alvephosphorylation of Syk,
phosphorylation of this motif is not changed sigrahtly in Dok-3 expressing versus
dok-3" cells (lanes 2 and 4, respectively).

| could show that the Dok-3/Grb2 complex attenuétesBCR-induced phosphorylation of
Syk.

4.2.2.2 The Dok-3/Grb2 complex alters BCR-inducedy® phosphorylation in a site-
specific manner

The data described above imply that Dok-3 regul&gk activity by changing the
phosphorylation efficiency. In co-operation withriéng Urlaub (MPI, Goéttingen) we are
able to employ single phospho-acceptor sites in&ykg SILAC (stable isotope labeling
in cell culture; ONG et al., 2002) and ESI lon-trajass spectrometry. This method was
used to compare phosphorylation efficiency of fngyk tyrosine residues in DT40 cells
expressing wild-type Dok-3 versus cells expres&ing-3 Y3*'F.

In order to have a clean experimental setup | geadra Dok-3/Syk-double-deficient
DT40 cell line. As the Syk gene is located on thieken Z chromosome, only one allele
had to be targeted. | designed a construct regjaekons 1 and 2 coding for the first 192
amino acids of Syk, by a bleomycin resistance c¢eestigat was flanked by 2345 bp at the
5-site and 2258 bp at the 3'-site (figure 4.9 A)his pchSyk-bleo construct was
transfected intalok-3" cells. Transfectands were selected with Bleocinié lromologues
recombination was checked by PCR (data not shotwtdrgeted allele was detected in 3
out of 6 Bleocin™ resistant clones and succes#pledion was additionally confirmed by
immunoblot analysis of CCLs as well as?Cfux analysis. Immunoblot analysis showed
that none of the three clones show a remainingessoon of Syk (figure 4.8 B, upper
panel, lanes 3-5) in comparison to wild-type afuk-3" DT40 cells (lanes 1 and 2).
Lysates ofsyk” cells served as control (lane 6). As expeatekt3/syk’™ clones did not

show BCR-induced Gaflux (figure 4.9 C, blue, orange and green lines).
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Figure 4.9: Generation ofdok-3/syk ™ DT40 B cells

(A) Schematic illustration of the chicken syk genomocus and the gene targeting strategy. For gene
targeting a construct was generated to replaceexoms 1 and 2 of the Syk genomic locus by a
bleomycin (bleo) resistance. The bleo-cassette flaaked by 2354 bp at the 5'-site and 2258 bp at
the 3'-site. (B) Homologues recombination of thdé$gk-bleo into thesyk locus was controlled by
immunoblot analysis. CCLs from DT40 wt (lane djk-3" (lane 2), thesyk/dok-3" clones 4, 5 and 6
(lanes 3-5) andyk” cells (lane 6) were analyzed by immunoblottinqigsanti-Syk antibodies (uppe
panel). Equal loading was controlled by reprobing blot with anti-actin antibodies (lower panel).
Molecular protein mass standard (kDa) is indicairdhe left. (C) Wild-type DT40 (black linedipk-

3" (grey line) anddok-3/syk” (clones 4, 5, 6; blue, orange and green lineseciely) cells were
loaded with Indo-1 and Caflux upon BCR-stimulation was monitored for 3 nhip flow cytometry.
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| used this Dok-3/Syk-double-deficient cell line transfect DNA encoding One-STrEP-
tagged Syk. Subsequently the cells were transfagigtdDNA encoding either wild-type
Dok-3 or the Y*'F variant. Cells expressing wild-type Syk and wijge Dok-3 were
grown at least five days in SILAC medium containthgavy’ isotopes *Da,**Cs,**N.-
Lys;*3Ce,"*N4-Arg), cells expressing wild-type Syk together widbk-3 Y**'F were grown

in SILAC medium supplemented with ‘light’ isotopg°Cs, N,-Lys,?Cs, *N4-Arg).
Proteins were purified from lysates of BCR-stimethtcells using &rep-tactin matrix.
After elution purified protein was separated viaSSBPAGE and the band conferring to Syk
was subjected to mass spectrometry analysis (figur@ A). The ratio of heavy to light

peptide abundance correlates with the respectiasgstorylation status. Measurements
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revealed that out of five identified phospho-tynesimotifs only phosphorylation of Syk
Y32 was reduced by Dok-3 (figure 4.10 B). While theosine-residues 525, 526, 629 and
630 show a ratio of approximately 1, resemblingilsimphosphorylation efficiencies, %
shows a ratio of 0.4, indicating a 60% reductiompiiesence of wild-type Dok-3 compared
to Dok-3 Y**'F expressing cells.
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Figure 4.10: Y**? of Syk is less efficiently phosphorylated in Dok-&xpressing cells

(A) Schematic work flow of the affinity purificatioof Syk (modified from NEUMANN et al.,
2011). Cells expressing wild-type Syk-STrEP togethigh wild-type Dok-3 (“heavy” medium) o
the Y*3'F variant (“light” medium) were stimulated for 3miCellular lysates were pooled and Syk
was affinity purified with a Strep-tactin matrixrd®ein was eluted and subjected to SDS-PAGE.
After coomassie staining the band conferring to 8s excised, digested and fragments were
analyzed by ms ms ESI Trap mass spectrometry. (&)dard deviation of different identified
peptides containing the respective residue.

To prove the mass spectrometry data, | next chepkedphorylation of this specific motif
by flow cytometry. Therefore the Dok-3/Syk-doublefidient cells were either
reconstituted with Citrin-tagged Syk together witiid-type Dok-3 or the Y*'F variant
respectively. After stimulation cells were fixed daphospho-Syk was stained using
fluorophor-conjugated phospho-SyR> antibodies. Flow cytometry analysis showed that
cells expressing the®¥*F variant of Dok-3 have significantly stronger sif;jcompared to

cells expressing wild-type Dok-3 (figure 4.11).
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Figure 4.11: Expression of Dok-3 decreases the pt®rylation efficiency of Syk Y**

(A) Dok-3/Syk double deficient cells, expressing-Syk either alone or together with Dok-3 wt or
the Y*'F variant, were BCR-stimulated for 3 min. Cells evdixed and phosphorylated Syk was
stained using Alexa Fluor 647® conjugated anti-pihosSyk Y2 antibodies. 50000 cells were
analyzed by flow cytometry. (B) The mean valuethefflow cytometry analysis are shown.

4.2.2.3 The Dok-3/Grb2 complex reduces the kinasetavity of Syk.

Several studies have shown that the phosphorylgimttern of Syk alters the kinase
activity. Tyrosine residue 352 acts together witkidue 348 to keep Syk in a “closed”
inactive conformation (TSANG et al., 2008, ARIAS-BEBMO et al., 2009).
Phosphorylation of these tyrosines disrupts aubdbitory interactions, resulting in an
open active confirmation. As Dok-3 alters the B@Rticed phosphorylation of %% |
wanted to test whether Dok-3/Grb2 has an impa@ykinase activity, too.

The Dok-3/Syk-double-deficient DT40 cells were tfiteansduced with DNA encoding
Citrin-Syk and subsequently transfected with DNAa@ing either Dok-3 wt or the Dok-3
Y3¥F variant. Lysates of BCR-stimulated cells were jecied to anti-GFP
Immunoprecipitation. Forn vitro kinase assay, purified protein was incubated waith
biotinylated substrate peptide together with ATP30 min. Phosphorylation efficiency of
the peptide was analyzed by ELISA using streptavadiated 96-well plates and anti-pTyr
antibodies. Analysis of four independent experireentveiled a compromised kinase
activity of Syk in presence of Dok-3 compared tateol cells expressing the*¥F variant
(figure 4.12 A). Immunoblot analysis of purifiedopeins with anti-GFP antibodies showed
that similar amounts of Syk were precipitated (fegd.12 B).

These data show that Dok-3/Grb2 mediated altermtion BCR-induced Syk-
phosphorylation influence the kinase activity.
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Figure 4.12: Dok-3/Grb2 reduces the kinase activitpf Syk in BCR-activated cells

(A) Dok-3/Syk-double-deficient DT40 cells expresgirither wild-type Dok-3 or Dok-3 ¥'F

together with Citrin-tagged Syk were BCR-stimulafed5 min. Lysates were subjected to anti-G
immunoprecipitation and purified protein was incigtmawith the Gastric precursor Y biotinylated
peptide (CST) and ATP at room temperature for 3@. IBubstrate was bound to a streptavidin-cogted
96-well plate. ELISA was performed with anti-pTymda HRPO-conjugated goat-anti-mouge
antibodies. Results are shown as mean values sfstdur independent experiments. (B) Amount |of
purified proteins was controlled by immunoblot aiséd with anti-GFP antibodies. Molecular protejin
mass standard (kDa) is indicated on the left.
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4.2.2.4 Dok-3/Grb2 attenuates Lyn-dependent Syk pkphorylation

Phosphorylation of Syk is mediated by two distipaicesses. Beyond the phosphorylation
meditated by Lyn, Syk can also be auto-phospharglat next tested, whether the Dok-3
effect is due to an altered auto-phosphorylatio8yk or to an altered Lyn-dependent Syk
tyrosine phosphorylation.

For this purpose, | generated a double-deficierd@gell line, lacking expression of Lyn
and Dok-3. Therefore | used the insertion constfocgeneration of thelok-3" cell line
(Stork et al., 2007). | replaced the resistancseatéss by DNA either encoding resistance
to bleomycin (bleo) or mycophenolic acid (gpt). Tip®ok-3-bleo construct was
transfected intdyn” cells and homologous recombination was controbgdPCR. A
targeted allele was detected in 2 out of 48 BleBtresistant clones (figure 4.13 A). The
pDok-3-gpt construct was then transfected into Hbterozygous clone 1. Transfectands
were selected with Bleocin™ and mycophenolic acid homologous recombination was
confirmed by PCR again. Both targeted alleles cdagddetected in 2 out of 17 clones

(figure 4.13 A). Successful generation of the deudificient cell lines was confirmed by
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immunoblot analysis with anti-Dok-3 antibodies (fig 4.13 B) showing that the
heterozygous clone has a reduced Dok-3 expressina 8) in comparison to DT40 wild-
type andlyn” cells (lanes 1 and 2), while the homozygous claesiot express Dok-3
(lanes 4 and 5). Dok-3-deficient cells served agrob (lane 6).
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Figure 4.13: Generation oflyn/dok-37 DT40 B cells

For targeting of the dok-3 gene the insertion cmestgenerated by B. Stork was used (STORK etfal.,
2007). (A) Homologues recombination of the pchDédeb(middle panel) and pchDok-gpt (lower
panel) into thedok-3 locus was confirmed by PCR. For the wild-tygiek-3 allele (upper panel) the
oligonucleotides screenLAfor2 and chDok-3rev2 wesed. Bleo- and gpt-targeted alleles were
amplified using the oligonucleotides screenLAfon2dableoA or gpt2, respectively. (B) Cleared
cellular lysates from DT40 wt (lane 1yn” (lane 2), the heterozygous clone 1(lane 3), amd|th
homozygous clones 1.1 and 1.13 (lanes 4 and 5)eisawdok-3" cells (lane 6) were analyzed Hy
immunoblotting using anti-chicken Dok-3 antibodi&gual loading was controlled by reprobing the
blot with anti-actin antibodies. Molecular protenass standard (kDa) is indicated on the left.

Using retroviral gene transfer constructs encodiiig-type Dok-3 or Dok-3 Y*'F were
transfected into thiyn/dok-3" clone 1.1. Cells were stimulated via the BCR ankl Bgs
affinity purified from cellular lysates using thg-&t pITAM-biotinylated peptide. BCR-
induced phosphorylation of Syk was analyzed with-piyr antibodies (figure 4.14 A,
upper panel) and equal amounts of loaded proteine ve®nfirmed using anti-Syk
antibodies (A, lower panel). BCR-stimulation inges the phosphorylation of Syk in cells
expressing either wild-type Dok-3 or theé®¥F variant (A, upper panel, lanes 2 and 4).
Compared to Dok-3 $'F-expressing cells (lane 4), cells expressing wjfte Dok-3 have

a slight increase in Syk phosphorylation level §l&). Quantification of three independent

experiments proved the observation. Ratios of $igwensities of phospho-Syk versus Syk
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showed an increase of Syk auto-phosphorylationidemenild-type Dok-3 expressing cells
(figure 4.14 B).

These data show that Dok-3/Grb2 affects Lyn-depein8gk-phosphorylation rather than
auto-phosphorylation.
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Figure 4.14: Dok-3 does not alter the BCR-inducedhmsphorylation of Syk in absence of Lyn

(A) Syk was purified from Lyn/Dok-3-double-deficiecells expressing either wild-type Dok-3 (lanes
1 and 2) or Dok-3 ¥'F (lanes 3 and 4) and, as control, from Syk-deficeells (lanes 5 and 6). Cells
were left untreated (0) or stimulated (5) for 5 raimd lysates were subjected to affinitypurificatipn
with biotinylated pITAM peptides. Purified proteiras analyzed by SDS-PAGE and immunoblotting
with anti-pTyr antibodies (upper panel). Equal piot loading was controlled with anti-Sy
antibodies (lower panel). Molecular protein massdard (kDa) is indicated on the left. (B) Using
ImageJ software the ratio of anti-pTyr versus &y signals was calculated. Results are shown as
mean values = s.d. for three independent expersnent

Next | wanted to address whether Dok-3/Grb2-depeinsignal regulation is restricted to
the altered phosphorylation of Sy, Hence, | examined the influence of Dok-3/Grb2
on a Syk variant where both tyrosines*ffand Y% were substituted for aspartic acid.
According to the results shown above phosphoryladibthese variant cannot be regulated
by Dok-3/Grb2. Thereforelok-3/syk’” DT40 cells were transfected with DNA encoding
wild-type Syk or the ¥****D variant (BRDICKA et al., 2005). Using retrovirgene
transfer constructs encoding DNA for wild-type D®ker the Y*'F variant were
additionally transfected. Cells were loaded witddfl and subjected to flow cytometry
analysis. Analysis of the Eamobilization revealed a decreased?®Clux upon BCR
engagement in cells expressing SyK®°D in comparison to wild-type Syk expressing
cells (figure 4.15, black and blue lines). Moregu@ok-3 Y**'F has a dominant negative

effect on the signal, in both, wild-type Syk and ¥7*¥3°D expressing cells, evident from
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an increased Gasignal (grey and orange lines) in comparison s @xpressing wild-
type Dok-3 respectively (black and blue lines).

These data show that Dok-3/Grb2 modulates BCR-iedlugignaling processes beyond
attenuating Syk phosphorylation.
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Figure 4.15: Dok-3/Grb2 mediated inhibition is notrestricted to
alterations in Syk Y**? phosphorylation

Cells expressing either wild-type Syk (black anéyglines) or the
Y3459 variant (blue and orange lines) together with Bokt or the
Y3*F variant were loaded with Indo-1 and BCR- indu€ef’ release
was monitored for 4 min.

4.2.3 Dok-3/Grb2 alters the phosphorylation patternof inhibitory Lyn

targets
As the data described above imply Dok-3/Grb2 fumi beyond regulation of Syk
activity, | extended the analysis of Lyn targetsotiher BCR effectors. Lyn is a key
regulator of C&' signaling and besides its role in BCR-induced aiignitiation it also
plays a pivotal role in negative regulation of tBER signaling. Thus, the impact of

Dok-3/Grb2 on the activation of inhibitory Lyn tatg was addressed.

4.2.3.1 The BCR-induced phosphorylation of SHIP iaugmented by Dok-3

The inositol phosphatase SHIP plays a crucial mldownregulating the BCR-induced
Ccd"* signal. Upon receptor activation it is recruitedthe membrane where it hydrolyzes
P1(3,4,5)R to PI(3,4)B thereby reducing the binding sites for the PH-dosaf Btk and
PLC+2. As SHIP is known to be a prominent substrateyof (PHEE et al., 2000), | first
wanted to see if the SHIP phosphorylation is meditby Dok-3/Grb2.
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Cleared cellular lysates (CCL) from unstimulated &CR-stimulatediok-3", wild-type

Dok-3 reconstituted, anship”™ cells were analyzed by anti-SHIP immunoblottingngs

antibodies directed against phosphorylated®Yof SHIP (figure 4.16 A, upper panel).
Equal amounts of protein loading were controllethgsanti-actin antibodies (A, lower
panel). Analysis revealed that phosphorylation BIFSincreases upon BCR stimulation
(A, upper panel, lanes 2 and 4) and that this as®eis more pronounced in Dok-3
expressing cells (lane 2) compared to Dok-3-deficiells (lane 4). Quantification of three
independent experiments proved the observationofRRaf signal intensities of phospho-
SHIP (Y*?9 versus actin showed an increase of SHIP phostatimy levels in wild-type

Dok-3 expressing cells compared to Dok-3-deficieoitrol cells (figure 4.16 B). Error

bars reflect mean values * standard deviation.

A CCL: DT40 B s
Dok-3 wt dok-3 " ship " 125
algM 0 3 0 3 0 3 E
175- g !
G i — -pSHIP 2
R PRI, 3 0'75
a-pSHIP(Y1020) =
= 05
46 - — S— —— e S— — |~ 31T = )
0,25
a-actin
0
1 2 3 4 5 6 Dok-3 wt dok-3 "

Figure 4.16: Dok-3 expression leads to an increasé SHIP phosphorylation

(A) Wild-type Dok-3 expressing (lanes 1 and @k-3" (lanes 3 and 4), arship” cells (lanes 5 and
6) were left untreated (0) or stimulated (3) vie BCR. CCLs were subjected to SDS-PAGE gnd
phosphorylation was detected via immunoblottinghveintibodies detecting phosphorylatetf®¥ of
SHIP (upper panel). Equal purification and loadivere controlled using anti-actin antibodies (lower
panel). Molecular mass protein standards (kDa)ratieated on the left. (B) Using ImageJ softwgre
the ratio of anti-pY°?° versus anti-actin was defined. Results are shosvmean values * s.d. for
three independent experiments.

4.2.3.2 Dok-3 does not alter the BCR-induced SHPghosphorylation

SHP-1 belongs to the subfamily of non-transmembi@H@ domain containing protein
tyrosine phosphatases (PTP). It is known to moBifsell activation by dephosphorylation
of specific tyrosines of signaling effectors likeF565, Vav or Syk (KON-KOZLOWSKI
et al.,, 1996). | next wanted to test the influermfe Dok-3/Grb2 on the tyrosine
phosphorylation of this phosphatase.
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DNA encoding for GFP-tagged SHP-1 was retroviralnsduced intalok-3" and wild-
type Dok-3 reconstituted DT40 cells. Anti-GFP immoprecipitation was performed from
lysates of unstimulated and BCR-stimulated cellsl aaamples were subjected to
immunoblot analysis using anti-pTyr antibodies \figg 4.17 A, upper panel). Equal
amounts of purified protein were controlled usimgi-&FP antibodies (A, lower panel).
The data show that SHP-1 is already phosphorylatedsting cells and that upon BCR
engagement the phosphorylation is slightly incrdd#e upper panel, lanes 1-4). Further it
could be shown that the phosphorylation is sinitacells expressing Dok-3 (lanes 1 and
2) compared to cells that are Dok-3 deficient ((aBeand 4). Quantification of three
independent experiments verified the observatiatioR of signal intensities of phospho-
SHP-1 versus GFP confirm that the tyrosine phosgpaion of SHP-1 is not altered by
Dok-3 (figure 4.17 B). Error bars reflect mean s standard deviation.
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Figure 4.17: Dok-3 does not alter the BCR-inducedtsP-1 phosphorylation

(A) Dok-3-deficient cells expressing either GFP-SHRBIone (lanes 3 and 4) or together with wild-
type Dok-3 (lanes 1 and 2) as wellshg-1" cells (lanes 5 and 6) were left untreated (O)tiomgdated
(3) via the BCR for 3 min. Lysates were subjectedmti-GFP-immunoprecipitation. Samples were
subjected to SDS-PAGE and tyrosine phosphorylatias detected using anti-pTyr immunoblotting
(upper panel). Equal protein purification and leadiwere controlled using anti-GFP antibodies
(lower panel). Molecular mass protein standardsajkére indicated on the left. (B) Calculated ratio
of anti-pTyr versus anti-GFP signals was definedgi$mageJ software. Results are shown as
values = s.d. for three independent experime

4.2.3.3 Dok-3 promotes the BCR-induced phosphorylan of SHP-2

SHP-2 belongs to the family of non-transmembran®4but its precise role in BCR
signaling is not well understood to date.

Lysates from unstimulated and BCR-stimulated Dalke8eient, wild-type Dok-3
expressing and SHP-2-deficient DT40 cells wereestibfd to immunoprecipitation with
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anti-SHP-2 antibodies. Purified proteins were aredy by anti-pTyr immunoblotting
(figure 4.18 A, upper panel). Equal amounts of @rotvere controlled using anti-SHP-2
antibodies (A, lower panel). SHP-2 is already plhosplated in resting cells (figure 4.18
A, upper panel, lanes 1 and 3) and BCR-engagemduatés phosphorylation of SHP-2 in
cells expressing wild-type Dok-3 (lane 2) while SBIBhosphorylation was not altered by
BCR-engagement in Dok-3-deficient cells (lane 4hisTobservation was confirmed by
densitometric quantification of three independexpegiments (figure 4.18 B). Ratios of
signal intensities of phospho-SHP-2 versus SHP}@ata that the BCR-induced tyrosine
phosphorylation of SHP-2 requires the Dok-3/GrbZnptex. Error bars reflect mean
values * standard deviation.

A IP: a-SHP-2 B .
Dok-3 wt dok-37" shp-2" 1 [mom3|
a-1gM 0 3 0 3 0 3
58 - - pSHP-2

o-pTyr (4G10)

o
2

Ratio [pSHP-2/SHP-2]

o
N
N

58 — - SHP-2

0,75
" ﬂ\_‘ [
a-SHP-2

1 2 3 4 5 6 Dok-3 wt dok-3 ™

o

Figure 4.18: The BCR-induced SHP-2 phosphorylatiomequires Dok-3

(A) Cellular lysates from unstimulated (0) and B&tignulated (3) wild-type Dok-3 expressing (langs
1 and 2), dok-3" (lanes 3 and 4) andhp-2” (lanes 5 and 6) cells were subjected |to
immunoprecipitation with anti-SHP-2 antibodies. ifed SHP-2 was subjected to SDS-PAGE ahd
phosphorylation was detected with anti-pTyr-immuotting (upper panel). Equal proteip
purification and loading were controlled with aBtH#P-2 antibodies (lower panel). Molecular mgss
protein standard (kDa) is indicated on the leff) (Bing ImageJ software ratios of anti-pTyr vergus
anti-SHP-2 signals were calculated. Results arevshams mean values * s.d. for three independent
experiments.

4.2.3.4 The BCR-induced phosphorylation of c-Chl isot altered by Dok-3

The ubiquitin ligases of the Casitas B lineage Iiiorpa (Cbl) family were shown to
regulate signaling of a multiplicity of receptoiwvo members of the family, c-Chl and
Cbl-b, are expressed in B cells and have been shoWwa integrated in the BCR-signaling
cascade and to regulate PyZactivation and Ca response. Hence, | analyzed the impact

of Dok-3 on the tyrosine phosphorylation of c-Chbl.
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Wild-type Dok-3 reconstitutediok-3" andchbl”™ DT40 cells were either stimulated via the
BCR for 3 min or left untreated. Lysates were scigjé to immunoprecipitation with anti-
c-Cbl antibodies and purified protein was analybgdimmunoblotting using anti-pTyr
antibodies (figure 4.19 A, upper panel). Analysithvanti-c-Cbl antibodies revealed equal
amounts of purification and loading (lower pan&hosphorylation of c-Cbl is evident in
stimulated cells (upper panel, lane 2 and 4). Imoblot analysis revealed a slightly higher
level of phosphorylation in cells that are Dok-3Jicient (lane 4) compared to Dok-3
expressing cells (lane 2). Quantification of thiedependent experiments and ratios of
signal intensities of phospho-c-Chbl versus c-Ciguile 4.19 B) hence, unveil that Dok-3
dependent decrease of BCR-induced c-Cbl phosphianyles statistically not significant.

Error bars reflect mean values + standard deviation

A IP: a-c-Cbl B ...
Dok-3 wt dok-3" chl”
1
algM 0 3 0 3 0 3 =
E 0,75
— S -pc-Cbl Q
80— . E . {
o-pTyr (4G10) g
0,25
L T — -c-Cbl
80— 0
o-c-Ch] —mmm 9 — Dok-3 wt dok-3~

1 2 3 4 5 6

Figure 4.19: Dok-3/Grb2 does not alter BCR-inducedbl phosphorylation

(A) Dok-3 wt expressing (lanes 1 and @pk-3" (lanes 3 and 4) anthl” (Lanes 5 and 6) cells werg
left untreated (0) or stimulated (3) via the BCR 8 min. Lysates were subjected to anti-c-Cbl
immunoprecipitation. Samples were subjected to FB&E and phosphorylation was detected Via
immunoblotting with anti-pTyr-antibodies (upper p8n Equal protein purification and loading was
controlled by reprobing the membrane with anti-d-@htibodies (lower panel). Molecular mass
protein standard (kDa) is indicated on the leff) (Bing ImageJ software ratios of anti-pTyr vergus
anti-cCbl signals were calculated. Results are shaw mean values = s.d. for three independent
experiments.
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4.2.4 Lyn is required for the Dok-3/Grb2 dependensignal inhibition

Lyn is the only Src family kinase expressed in DT4ds. It is the very proximal PTK in
the BCR signaling cascade initiating a complex wekwof phosphorylation. As | could
show in this thesis that the phosphorylation ofesalvLyn targets is altered by Dok-3, the

question was addressed whether Dok-3/Grb2 direetiylates the kinase activity of Lyn.

4.2.4.1 The BCR-induced Lyn-phosphorylation is noaltered by Dok-3/Grb2
Phosphorylation is a key modulator of kinase amtiand it has been shown that Src
family kinases like Lyn encompass activatory anbitory tyrosine residues (COOPER
and HOWELL, 1993). Hence, | examined the efficienofy BCR-induced Lyn-
phosphorylation in dependence of Dok-3 expression.

Lyn/Dok-3-double-deficient cells, expressing HA-gad wild-type Lyn, were retrovirally
transduced with DNA encoding either wild-type Dolo3the Y¥*'F variant. Lysates from
unstimulated and stimulated cells were subjectedmimunoprecipitation with anti-HA
antibodies. The phosphorylation status of Lyn waalyed using anti-pTyr antibodies
(figure 4.20 A, upper panel) or phospho-tyrosinec#ic antibodies detecting either the
activatory Y/ (anti-pSrc ¥'° second panel) or the inhibitory"% (third panel). Equal

protein loading was confirmed by anti-HA immunob(faturth panel).

IP: cHA
Dok-3 Figure 4.20: Dok-3/Grb2 does not significantly
Dok-3 wt __Y3IF Iyn” alter BCR-induced Lyn phosphorylation
a-lgM 0 3 0 3 0 3

Lyn/Dok-3-double-deficient cells expressing
P — ol wild-type Dok-3 (lanes 1 and 2) or Dok-333+F_
(lanes 3 and 4) together with HA-tagged wilg-
type Lyn HA and, as controlyn/dok-3" cells
o-pTyr (4G10) only reconstituted with wild-type Dok-3 (lanes |5
58 - | ol cx p— and 6; termed alyn”) were left untreated (0) of
- - “pLyn BCR-stimulated (3) for 3 min. Cellular lysatgs

were subjected to anti-HA immunoprecipitation

and purified protein was analyzed vla
immunoblotting using anti-pTyr (upper panel),

58 -

a-pSrc (Y416)

58 - ~pLyn anti-pSrc (Y9 (Y*7 in Lyn, second panel) o
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a-pLyn (Y307 y——— control, blots were analyzed with anti-HA

58 - antibodies (lower panel). Molecular mass protein
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standard (kDa) is indicated on the left.
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Both cell lines show a slight BCR-induced increaséyn phosphorylation (upper panel,
lanes 2 and 4). Phosphorylation of tyrosine resi@@& is hardly inducible by BCR
engagement (second panel, lanes 1-4). In cellsessimg wild-type Dok-3, ¥’
phosphorylation is marginally reduced compared wk-B Y**'F expressing cells. In
contrast, wild-type Dok-3 expression slightly ineses the BCR-induced phosphorylation
Y507

(third panel, lanes 2 and 4).
Altogether, data show that Lyn phosphorylationasdty altered by Dok-3/Grb2.

4.2.4.2 Dok-3/Grb2 does not influence the Lyn kin@sactivity

Knowing that Dok-3 does not alter Lyn phosphorgati next tested whether Lyn kinase
activity is modulated by Dok-3/Grb2.

Transfectands described above were used to pedarm vitro kinase assay. Lysates of
BCR-stimulated cells were subjected to anti-HA inmmyorecipitation and purified protein
was incubated with a biotin-conjugated substratptige and ATP for 15 min. After

immobilizing the peptide to a streptavidin-coat&dveell plate, phosphorylation efficiency
was analyzed by ELISA with anti-pTyr antibodies. aievalues + standard deviation of
four independent experiments (figure 4.21 A) showeadilar kinase activities in cells
expressing wild-type Dok-3 compared to cells exsirgsthe Dok-3 Y3'F. Equal protein

amounts were confirmed by anti-HA immunoblottiniggfe 4.21 B).

A B
IP: a-HA

g o6 T - Dok-3 Dok-3

g _wt Y''F

S 04 . . - Lyn
g —o-HA—

E’ " 1 2

0

Dok-3wt  Dok-3 Y®'F

Figure 4.21: Dok-3 does not influence the kinase taty of Lyn

(A) For in vitro kinase assayyn/dok-3" cells expressing HA-tagged Lyn together with wijge
Dok-3 or Dok-3 Y*'F were stimulated for 3 min and subjected to ati-fhmunoprecipitation.
Purified protein was incubated with the signal sdurction biotinylated peptide (CST) and ATP |at
room temperature for 15 min. Substrate was immudilion a streptavidin-coated 96-well plate.
ELISA was then performed with anti-pTyr and HRPOyogated goat-anti-mouse antibodies. Resuilts
are shown as mean values + s.d. for four indepenegperiments. (B) Amount of precipitated
proteins was controlled by anti-GFP immunoblot gsial Molecular mass protein standard (kDa
indicated on the left.

S
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4.2.4.3 Dok-3/Grb2 mediated negative regulation depending on Lyn

Studying Dok-3/Grb2 mediated regulation of Lyn-degent processes harbors the obvious
problem that Dok-3 phosphorylation and hence Ddks82 complex formation is Lyn-
dependent. To circumvent this obstacle and to aealye Dok-3/Grb2 complex function I.
Goldbeck generated a chimeric protein comprisirgg @terminal SH3 domain of Grb2
fused to the first 322 amino acids of Dok-3 (Dok&H3) (figure 4.22 A). We further
substituted the tyrosine-residues at position 13 207 for phenylalanine (Dok-3YYFF-
cSH3) to make the protein completely independemtyofmediated phosphorylation.
Dok-3-deficient cells where either reconstitutedhwivild-type Dok-3-GFP, GFP-tagged
Dok-3-cSH3 or Dok-3YYFF-cSHS3 (figure 4.22 A) to teése functionality of the chimera.
cd”* flux analysis of these cells revealed that conmacewild-type Dok-3 expressing
cells, Dok-3-cSH3 expressing cells show similarfifes of C&" mobilization (figure 4.22
B, black and orange lines). Cells expressing thk-BYFF-cSH3 variant mount a more
robust BCR-induced G& mobilization (blue line) that is however still gijcantly

reduced compared tipk-3" cells (grey line).

A Y140 Y307 Y331 B —
Dok-3 wi E 12 05mMEGTA TmM CaCl
S _mﬁm_ dok-3
w 1
Y140 Y307 5 A == Dok-3 Wt
o ” = 038 A empty vector
@ Dok-3-cSH3 = I\\\ Dok-3-cSH3
E 06 == Dok-3 YYFF-cSH3
YI40F  Y307F z ‘ [
@H2) Dok-3 YYFF-cSH3 T P
£ 02 ; . . .
0 120 240 360 480
time [s]

Figure 4.22: The ‘Lyn-independent’ chimeric Dok-3YYFF-cSH3 protein reconstitutes
Dok-3/Grb2 mediated C&" inhibition with reduced efficiency.

(A) The C-terminal SH3 domain of Grb2 was fusedh® N-terminal part of Dok-3 (amino acids 1
322) thus replacing the C-terminal part, includthg Y**%, which is crucial for the binding of Grb
(middle panel). Additionally, ¥° and Y*°” were substituted for Phenylalanine (lower pang).
Dok-3-deficient cells were either reconstituted hvivild-type Dok-3 (black line), the ‘wild-type’
chimera (Dok-3-cSH3; orange line), the chimera wath tyrosines exchanged to phenylalanin
(Dok-3YYFF-cSH3; blue line) or empty vector as aoh{grey line). Cells were loaded with Indo-
and BCR induced Gérelease from intracellular stores was measuredt fonin in presence of 0.%
mM EGTA. Extracellular C& concentration was restored to 1 mM and*Ghux over the plasma
membrane was monitored for another 4 min.

T

= O

The tyrosines 140 and 307 have been shown to deerBable for Dok-3 function.
Moreover, it was shown that phsophd*¥constitutes a binding motif for the Dok-3 PTB

domain allowing for oligomerization of Dok-3 pratei The different efficiency in
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reconstitutive Dok-3 function of Dok-3-cSH3 and B8&KYFF-cSH3 might be due to
different abilities to oligomerize.

Dok-3-deficient cells, reconstituted with HA-taggedld-type Dok-3 were additionally
transduced with DNA either encoding the GFP-boumicheric proteins, described above,
or the wild-type Dok-3 protein. HA Dok-3 was pued from lysates of unstimulated and
stimulated cells using HA-antibodies. Purified pios were subjected to immunoblot
analysis with anti-GFP and anti-HA antibodies (fgd.23). Analysis revealed that GFP-
Dok-3 is already co-precipitated with its HA-taggeduivalent in unstimulated cells
(figure 4.23 C, upper panel, lane 1). This assmmaincreases upon BCR engagement
(lane 2). The same could be observed when HA-taBgéd3 is co-expressed with Dok-3-
cSH3 (lanes 3 and 4). In contrast | observed adb#sis interaction in cells expressing the
Dok-3YYFF-cSH3 together with Dok-3 (lanes 5 and®¢tection with anti-HA antibodies
confirmed equal amounts of purified wild-type DoKl8wer panel). Similar expression of
GFP-bound proteins was controlled by anti-GFP imofloiting of the CCLs (data not
shown).

From this data it appears that, although being essential for Dok-3 function, the

oligomerization seems to support the inhibitoreeffof the Dok-3/Grb2 complex.

IP: a-HA
R, R,
& §
o
& g 5
(€ &’ é‘
2 e Y » &
A - S
9L ST oY <
gQO QX'QEE ‘ZFQQ Ik
a-lgM 0 3 0 3 0 3 0 3
80 - . Dok-3 GFP
T S Aae = Dok-3-cSH3 GFP
a-GFP
T e gm— — g w— =HA Dok-3
46 —
a-HA

Figure 4.23: The ‘Lyn-independent’ chimeric Dok-3YYFF-cSH3 protein cannot form homo-
oligomers.

Using retroviral gene transfeiok-3" cells, previously transfected with DNA encoding 4tgyged
wild-type Dok-3, were transduced with DNA encodieigher for the GFP-bound wild-type Dok-B
(lanes 1 and 2) or the chimeric proteins Dok-3-cSldBes 3 and 4) and Dok-3YYFF-cSH3 (lanes 5
and 6). As controldok-3" only expressing the Dok-3YYFF-cSH3-GFP chimeradia7 and 8) werg
used. Cells were left untreated (0) or BCR- stinada(3) and lysates were subjected to anti-HA
immunoprecipitation. Proteins were analyzed usimiy@FP (upper panel) and anti-HA (lower panegl)
antibodies. Molecular mass protein standard (kB&)dicated on the left.
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To test Dok-3/Grb2 function in absence of Lyn Ingduced either Dok-3YYFF-cSH3 or
the non-functional Dok-3YYFF-cSH3[WK] variant into Lyn/Dok-3-double-deficient
cells previously transfected with DNA encoding wilghbe Lyn (figure 4.24 A). Cells
expressing Dok-3YYFF-cSH3 have a reduced"@asponse (black line) in comparison to
control cells expressing the non-functional vari@rey line). In contrast, absence of Lyn
in the double-deficient cells abrogates the inbiiyitfunction of the chimera (figure 4.24
B). Cell expressing the wild-type chimera (blaagkel or the non-functional chimera (grey
line) had comparable profiles of €amobilization. The delay in G4 response in
lyn/dok-3" cells is due to a delayed Syk activation thatisesved ifyn” cells (TAKATA

et al., 1994).,

These experiments proofed that Lyn is not only ssaey for Dok-3 phosphorylation but is

utilized by Dok-3/Grb2 to attenuate efficiency ad®Cmobilizing enzymes.
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Fig. 4.24: Expression of Lyn is obligatory for thanhibitory effect of the Dok-3/Grb2 chimera

(A) Wild-type Lyn reconstituted Lyn/Dok-3 double fitgent cells (yn/dok-3" Lyn wt) were either
transduced with DNA encoding the wild-type chiméPek-3-cSH3 wt) or a variant with a dominant
negative amino acid exchange inside of the SH3 dorfi2ok-3-cSH3 W*K). Cells were loaded
with Indo-1 and C# released was monitored upon BCR stimulation fdF 86c. (B) DNA encoding
for the chimeras was retrovirally transfected imyo/dok-3" cells and C& release upon BCR
stimulation was measured for 400 sec.
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Collectively these data unveil the molecular detaif Dok-3/Grb2 function. BCR-

engagement leads to Lyn-dependent phosphorylatibn Dok-3 and subsequent
Dok-3/Grb2 complex formation. Dok-3/Grb2 complexase translocated into BCR
microsignalosomes where they modulate the balamcactivatory and inhibitory Lyn

functions leading to reduced activation of Syk andreased integration of SHIP and
SHP-2.
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5 Discussion

B cells produce antibodies and hence provide adaptimoral immunity. Activation and
differentiation of B cells are strictly controlldxy their antigen-receptor (BCR). Depending
on the developmental status BCR signals lead toggnend apoptosis or activation and
differentiation. Therefore, BCR signals need to leactly regulated to keep
immunological tolerance without perturbing humanamunity.

Differential BCR signaling is obvious from differeCR-induced C& mobilization.
Immature B cells that undergo apoptosis in respaasantigen-recognition mount weak
Ccd" signals, whereas mature B cells that are activayeBCR signals have robust €a
responses. One mandatory factor for generatingreiftial Ca" signals is the subcellular
distribution of Grb2. This protein has been shoawmibdulate the intra- and extracellular
cd* flux of B lymphocytes by alternative binding tothsr the plasma membrane-
associated adaptor protein Dok-3 or the transmemebradaptor LATII. LATII is
differentially expressed in B cells and while Gng2ruitment by Dok-3 inhibits BCR-
induced C& mobilization, binding to LATII prevents this furieh (STORK et al., 2004;
STORK et al., 2007). Analysis in DT40 B cells relegathat upon BCR engagement
Dok-3/Grb2 complexes are formed and decrease thduption of the second messenger
IP; by modifying the phosphorylation status and attiaf PLCy2. Despite the putative
importance of Dok-3/Grb2 for differential €asignals and its contribution to keep the
balance between humoral immunity and immunolodiai@rance, the molecular details of
Dok-3/Grb2 mediated inhibition of BCR-signals amopdy understood. The objective of
this work was to reveal these molecular detailDok-3/Grb2 complex formation and
function.

Within this thesis, it was shown that Grb2 tranates Dok-3/Grb2 into areas of BCR
microcluster and that this translocation is mandatior efficient phosphorylation of
Dok-3. The process is mediated by the interactioth® C-terminal SH3 domain of Grb2
with Vav3 and/or SLP-65.

Once located in these areas, several lines of ev@show that Dok-3/Grb2 shifts the
balance of Lyn-mediated activatory and inhibitorpgesses towards negative regulators.
First, the Lyn-mediated phosphorylation and actoratof Syk is attenuated by
Dok-3/Grb2, and, second, the phosphorylation ofrtbgative regulators SHIP and SHP-2

is increased.
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51  Association of Grb2 and Dok-3 translocates this protein complex into BCR
micr osignal 0somes.
It has been shown that recruitment of Grb2 to pasnmembrane-associated Dok-3 is
essential for negative regulation of BCR signalkisTprocess requires Lyn-dependent
phosphorylation of tyrosine residue 331 of Dok-3iich provides a docking site for the
Grb2-SH2 domain. Notably, the efficient Dok-3 phiosgylation that is essential for Grb2
association is markedly increased after bindinGtb2 (STORK et al., 2007), leaving the
molecular details of the Dok-3/Grb2 interplay umacle
This thesis elucidates the functional consequent®&wok-3/Grb2 association. Upon BCR
engagement Dok-3 becomes phosphorylated and psoaithnding site for Grb2, which is
thereby recruited to the plasma membrane. This &otpen is translocated into areas of
BCR microcluster by virtue of the C-terminal SH3ntiin of Grb2. Formation of BCR
microcluster is a process that is independent oRB®luced signaling and tends to be
formed as a result of diffusion trapping (DEPOILatt 2008). Nonetheless it provides a
structural basis for the organization of the BCBnaling cascade. Several studies show
that upon BCR-engagement signaling effectors lilka,LSLP-65, Syk, Vav and PL¢
accumulate at the areas of BCR microcluster whicle #hus referred to as
‘microsignalosomes’ (DEPOIL et al., 2008; WEBER att, 2008; SOHN et al., 2008).
Although the formation and composition of micro¢trsand microsignalosomes currently
remain unclear, several studies give evidence tthey are spatial platforms for BCR-
signaling and that translocation into these arggmears to be essential to participate in
signaling.
Results presented in this thesis demonstrate thek-30Grb2 is associated with
microsignalosomes. It was shown that the Grb2-Sét8ain is indirectly associated with
the microsignalosomal resident Lyn and this assieciancreases upon BCR engagement.
Src kinases like Lyn are not only accumulated inRB@icrosignalosomes but have been
shown to associate within unligated BCR complexesesting cells (SOHN et al., 2008;
WEBER et al., 2008;: PLEIMAN et al., 1994). Trarsdtion of Dok-3/Grb2 to the areas of
BCR microcluster thus brings Dok-3 into close pmoity of Lyn which increases the
efficiency of Dok-3 phosphorylation.
Different lines of evidence confirm that the midgmalosomal translocation of
Dok-3/Grb2 appears to be mediated by binding of @w2-cSH3 domain to the
microsignalosomal residents SLP-65 and Vav3. Ringt,BCR-induced phosphorylation of
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Dok-3 is compromised in cells lacking SLP-65 or Ba%econd, the association of Grb2
with Lyn is almost terminated in Vav3- and SLP-@&Sicient cells.

Besides its function as a guanine nucleotide exghaactor, Vav3 also has adaptor
functions by virtue of its SH2 domain and the twé3Jomains. Previous reports describe
an interaction of Vav3 with phosphorylated SLP-@®m BCR stimulation (WIENANDS
et al., 1998). Furthermore, Grb2, by virtue ofGtserminal SH3 domain, has been reported
to bind to PRRs located in the N-terminal SH3 domafi Vavl (NISHIDA et al., 2001,
RAMOS-MORALES et al., 1995; YE and BALTIMORE, 1998Based on these data it
was postulated that association of Grb2-cSH3 ang3\RRR might be utilized for
translocating Vav3 into lipid rafts where assocatwith SLP-65 then functions to sustain
Vav residency in the rafts (JOHMURA et al., 200Batista and colleagues showed that
Vav3 is translocated into microsignalosomes uporRBfhgagement indicating that the
areas with lipid raft properties at least partiaiserlap with the areas of BCR microcluster.
My data imply that a ternary complex of Dok-3/GNay3 translocates Dok-3/Grb2 into
the microsignalosomes (figure 5.1). SLP-65 mightthexi then stabilize the

microsignalosomal abundance or even mediate thsltreation itself.
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Figure 5.1: Dok-3/Grb2 is trandocated to the microsignalosomes by binding to Vav3 and/or

(A) Upon BCR engagement Grb2 (red) binds to phosgated Dok-3 (blue) by virtue of its SH2
domain and is thus recruited to the plasma membanerhe Dok-3/Grb2 complex is translocated [to
the microsignalosomes (dashed line), a processndeme on the C-terminal SH3 domain of Gri2
which is binding to Vav3 (greenR] (B) Once located in the microsignalosomes the -Bikrb2
complex sustains in the microsignalosomes by bimndaither to other Dok-3 proteins or by
association with SLP-653().
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Based on these data a redundant function of VaeB3P-65 cannot be excluded. If
SLP-65 is essential for the translocation of Do&®2, a Grb2 binding-deficient SLP-65
should prevent translocation of, and thug*@ahibition by Dok-3/Grb2. In human B cells
SLP-65 is expressed in two isoforms (FU and CHA®87). The short isoform (s-SLP-65)
lacks interaction with Grb2 due to a missing prelmotif which is target of the cSH3
domain of Grb2 (GRABBE and WIENANDS, 2006). BCR-imeéd C&" mobilization
meanwhile is not altered in cells expressing s-8bBP-Moreover, no difference in
SLP-65/Vav3 or s-SLP-65/Vav3 interaction was obsdyv indicating that the
SLP-65/Vav3 association is independent of GrbZdls lacking either Vav3 or SLP-65,
the other protein could mediate the translocatiwhtae reduced Dok-3 phosphorylation is
just due to delayed translocation. While the dadtaws in this thesis provide clear
evidence for the importance of SLP-65/Vav3 in Dd&®2 mediated Ga inhibition,
further studies are required to extract the exaaction of SLP-65 and Vav3 in this

process.

Once residing in the microsignalosomes phosphooyladf Dok-3 is more pronounced.
This fact raises the question how an interactiat ih based on tyrosine phosphorylation
can increase the phosphorylation efficiency. & haen shown that phosphorylation of the
tyrosine residue at position 140 of Dok-3 allowsriation of homo-oligomers by virtue of
phospho-tyrosine/PTB domain interactions (STORKIgt2007). Hence, abundance of the
Dok-3/Grb2 complex in the microsignalosomes coule forther supported by the
oligomerization of Dok-3 proteins. Although prevoufindings showed that
phosphorylation of the ¥° is dispensable for BCR inhibition (STORK et al00Z), the
formation of oligomers might increase the abundaoic®ok-3/Grb2 complexes in the
microsignalosomes and thus support its functioneuncbnditions with low antigen
concentration. First evidence has been given byattaysis of the Dok-3/Grb2 chimeric
protein. This shows that substitution of the tynesiresidue 140 (Dok-3YYFF-cSH3)
minors the inhibitory ability of the protein. Insunary, data provided in this work show
that although not being essential for Dok-3 funttithe oligomerization of Dok-3 proteins

seems to support the inhibition of BCR signals.
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52  Dok-3-associated Grb2 contributes to negative regulation of BCR signals in
BCR microsignalosomes.
The binding of Dok-3 to Grb2 is mandatory for itartslocation to the microsignalosomes.
However, this is not the only function of Dok-3-assted Grb2.
This is most obvious from the analysis of cellsresging the TSH2-Dok-3 chimera. As
the tandem-SH2 domain of Syk is binding to the phosylated ITAMs of Iga/-B3, this
chimeric protein is directly translocated into therosignalosomes in a Grb2-independent
manner. Consistently, the TSH2-Dok-3 becomes slyophosphorylated upon BCR
engagement due to its close proximity to the BCR layn. This process is independent of
Grb2 binding as the ¥¥*F chimera is phosphorylated in a similar amountétbeless, the
association with Grb2 is still important to regelahe BCR-induced Gamobilization as
the Grb2-binding deficient chimera is compromisedts ability to inhibit the CH flux.
These data clearly confirm that Grb2-cSH3 functi®mot restricted to translocation of
Dok-3 and allows for speculations about additior@ks for Grb2-medaited negative
regulation when associated with Dok-3.
These data also explain the previously weakly wstded phenomenon that Dok-33F
has a dominant negative effect over endogenous D @&ccording to the data shown in
this thesis, Dok-3 ¥'F could “poison” Dok-3 oligomers in BCR microsignabmes
thereby reducing the amount of Grb2 in this lo@lan. As | could show that Dok-3-
associated Grb2 is required in areas of BCR miastel the altered Dok-3 oligomers are

functionally compromised.

5.3 Dok-3/Grb2 accentuatesthe negative regulatory functions of Lyn

Beyond the details of Dok-3/Grb2 complex formatiarlucidated the functional impact of
this complex on BCR-mediated signal translocatiinwas hypothesized earlier that
Dok-3/Grb2 regulates Btk activity due to the finglithat PLCy2 phosphorylation and
activity is compromised in presence of Dok-3/GrBIQRK et al., 2007). However, | here
provide several lines of evidence that Dok-3/Gi@ibits C&" mobilization by regulating
processes upstream of the’Chitiation complex formation. First, Eamobilization still
can be regulated by Dok-3/Grb2 when Btk is not eissed to the Cd initiation complex.
This could be shown by expressing a Btk-binding I8&P-65 variant irslp-65" DT40
cells. In these cells Dok-3*¥F still has a dominant negative function. Secongk-S
mediated phosphorylation of PLy2-binding sites in SLP-65 is attenuated by Dok-B&5r
implicating that Syk is regulated by Dok-3/Grb2.ifth it was shown that Syk becomes
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less phosphorylated in cells expressing Dok-3 Aatlthis altered phosphorylation reduces
its kinase activity leading to the decreased phospation of the PLG# binding sites of
SLP-65. This then destabilizes the*Canitiation complex resulting in reduced PL@-
phosphorylation and compromised; Iproduction as described earlier. Furthermore this
impact on Syk tyrosine phosphorylation is restdcte a specific phosphorylation site
inside the protein. Out of five detected phosphodine sites only one has an altered
phosphorylation level in presence of Dok-3 compatediok-3" control cells. This
tyrosine (Y¥°9, together with Y2, has been shown to mediate allosteric regulatioBysf
(TSANG et al., 2008). They are located in the lddanain B (linker region between cSH2
and the kinase domain) of Syk and their correspandesidues in the T-cell analogue
ZAP-70 (Y**® and ¥ have been described to mediate an intramoleautiaraction with
the nSH3 domain which keeps the protein in an imaactonformation (BRDICKA et al.,
2005, DEINDL et al., 2007). Phosphorylation of*¥ was not identified in mass
spectrometry analysis but due to their functionanplementarities | would assume a
similar effect of Dok-3 on this tyrosine. PhospHatipn of Syk is mediated by two distinct
processes. Besides its Lyn-dependent phosphonylagveral motifs of Syk have been
described as auto-phosphorylation sites (FURLONG@I.et1997). However, the exact role
of these two processes remains widely obscure tea @&spite reports that s&y° is an
auto-phosphorylation site | herein could show thatauto-phosphorylation process of Syk
is not altered by Dok-3 indicating a participatminLyn in phosphorylation of this motif.
Based on the results shown in this thesis it cabeoexcluded that instead of the Lyn-
dependent Syk phosphorylation, Dok-3/Grb2 regulStgsdephosphorylation. However, |
could show that SHP-1, which has been shown to asgptorylate Syk (TUSACNO et al.,
1996; LAW et al., 1996), is not affected by Dok-84&. Moreover there is no evidence in
the literature that dephosphorylation processeesstrictly site specific. Collectively, the
data presented here provide strong evidence thaf3DBrb2 negatively regulates the Lyn-
mediated phosphorylation of Syk leading to a redueéficiency of C&" mobilizing
enzymes. This is supported by the fact that Dokd32Ghas no inhibitory functions in cells

lacking Lyn expression.

Up to this it could be shown that Dok-3/Grb2 regesa Lyn-dependent processes.
Although data presented in this thesis reveal fiatsphorylation and kinase activity of
Lyn are not affected by Dok-3/Grb2, the complexradnfunction in absence of Lyn. A
Dok-3/Grb2 chimeric protein that is independentgh-mediated Dok-3 phosphorylation

cannot inhibit C&" mobilization in Lyn-deficient DT40 cells. Thus thegulatory influence
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of Dok-3/Grb2 on Lyn-mediated processes rathercegfeyn itself as the effectors which
become phosphorylated by Lyn.

Lyn plays a major role in positive as well as nagategulation of BCR signals. In the
absence of Lyn, BCR signaling is supported by Bik &yn, but inhibitory receptors are
ineffective at down-regulation of BCR signalingeteby leading to hyper-responsiveness
(XU et al., 2005). Lyn deficient mice do not onlgveal a reduced number of mature
B cell, but also establish a hyper-responsive ptygpeo and produce auto-reactive
antibodies. B cells from these mice have a proldng®liferation response and enhanced
MAPK activation upon BCR engagement (HIBBS et 4995; NISHIZUMI et al., 1995;
CHAN et al., 1997; DeFRANCO et al., 1998). Beyohd effectors involved in positive
regulation, Lyn phosphorylates several protein®lived in negative regulation including
ITIM-bearing receptors like CD22 (SMITH et al., BJ9CORNALL et al., 1998) and
FcyRIIB CHAN et al., 1997; NISHIZUMI et al., 1998), agll as the inositol-phosphatase
SHIP or the phosphatases SHP-1 and -2 (CORNALL.ef998; CHAN 1998). Its dual
function in signal regulation thus makes it a fbbesitarget for regulation. Furthermore,
Lyn is the only Src kinase expressed in DT40 q@IBKATA et al., 1994).

The data provided in this thesis show that beytedattenuating effect of Dok-3/Grb2 on
Syk phosphorylation and activity, Lyn targets inxead in negative regulation of BCR-
induced C4' signaling are more efficiently phosphorylated.sEiDok-3/Grb2 increases
the phosphorylation of the inositol-phosphataseFSkithich promotes the activity of the
phosphatase. SHIP then hydrolyzes;R&PPIR thereby reducing the binding sites for the
PH domains of e.g. Btk and PLy2- and thus destabilizing the €adnitiation complex
(DAMEN et al., 1996). Dok-3 is associated to SHpdm BCR stimulation by virtue of an
interaction of its PTB domain with g¥° of SHIP (STORK et al., 2007). This association
is stabilized by the binding of the C-terminal S&i@main of Grb2 to a proline-rich motif
of SHIP (HARMER and DeFRANCO, 1999; NEUMANN, 201However, association of
Dok-3 and SHIP is dispensable for the*Ciahibitory effect of the Dok-3/Grb2 complex
as it has been shown that expression of a SHIAnyrdkficient Dok-3 did not alter the
Cc&" inhibitory effect of Dok-3/Grb2. Moreover, the €aegulatory effect of Dok-3/Grb2
has been observed iship” DT40 cells (STORK et al., 2007; NEUMANN, 2008).
Conversely, showing that SHIP is not required fokE3/Grb2 function does not mutually
exclude the possibility that Dok-3 utilizes SHIR Bgnal inhibition, as | could show that
Dok-3/Grb2 regulates the phosphorylation of SHIRisTgoes in line with data obtained in
B cells of both knock-out mice. Like the hyperpieilative B cells from Dok-3-deficient
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mice, those of SHIP-deficient mice are hypersersito BCR mediated signals and less
sensitive to induction of apoptosis (HELGASON et, @998, LIU et al.,, 1998;
HELGASON et al., 2000; BRAUWEILER et al., 2000; NGal., 2007).

One key question remaining is the ambiguity role Grb2 for SHIP function and
phosphorylation. Whereas absence of Dok-3 onlyhsiigreduces phosphorylation of
SHIP, Grb2-deficiency markedly diminishes phosplairgn of the protein (HARMER
and DeFRANCO, 1999, NEUMANN, 2008). This shows t@ab2 is responsible for the
phosphorylation and activation of SHIP in a Doka8ependent manner, whereas binding
to Dok-3 switches its function to modification dfet SHIP phosphorylation. This switch
can be ascribedn the role of Grb2-cSH3. Its interaction with SHi&not be responsible
for initial Ca* inhibition as it is involved in translocation ofoR-3/Grb2 into the
microsignalosomes. But once residing in the migmaiosomes either a change to an
association of cSH3 with SHIP or the oligomerizatinduced accumulation of
Dok-3/Grb2 complexes could link Dok-3/Grb2 with thheosphatase and thus modify its
activity. This also further contributes Grb2 a rafe negative regulation inside of the

microsignalosomes.

As Dok-3/Grb2 also functions in absence of SHIP tbhenplex affects more than this
inhibitory Lyn target. Another Lyn target that isome efficiently phosphorylated in
presence of Dok-3/Grb2 is the phosphatase SHP-Zlysis of the BCR-induced
phosphorylation of SHP-2 shows that the expresadnDok-3/Grb2 increases the
stimulation dependent tyrosine phosphorylationhef protein. Although the human SHP-2
gene is related to disorders like the Noonan-SymeérQTARTAGLIA et al., 2001) as well
as to leukemia (TARTAGLIA et al., 2003, LOH et a&004) little is known about its
function downstream of the BCR receptor. StudyittPS function is hampered by the
embryonic lethality which goes along with the geaegeting of the SHP-2 alleles
(SAXTON et al., 1997; SAXTON and PAWSON, 1999; SAGN et al., 2000). Buin
vitro studies in fibroblasts show that SHP-2 has pasitiegulatory functions as it
promotes Erk activation upon cytokine and growtttda stimulation (NOGUCHI et al.,
1994, YAMAUCHI et al., 1995; TANG et al., 1995).ulies revealing its function in TCR
signaling imply a different regulatory role for S¥Pin antigen-induced signaling.
Transgenic mice expressing a putative dominant theganutant (SHP-2 C/S) have a
decreased phosphorylation of LAT and lower magmisudf C&" flux upon TCR
stimulation whereas the overall TCR response wahamged (SALMOND et al., 2005).

Considering these results, Salmond and colleaguggest a regulatory role for SHP-2 in
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Th2-type responses. Although the role of SHP-2 @RBnediated C4 signaling remains
completely unclear to date, these data imply thaspde its activatory function
downstream of cytokine- and growth-factor recept@BlP-2 has a negative regulatory
function downstream of antigen-receptors. Moreoies, not understood whether and how
SHP-2 is translocated into BCR microsignalosomese Telated phosphatase SHP-1
contains a six amino acid sequence in its C-tersnimbich mediates constitutive lipid raft
localization (FAWCETT and LORENZ, 2005). The sequeeiof SHP-2 does not contain
such a sequence. Nonetheless a fraction of SHRHA be localized in lipid rafts of T cells
upon stimulation (BARBAT et al., 2007). SHP-2 iseoof the binding partners described
for the cSH3 domain of Grb2. Translocation of théogphatase into BCR
microsignalosomes thus could be mediated by a tdmesociation of SHP-2 with the
Dok-3/Grb2 complex. Indeed BCR-induced SHP-2 tyresphosphorylation requires
Dok-3/Grb2. This is obvious from the fact that dok-3" cells SHP-2 tyrosine
phosphorylation is not affected by BCR engagemeinwever, this study shows that
integration of SHP-2 in the BCR signaling cascadquires Dok-3/Grb2 and gives
evidence that SHP-2 encompasses negative reguldtorgtions in BCR-mediated

signaling processes.

Collectively, | could show that Dok-3/Grb2 modukatéhe balance of inhibitory and
activatory Lyn-functions. While Dok-3/Grb2 attenestactivation of Syk, integration of
SHP-2 and SHIP is augmented in this situation. Quek-3/Grb2 is translocated into
BCR microsignalosomes it might shape the spatiglamization of signal regulators
ultimately leading to reduced efficiency of Canobilizing enzymes (figure 5.2). Hence, |
elucidated the molecular details of regulatory psses that contribute to differential BCR
signaling. The function of Dok-3/Grb2 is an examplawv adaptor proteins manipulate
spatial organization of signalosomes leading teratt functions of effector proteins

without changing their general activity.
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Figure5.2: The Dok-3/Grb2 altersthe phosphorylation pattern of several Lyn substrates

Engagement of the BCR leads to the phosphorylgtioange dots) of several effectors by the $rc
kinase Lyn (arrows). (A) Cells that do not expr&ssk-3 have a high phosphorylation level pf
positive regulators like Syk (thick arrow) whergagative regulators like SHIP and SHP-2 become
less extensively phosphorylated (small arrows). I(Brells expressing Dok-3 the formation of tie
Dok-3/Grb2 complex changes the phosphorylation ll@feseveral effectors. Besides a decreaged
phosphorylation of Syk the negative regulators Satie SHP-2 become stronger phosphorylated.

This work gains detailed insight into a processciaufor the regulation of the BCR-
induced C&" mobilization. The translocation of Dok-3/Grb2 giviesther evidence about
the importance of localization of effectors witlyaed to their function. The shifting of the
Dok-3/Grb2 complex into the microsignalosomes iseasial for its participation in the
negative regulation of the €amobilization. The stimulation depending interptefyDok-3
and Grb2 further highlights, that adaptor protetas mediate regulatory processes by
shaping the co-operation of other effectors and ttlianging the effector functions of
single proteins as shown for phosphorylation pattérseveral Lyn-substrates (figure 5.2).
The data presented here underline the importantteeainalysis of areas of microcluster in
the membrane. Using differem-vivo-life-imaging techniques could further improve the
dynamic movement and involvement of BCR-signalinffeators inside of the
microsignalosomes and could give more help to wstded the role of these microdomains

in PTK mediated signaling processes.



Summary 57

6 Summary

Basis of the humoral immune response is the gaeorrahd activation of antigen-specific
B lymphocytes. Signal transduction by the B celigan receptor (BCR) regulates both,
the activation of pathogen-specific B cells as veasllremoval of self-reactive B cells and
signals emanating from the BCR can either induagtgsis or proliferation. The rise of
the cytosolic C& concentration is a central step in the activatbm® lymphocytes. The
profile of the C&" signal contributes to the activation of differéranscription factors
which then affect cell fate decisions. Hence, ratjoh of BCR-induced G4 mobilization

Is important to keep the balance between humoraiunity and tolerance. In 2007, the
adaptor protein Downstream of kinase-3 (Dok-3) wlastified as one important regulator
of differential C&" mobilization. Lyn-dependent complex formation o6k33 with the
growth factor receptor bound protein 2 (Grb2) at&as the efficiency of Gamobilizing
enzymes. In this study | investigated the molecaolachanism leading to the formation of
the Dok-3/Grb2 module and its influence on the dthe intracellular CH level.

Using gene targeting and reconstitution experimémtthe chicken B cell line DT40 |
could show that the association of plasma membbaoed Dok-3 with Grb2 translocates
the proteins into microsignalosomes, membrane nsgat which activated BCR and their
downstream effectors accumulate and thus signatiogurs. Once residing in the
microsignalosomes | could show that Dok-3/Grb2 allye affects the phosphorylation
pattern of Lyn targets. The Eamobilizing enzyme Syk become less phosphorylatet a
activated in cells expressing Dok-3/Grb2 leading tower magnitude of Gaflux upon
BCR-engagement. Beyond this inhibitory impact oa tieneration of the Gasignal,
further Lyn targets, known to be involved in %aregulatory processes, become
specifically stronger phosphorylated. The tyroguhesphorylation levels of the
phosphatases SHIP and SHP-2 increase upon BCR angay whereas the
phosphorylation of other regulators, e.g. SHP-haosaffected. Although phosphorylation
and kinase activity of Lyn itself are not altergddok-3/Grb2 the data clearly confirm that
presence of Lyn is mandatory for the Dok-3/GrbZction.

These data reveal insight into the molecular meshas of the Dok-3/Grb2 mediated
regulatory process shaping the BCR-induced® Gaobilization. Dok-3 modulates the
balance of activatory and inhibitory Lyn functiobg changing the composition of BCR
microsignalosomes. This adaptor-mediated regulatiay influence B cell fate by either

supporting activation or tolerance induction.
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6.1 Zusammenfassung

Grundlage der humoralen Immunantwort ist die Erkimieg und Aktivierung von
antigenspezifischen B-Lymphocyten. Signale des B&mtigenrezeptors (BCR)
regulieren sowohl die Aktivierung pathogenspeezliexr B-Zellen als auch die Beseitigung
selbstreaktiver B-Zellen. BCR vermittelte Signalénken sowohl Apoptose als auch
Proliferation induzieren. Der Anstieg der intramiifen C&'-Konzentration ist ein
zentraler Schritt wahrend der Aktivierung von B4Bel Das Profil des G&Signals
vermittelt die Aktivierung verschiedener Transkiopisfaktoren, welche dann das
Schicksal der Zelle beeinflussen. Folglich ist diegulation der BCR-induzierten
C&*-Mobilisierung wichtig fir das Gleichgewicht zwissh humoraler Immunitat und
Toleranz. 2007 wurde das AdapterprotBiownstream of kinase-3 (Dok-3) als wichtiger
Regulator der Ca-Mobilisierung identifiziert. Die Lyn-vermittelte #soziation von Dok-3
mit dem growth factor receptor-bound protein 2 (Grb2) mindert die Effizienz von
C&*-mobilisierenden Enzymen. In dieser Arbeit wurdee tholekularen Mechanismen
der Dok-3/Grb2-Komplexbildung und dessen Einflusé den Anstieg des intrazellularen
Ce*-Levels untersucht.

Mittels zielgerichteter Gen-Inaktivierung and arigfbender Rekonstitution in der Hihner
B-Zelllinie DT40 konnte ich zeigen, dass die Verthing von Plasmamembran-
assoziiertem Dok-3 mit Grb2 diesen Komplex in M#igmalosomen verlagert.
Mikrosignalosomen sind Regionen in der Membrandemen aktivierte BCRs und ihre
proximalen Effektoren akkumulieren und dementspeadh Signalgebung erfolgt. Ich
konnte zeigen, dass der Dok-3/Grb2-Komplex nach lagerung in die
Mikrosignalosomen den Phosphorylierungsstatuschedener Lyn Substrate beeinflusst.
In Zellen die Dok-3/Grb2 exprimieren wird das “Geobilisierende Enzym Syk
schwécher phosphoryliert und aktiviert. Dies redrizilie Starke des &aFlusses nach
BCR-Aktivierung. Neben dem hemmenden Einfluss aefhtstehung des &aSignals,
werden zusatzlich Lyn Substrate, welche an der Régn dieses Signals beteiligt sind,
starker phosphoryliert. Die Tyrosin-phosphorylieguwter Phosphatasen SHIP und SHP-2
steigen nach BCR-Aktivierung, wohingegen die Phosglerung anderer Regulatoren, z.
Bsp. SHP-1, nicht beeinflusst wird. Obwohl die Ritamylierung und Aktivitdt von Lyn
nicht von Dok-3/Grb2 beeinflusst werden, zeigen Deten, dass die Anwesenheit von
Lyn obligatorisch fur die Dok-3/Grb2 Funktion ist.
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Alles in allem geben die Daten Einblicke in die siallaren Mechanismen der
Dok-3/Grb2-vermittelten regulatorischen Prozesseglchhe die BCR-vermittelte
Cd*-Mobilisierung formen. Dok-3 beeinflusst die AusgEyenheit zwischen
aktivierenden und inhibierenden Lyn-Funktionen mdes die Zusammensetzung von
BCR-Mikrosignalosomen andert. Diese Adapter-vewtigt Regulation kann demnach das
Schicksal von B-Zellen beeinflussen indem es &lternProzesse zur Aktivierung der

Zelle oder zur Toleranzbildung unterstitz.
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7 Material and Methods

7.1

All chemicals and biologically reactive reagentsrevgurchased from Roth, Sigma-

Materials

Aldrich, Serva, Applichem, Merck, Invitrogen, Inagen, PAA, Becton Dickinson, or
Amersham Biosciences. All chemicals were purchasedA quality unless otherwise

indicated.

7.1.1 Antibodies

Table 7.1: Primary antibodies

(IP: Immunopurification, I1B: Immunoblot)

antibody Immunogen | Source| Supplier/reference| application
HA* (3F10) HA-Epitop rat Roche IP: 0.2ug

IB: 1:1000
GFP (cl. 7.1/13.1)| GFP mouse | Roche IP: 0.4 pg

IB: 1:21000
chicken IgM (M4) | chicken IgM mouse | Biozol DT40

heavy chain stimulation

Phosphotyrosine | Phosphotyramin| mouse | Upstate Biotech IB: 1pug/mL
(pTyr) (4G10)
Dok-3 chicken Dok-3 | rabbit | this thesis IP: 1l

IB: 1:10.000
Actin human actin rabbit | Sigma IB: 1:2000
pSLP-65 (Y9 human SLP-65 | rabbit | Chiu et al., 2002 IB: 2.5 pg/mL
pSLP-65 (Y9 human SLP-65 | rabbit | Chiu et al., 2002 IB: 2.5 pg/mL
Syk (N-19) human Syk rabbit | Santa Cruz IB: 1:1000
pSyk (Y27 human Syk rabbit | Cell Signaling IB: 1:1000

Technology

phospho-Zap-70 | human Zap-70 | rabbit | Becton Dickinson | PhosFlow
Y319/Syk Y352
Alexa Fluor® 647

(continued on next page)
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PSHIP (Y% mouse SHIP | rabbit | Cell Signaling IB: 1:1000
Technology
pLyn (Y9 human Lyn rabbit | Cell Signaling IB: 1:1000
Technology
pSrc (Y1) human Src rabbit | Cell Signaling IB: 1: 1000
Technology
SHP-1 (C-19) human SH-PTP1 rabbit | Santa Cruz IB: 0.4 pg/mL
(SHP1)
SHP-2 (N-16) human SH-PTP2 rabbit | Santa Cruz IP: 1 pg/mL
(SHP-2) IB: 1:500
c-Cbl human c-Cbl mouse | Cell Signaling IP: 0.75ug/ml
Technology IB: 1:2500
GST GST rabbit | Molecular Probes IB: 1:3000

*HA = eleven amino acid peptide derived from thenaun influenza hemagglutinin protein
(YPYDVPDYA)

Secondary antibodies
For Western-blot analysis HRPO-conjugated secondatiypodies were used in a dilution

of 1:10.000. For ELISA antibodies were used in&0Q:dilution.

Table 7.2: Secondary antibodies

antibody Supplier/reference
goat-anti-rabbit IgG Pierce
goat-anti-rat Pierce
goat-anti-mouse Pierce
goat-anti-mouse IgG1 Southern Biotech
goat-anti-mouse IgG2b Southern Biotech
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7.1.2 Enzymes

Restriction Endonucleases New England Biolabs
Calf Intestine Phosphatase (CIP) New England Bmla
T4 DNA Ligase New England Biolabs
Pfu DNA Polymerase Promega

TagDNA Polymerase New England Biolabs
TagPCR Master Mix Kit Qiagen

LA-TaqDNA Polymerase Takara TaKaRa (Cambrex)

7.1.3 Vectors
Table 7.3: Vectors

Vector Source/supplier application

cloning vectors

pCRII-Topo Invitrogen T/A cloning

pBluescript SK Il (-)| Stratagene targeting condsuc

PEGFP-N1 BD Bioscience Cloning of GFP-tagged proteins

p-bleo T. Kurosaki bleomycin resistance cassette for
targeting constructs (witpractin
promotor)

p-gpt T. Kurosaki gpt resistance cassette for targeting

constructs (wittg-actin promotor)

bacterial expression vectors

pGex-4T-1 Amersham expression of GST/mGrb2[SH2] and
GST/mGrb2[cSH3]

Bioscience

mammalian expression vectors

pABESpuroll expression in DT40; constructs used

for electroporation (see 7.5.2.3)

pMSCVpuro BD Biosciences

Clontech expression in DT40; constructs used
pMSCVblast B. Stork for retroviral gene transfer (see 7.5.2.4
pMSCVbleo M. Engelke and 7.5.2.5)
pHCMV-VSV-G M. Jicker expression of VSV-G/pseudpihg

of retroviruses
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7.1.4 Oligonucleotides
All nucleotides were synthesized by MWG Biotech €Eberg, Germany) or Operon
(Germany)

Table 7.4: Oligonucleotides

Primer

Sequence (5~ 3)

application

chDok-3genrev2

tgc cat gat gtc acc cat aat gtg ¢

nome PCR (screen)

bleoA

tac gag gag cgc ttt tgt tt

genomic PCR (stree

gptl 1724 for

cgc tgg ttg atg act atg ttg t

genoR@R (screen)

chSyk LA forl

tgc gaa cct tgc ctc atc tca gtg gat a

genomic PCR (left arm

chSyk LA revl

gcc tgg aca gct aag tac tgt cct atc ¢

) genomic PCR (left arm

chSyk RA forl

taat gga tcc ggc tac atg ctg acttgeo
ctt g

genomic PCR (right

arm)

chSyk RA revl

taat gcgg ccgce ctg tge tgg tgg taa t
actg

ggenomic PCR (right

arm)

Syk screenLAfor2

act cct tta aat gta ctg acg ctt g

genomic PCR (screen)

chSyk Exlrev

cac gtg taa tat tgc caa aga agt

genB@R (screen)

hSHP1 Eco for

taat gaa ttc tct ccg gaa gcc ccasy

gcloning

hSHP1 Eco rev taat gaa ttc cac cgc tca ctt cgagft | cloning
gga

for Eco Dok-3 taat gaa ttc atg gag aga cca gtg aag cloning
gat

rev Xho Grb2 taat ctc gag gcc ctt cta gat gtt ccg | loning

hSyk Y342D for | cac aga ggt gga cga gag ccc c mutagenesis
hSyk Y342D rev | ggg gct ctc gtc cac ctc tgt g mutagenesis
hSyk Y346D for | acg aga gcc ccg acg agg acc mutagenesis

hSyk Y346D rev

ggg tcc gag tcg ggg cte teg t

mutagenesis




Material and Methods

7.1.5 Constructs

Table 7.5: Constructs

Name properties application

Dok-3 wt chicken Dok-3; N-terminal HA-tag or G-Dr. Ingo Goldbeck
terminal GFP-tag

Dok-3 Y31 chicken Dok-3 Y*'F; N-terminal HA-| Dr. Ingo Goldbeck
tag or C-terminal GFP-tag

TSH2-Dok-3 aa 1-192 of human Syk fused to aa 119r. Michael Engelke

426 of chicken Dok-3; C-terminal GFF
tag

TSH2-Dok-3 ¥*'F

aa 1-192 of human Syk fused to aa 1
426 of chicken Dok-3 ¥'F; C-terminal
GFP-tag

1Pr. Michael Engelke

Dok-3AYEN- aa 1-322 of chicken Dok-3 fused to p®r. Ingo Goldbeck
Grb2[cSH3] 151-217 of Grb2; C-terminal GFP-tag
Dok-3AYEN- aa 1-322 of chicken Dok-3 fused to a®r, Ingo Goldbeck
Grb2[cSH3 W] 151-217 of Grb2 W; C-terminal

GFP-tag

Dok-3AYEN[YYFF]-
Grb2[cSH3]

aa 1-322 of chicken Dok-3 ¥7*°F
fused to aa 151-217 of Grb2; C-termin
GFP-tag

this thesis
al

Dok-3AYEN[YYFF]-

aa 1-322 of chicken Dok-3 ¥*°F

this thesis

Grb2[cSH3 W] fused to aa 151-217 of Grb2RK; C-
terminal GFP-tag
SLP-65 wt chicken SLP-65; N-terminal Citrin-tag | Dr. Ingo Goldbeck
SLP-65 Y°F chicken SLP-65 Y°F; N-terminal| Dr. Ingo Goldbeck
Citrin-tag
Syk wt human Syk; C-terminal Strep-tag Hanibal Bohnenberger
Syk Y**5D human Syk Y*¥*D; C-terminal Citrin-| thisd thesis
tag
Lyn wt mouse Lyn; C-terminal HA-tag Dr. Konstantin
Neumann
SHP-1 human SHP-1; C-terminal GFP-tag Dr. Michael Engelke

pchDok-3-bleo

gene targeting of chicken Dok-
introduces bleomycin resistance cass
into intron 1

8.Dr. Bjorn Stork, this
stte
thesis

pchDok-3-gpt

gene targeting of chicken Dok-
introduces mycophenolic acid resistar
cassette into intron 1

8.Dr. Bjorn Stork, this
ce

thesis

(continued on next page)



Material and Methods

65

pchSyk-bleo gene targeting of chicken Syk, replacesthis thesis
exons 1 and 2, bleomycin resistance
cassette
GST-Grb2 mouse Grb2; N-terminal GST-tag Dr. Annika Grabbe

GST-Grb2 [cSH3] C-terminal SH3 domain of mouse Grb2;Dr. Annika Grabbe

N-terminal GST-tag

GST-Grb2 [nSH3] N-terminal SH3 domain of mouse Grb2;Dr. Annika Grabbe

N-terminal GST-tag

7.1.6 Biotinylated peptides

Table 7.6: Biotinylated peptides

Peptide Supplier/reference application
Gastric Precursor (Tyr87) Cell signaling Technology | Kinase Assay
Signal Transduction Peptide¢  Cell signaling Techgglo Kinase Assay
Ig-a-pPepl Engels, 2005 AP

7.1.7 Bacterial strains

The following E.coli strains were used for the production of expressextors, of pCR-

Topo plasmids, or expression of recombinant prete(BL21),

respectively. The

generation of competent bacteria and their transftion are described in 7.5.1.1 and

7.5.1.2.
Table 7.7: Bacteria strains
strain genotype supplier
BL21 DE3 FompT hsdg (rs'mg’) gal dcm (DE3) Invitrogen
DH5a F endAl gInV44 thi-1 recAl relAl gyrA96 deoR  Promega
nupG®80dacZAM15 A(lacZYA-argF)U169,
hsdR17( mg*), A’
ToplOF Fllacf Tn10(te®)] mcrA A(mrr-hsdRMS-mcrBC)  Invitrogen
¢80lacZAM15 AlacX74 deoR nupG recAl araD1
A(ara-leu)7697 galU galK rpsL(StendA1A
XL1 Blue endAl gyrA96(nalR) thi-1 recAl relAl latny44 Stratagene
F'[::Tn10 proAB+ lact A(lacZ)M15] hsdR17¢
mK+)
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7.1.8 Celllines

DT40 (ATCC number: CRL-2111):

The DT40 cell line is derived from an avian leulkosirus (ALV) — induced bursal
lymphoma of the bursa fabricii of a “Hyline SC” cken (BABA and HUMPHRIES,
1984; BABA et al., 1985). The original lymphoma waduced by a viral infection of a
one day old chicken with Rous associated virus AMR). DT40 cells express IgM on
their surface and undergo IgL gene conversion dunvitro cell culture (BUERSTEDDE
et al., 1990; KIM et al., 1990). Stimulation of DO'4y anti-chicken IgM antibodies leads
to apoptosis, mimicking the elimination of selfctae B cells (TAKATA et al., 1995).
The mot unique feature of DT40 cells is the hidioraf targeted to random integration of
exogenous DNA (reviewed in SONODA et al., 2001; WING and BERCHTOLD,
2001).

In table 7.8 the DT40 knock-out cell lines usedhis thesis are listed.

Table 7.8: DT40 knock-out cell lines

DT40 knock out cell lines Reference
dok-3" STORK et al., 2007
grb2™" HASHIMOTO et al., 1998
lyn ™" TAKATA et al., 1994
syk™ TAKATA et al., 1994
slp-65" ISHIAI et al., 1999b
cbl ™ YASUDA et al., 2000
shp-17" MAEDA et al., 1998
shp-27" MAEDA et al., 1998
vav3” INABE et al., 2002
ship™ ONO et al., 1997
lyn " /dok-3" this thesis
dok-37 /syk” this thesis

Platinum-E (Plat-E):
Plat-E cells are a third generation retrovirus paokg cell line based on the HEK293T
cell line. In Plat-E cells, the viral structuralrgesgag-polandenvof the moloney murine

leukemia virus (MMLV) are expressed under the aunif the EFla promoter, which is
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100-fold more potent that the MuLV-LTR promoterHieK293T cells. Bothgag-poland
envwere joined to genes encoding selectable mariBest{cidin and Puromycin) via an
internal ribosome entry site (IRES) (MORITA et &000)

7.1.9 Solutions, buffers and media

The composition of all solutions and buffers argteld in the sections in which the
corresponding experimental procedures are describdidsolutions and buffers are
aqueous solutions and stored at room temperatuessuntherwise indicated. If solutions
and buffers had to be autoclaved it is indicatedtoglaving of liquids was carried out at
125 °C for 30 min. RPMI medium was already endotdgsted and filter sterilized.

The following common buffers were used:

PBS....co i 140 mM NacCl; 2.7 mM KCI; 1.5 mM KIRO;; 8.6 mM
NP Oy

Tris/HCL.....................0.5-1.5 M Tris; adjust pH to 6.8-8vith HCL

TE buffer.....................20 mM Tris/HCL, pH 8.0; 1 mM EDTAsH 8.0

7.2 Additional Material

Tissue culture equipment (dishes, pipettes, tudtes, Greiner, Nunc

Electroporation cuvettes (4mm gap) PegLab
ultrafiltration spin column Sartorius
Nitrocellulose filter Hybond ECL™ Amersham Bioscoers
Prestained Protein Marker, Broad Range (6.5-175 kIdew England Biolabs
GeneRulefu 1 kb DNA ladder MBI Fermentas
Protease Inhibitor Cocktail (P 2714) Sigma-Aldrich
Glutathion Sepharose® 4Fast Flow GE Healthcare
Strep-Tactin Superflow matrix Iba BioTAGnology
D-Desthiobiotin elution buffer Iba BioTAGnology
Protein A/G-Agarose Santa Cruz Biotechnology
Western blotting filter paper Schleicher & Schell
Transfection reagent Trans-IT Mirus

ABTS Roche
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7.3 Instruments

Thermomixer comfort Eppendorf
BioPhotometer Eppendorf
pH meter pH level 1 inoL&b
PCR-cycler mastercycler epgradient & personal Edpdn
rotator Schutt
Centrifuges
SORVALLe RC 3B Plus and SORVAL4RC 26 Plus  Servalf
refrigerated centrifuge 5417R Eppendorf
Multifuge 3 S-R Heraeus
Elektrophoresis systems
SDS- PAGE Amersham, Biorad
Agarose gel electrophoresis PeglLab
T70/T77 semi-dry transfer unit Amersham Biosciences
Chemi Lux Imager Intas
Gel Imager Intas
Unitron plus (bacterial incubator) INFORS
Kelvitronet (bacteria incubator) Heraeus
Gene Pulser® Il Electroporation System Biorad
HERAcell 150 (cell culture incubators) Heraeus
HERAsafe KS18 (cell culture bench) Heraeus
FACSCalibur Becton Dickenson
LSRII Becton Dickenson

Laser Scanning Sectral Confocal Microscope TCS SR2ica

7.4 Software

CellQuest; FlowJo (GA mobilization analysis)
CSX-1400M Camera Controller (Chemi Lux Imager)
Gel documentation software (Gel Imager)

Adobé® Photoshofl CS2 (image editing)

pDRAW 3.1 {n silico DNA analysis)

CorelDraw, Image J

MS Office, Endnote 7

68
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7.5 Experimental Procedure

7.5.1 Methods in molecular biology

7.5.1.1 Generation of transformation competenkE.coli bacteria

For generation of transformation competent bacteara overnight culture of the
accordingly bacteria culture was cultivated in 380 LB medium up to an Ofonm of
0.45-0.55. After 10 min incubation on ice, bactesiere centrifuged with 2000 g for 10
min at 4 °C. The supernatant was removed and thet peas resuspended in 30 mL ice
cold TFB | buffer. After 10 min incubation on iceglls were centrifuged again and
afterwards resuspended in 6 mL ice cold TFB Il &uf60 pL portions were transferred to

1.5 mL tubes, flash frozen with liquid nitrogen astdred at -80 °C.

LB medium................. 10 g/L tryptone; 5 g/L Yeast ExttatO g NaCl; add 1000 mL
dgBl, autoclave, store at 4 °C
TFB | buffer................50 mM MnC{; 100 mM KCI; 10 mM CaGl 30 mM KOAc; pH

6.8; 15(%v) glycerole; adjust to pH 6.1 with HOACc;
autoclaystbre at 4 °C

TFB Il buffer............... 75 mM CaCGl 10 mM KCI; 10 mM MOPS; 15 % (v/v) glyceral,
adjustaid 7.0 with KOH; autoclaved; store at 4 °C

7.5.1.2 Transformation of competent.coli bacteria

Bacteria were thawed on ice for 10 min. An apperamount of plasmid DNA or 10 pL
of ligation reaction were added. After mixing cangf by tapping, cells were incubated 30
min on ice and heat-shocked for 5 seconds at 42 R€.bacteria were returned on ice for
2 min. 500 pL of fresh LB medium was added andsoekre incubated at 37 °C and 400
rpm for 15 min. After centrifugation for 3 min a®@g, cells were resuspended in 100 pl
LB medium and plated on LB plates containing therapriate amount of antibiotic.

Cells transfected with pCRII Topo vectors were gilabn plates additionally containing

IPTG and X-gal for blue/white screening. Plateseniacubated at 37 °C for at least 16 h.

LB/agar............................15 g agar in 1000 mL LB; autoclayastore at 4 °C
X-Gal/lPTG plates............... LB/ampicillin/agar, supplented with 80 pg/mL X-Gal
and 20 mM IPTG; store at 4 °C
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Table 7.9: Selection of bacteria

antibiotic final concentration

Ampicillin (Amp) | 50-100 pg/mL

Kanamycin (Kana)| 30-50 ug/mL

7.5.1.3 Isolation of plasmid DNA

For isolation of plasmid DNA 5 mL LB/Amp or LB/Kanaere incubated with a single
bacterial colony over night at 37 °C and 180 rptasmid DNA was isolated out of 4 mL
culture by using the InvisofbSpin plasmid Mini Two (Invitek) following manufagtes
instructions. For larger amounts of DNA 100-200 iB/Amp were inoculated with a
4 mL day culture of a single bacterial colony amovwgn over night at 37 °C and 180 rpm.
Plasmid preparation then was carried out with theeFYield™ Plasmid Midiprep System

(Promega) as by manufactures manual.

6.5.1.4Isolation of genomic DNA from tissue culture cells

DT40 cells were washed once with PBS and resuspendag-lysis buffer at a density of
5 - 1 cells/mL. The cell suspension was incubated atG@or 3 h. Proteinase K was
heat-inactivated by incubation at 95 °C for 15 miime genomic DNA within the cell

lysates was directly used as template for PCR.

tag-buffer....................... 10 mM Tris/HCI, pH 8.0; 50 mM KX.45 % NP-40; 0.45 %
Twe2®; 100 pg/mL Proteinase K; store at 4 °C

7.5.1.5 Digestion of DNA with restriction endonuclases
For sequence-specific DNA cleavage restriction endteases were use, which recognize
and cleave specific palindrome sequences insidaeoDNA. Restriction endonucleases

were applied by NEB and used as by manufacturésiat®ons.
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7.5.1.6 Dephosphorylation of linearized DNA

Linearization of Vector-DNA with just on restricheendonuclease can result in relegation.
To prevent this, linearized Vector DNA was dephasplated at the 5-end with Calf
intestine Phosphatase (CIP, NEB) prior to ligatidbherefore 0.5 uL CIP were directly
added to the restriction digest and incubated $oméh at 37 °C.

7.5.1.7 Ethanol precipitation of linearized DNA

For DNA precipitation 1/10 volume of 5 M NaCl and52volumes ice cold Ethanol

(100 %) were added to the digestion reaction. Theume was incubated at -80 °C for 10
min and subsequently centrifuged at maximum spadda&C for 15 min. Supernatant was
removed and the pellet was air-dried for 30 mine Hellet was dissolved in 1ul dgbi

per 1ug linearized DNA over night at 4°C.

7.5.1.8 Ligation of DNA

For ligation of linearized vectors and DNA fragmé¢imserts) T4 Ligase (NEB) was used.
This enzyme catalysis the formation of a phosplsibder bond between 3'-OH and 5-P
ends in dsDNA. For ligation of cohesive ends a madéion of 1:3 (vector: insert DNA)
was used, for ligation of blunt ends a molar ratidl:5. In addition 0.5 pL of T4 DNA
ligase (NEB) and the appropriate volume of 10-foéhction buffer were added. If
necessary, the mixture was brought up to 10 pL @ihO. To check the ability of the
vector DNA for religation a reaction was set uphwiit the addition of insert DNA.
Reactions were incubated at 22 °C for at leastahdused directly for transformation of

competent bacteria.

7.5.1.9 Polymerase chain reaction (PCR)

The Polymerase chain reaction (PCR) is a methoth&in vitro amplification of specific
DNA fragments (SAIKI et al., 1985; MULLIS et al.986; MULLIS and FALOONA,
1987).

Standard PCR

Amplification of DNA via PCR was performed usingetiproofreading polymeradefu
(Promega) for cDNA amplification or the non-proafdéng polymerasé&aq (Qiagen) for
analytic PCRs. Reactions were set up in a volum®ful using the components as
described in Table 7.10.
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Table 7.10: Standard PCR

component concentration
DNA 300-500 ng

5'- primer 0.2 uM

3’- primer 0.2 uM
dNTPs 2.5 mM (each)
buffer 1-fold

polymerase 0.06 U

The cycling parameters were set up accordinglyh® dnnealing temperatures of the

oligonucleotides as shown in Table 7.11.

Table 7.11: Summary of cycling parameters

reaction T [°C] time cycles
initial denaturation 94-98 1-3 min 1
denaturation 94-98 30-60 s
annealing 58-68 30-60 s 25-30
elongation 68 (Pfu) 0.5 kb/min
72 (Taq) 1 kb/min
final elongation 68 (Pfu) 5-10 min 1
72 (Taq)
12 o

PCR products were analyzed and isolated via agaedssectrophoresis (see 7.5.1.11) or

saved by using Topo-TA cloning (see 7.5.1.10)

Site directed mutagenesis

Site-directed mutagenesis was used to introduceifggadly mutations into a dsDNA.
Therefore two synthetic oligonucleotides containihg desired mutation (substitution or
deletion) surrounded by 8-15 bases of correct semuen both sites were used. During
PCR the mutagenesis is introduced into each newheigated duplicate. Reaction were
prepared as indicated in table 7.11. Following P€amples were treated with 1 Ppnl
for 45 min at 37 °C. This endonuclease specificallis methylated and hemimethylated

DNA. Since the tenplate DNA for PCR is isolatednir&.coli strains, and this DNA is
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ethylated, all parental DNA is digested Bynl. The remaining, mutated DNA is then
transformed into competent bacteria (see 7.5.2.1).

Overlap extension PCR

Overlap-Extension PCR can be used to fuse two DNagients which have an
overlapping area. In a first step the fragmentsevanplified by the use of primers which
produce these complementary areas. Therefore @imere designed the way that the
5-area of the 3’-fragment is complementary witte tB’-area of the 5’-fragment. In a
second PCR these fragments together with the Bigiriof the 3’-fargment and the
5-primer of the 5’-fragment were used. PCR wasfqrered as described for standard
PCR (table 7.10yet using instead of Vector-DNA the fragments aspiates.

7.5.1.10 T/A cloning

The polymeras@aqadds additional adenosine residues at the 3’-eRC& products. The
Topo-T/A cloning vector has overhanging thymidiesidues at its 5’-end which allows a
direct ligation of the PCR product into the vect@uring this thesis thadOPO TA
cloning® kit with the vector pCRI-TOPO® from Invitrogen was used.

PCR products that had been generated uBfmgpoolymerase were first treated willaq
Therefore the PCR product was purified, eluteddnu2 elution buffer (see 7.5.1.12) and
incubated with 0.5 pTagPolymerase, 2.5 |laq buffer and 1 pul dNTPs (10 mM). The
samples were incubated for 10 min ant 72 °C. Restperformed following manufactures

instructions.

7.5.1.11 Agarose gel electrophoresis

Agarose Gel electrophoresis is used for separatidNA-Fragments due to their size, to
characterize them and if necessary to isolate eifiglgments. Therefore 0.7-2 % of
agarose (w/v) was dissolved in TAE buffer by heatin a microwave and 0.5 pg/mol
ethidium bromide were added. The solution was decaim a sealed gel casting chamber.
Samples were mixed with an appropriate volume @hl@-DNA loading dye. Together
with a DNA molecular weight standard (1 kb DNA gender, MBI Fermentas)
electrophoresis was performed with 5 V/cm distanesveen electrodes. Visualization of

stained fragments was carried out with UV- irradiatat a wavelength of 312 nm.

6-fold DNA loading buffer......... 10 mM Tris/HCI, pH 8.04; mM EDTA,; 0.25 % (w/v)

bromophenolblue; 15 % (w/v) Ficoll
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TAE buffer (50-fold)................. 2 M Tris/acetic aci80 mM EDTA pH 8,0

7.5.1.12 Isolation of DNA-Fragments from agarose e
Isolation of DNA-fragments from agarose gels wasedwith the NucleoSpftExtract II

Kit (Macherey-Nagel) by manufactures instructions.

7.5.1.13 DNA-Sequencing

DNA-Sequencing was performed following the dideamgthod (SANGER et al., 1977).
Analyzes were carried out by MWG Biotech (Ebersbe@ermany) and SeglLab
(Gottingen, Germany).

7.5.2 Cell culturing

Supplementary factors within fetal calf serum (F@8Y chicken serum (CS) were heat
inactivated at 56 °C for 30 min before usage. Ték d@ensity was determined using a
Neubauer chamber slide. Centrifugation of eukacyoélls was done with a refrigerated

centrifuge for 4 min at 300 g and 4 °C (unless otiese describes).

7.5.2.1 Cultivation of eukaryotic cells
All cell lines were cultivated in 5 % Chumidified atmosphere at 37 °C in the indicated

media.

DT40 medium....... RPMI 1640 + GlutaMax; 10 % FCS; 10@nUPenicillin; 100 pg/mL
Streptomycin; 50 [@Mercaptoethanol
Plat-E medium...... DMEM + GlutaMax; 10 % FCS; 100 U/magnicillin; 100 pg/mL
Streptomycin; 10mg Blasticidin; 2 pg/mL Puromycin
SILAC medium...... RPMI 1640 minus L-Lysine and L-Angie; 10 % FCS; 1 mM
pyruvate, 4 mM glotine; ‘Heavy’ and ‘light” medium were prepared
by adding 0.115 mM3C¢*°N, L-arginine and 0.275 mM 13C5N, L-
lysine (Sigma Isotec), or the corresponding nomrledth amino acids

(Sigma), respectively.
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7.5.2.2 Thawing and freezing of cells

Eukaryotic cells were rapidly thawed at 37 °C ameally transferred into 7 mL fresh
medium. Cells were harvested, resuspended in 7 regdhfmedium and transferred to a
fresh dish.

For freezing, 1- 10’ cells were harvested, resuspended in 1 mL freemiedium and
transferred to a cryo-tube. Cells were first put86 °C for 24 h and then transferred to

-140 °C for long term storage.

freezing medium..............................90 % FCS; 10 % DMSO

7.5.2.3 Transfection of DT40 cells by electroporain

1 - 10’ cells for each infection were washed twice withSPB5-30 ng linearized DNA
were submitted to an electroporation cuvette (4 edestrode gap, Peglab Biotechnology
GmbH, Germany). Cells were resuspended in 700 p& BBl transferred to the cuvette.
After incubation on ice for 30 min electroporatisas performed at 550V and 25 pF or
260V and 960 pF. Cells were again incubated onfacel5 min and subsequently
transferred to 10 mL fresh DT40 medium. After 24hbubation at 37 °C and 5 % GO
cells were resuspended in fresh medium contaiam@gppropriate amount of antibiotic
(see table 7.12). Cells were plated on 96-wellgslawvith a volume of 200 ul per well.
After 7-10 days transfectants were visible anddfamed to 24-well plates.

Table 7.12: Selection of DT40

antibiotic final concentration
Puromycin 1 pg/mL
Blasticidin S 50 pg/mL
Bleomycin 100 pg/mL
Hygromycin B 1.5 mg/mL

7.5.2.4 Transfection of Plat-E cells for productiorof recombinant viruses
Plat-E cells were used as packaging cell lines th@ production of recombinant,

replication-incompetent retroviruses. These virugesn could be used for infection of
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B lymphocytes. Therefore Plat-E cells were split@H h prior to infection to reach a
confluence of 50-70 %. For transfection the follogvcomponents were mixed in the given
order:

200 pl RPMI w/o supplements

7.5 ul Trans-IT (Mirus)

0.7 ug pHCMV-VSV-G

2 ug retroviral expression vector

The components were gently mixed by tapping artchlefoom temperature for 15-45 min.
The medium of the Plat-E cells was exchanged by@Mmhédium and transfection reaction
was added dropwise. After 48 h incubation at 37&@ 5 % CQ the supernatant

containing the virus was used for transduction.

7.5.2.5 Transfection of DT40 cells with recombinantiruses

Infection of DT40 was performed by using a retravgene transfer system. This is based
on the separately provision of the retroviral espren vector containing the cDNA on the
one hand and thgag-polandenv genes by the packaging cell line (Plat-E) on ttiesio
hand. The used retroviral expression vector pMS@Wiges the target gene, the gene for
the selection marker, the packaging siggahnd the 5- and 3- LTR (long terminal
repeats), which are important for reverse transonp integration and transcriptio@Gag-

pol andenvare coding for viral proteins which are importaoit packaging as well as for
processing of the RNA and integration in the genahthe target cell. Thenvgene in
Plat-E leads to production of ecotropic viruses:t@osfection of the packaging cell line
with the Glycoprotein of the vesicular stromatiisus (VSV-G) leads to production of
viruses which are independent of receptors on dhget cell and hence can be used for
infection of non-ecotropic cells.

For infection of DT40 cells with VSV-G pseudo-typedcombinant retroviruses (see
7.5.2.4), 1.5 mL fresh DT40 medium and 45 pl of @ylprene stock solution (final
concentration 3 pg/mL) were mixed and given to @r6dish. The retroviral supernatant
was centrifuged at 300 g and 4 °C for 4 min.11P cells were harvested, resuspended in
3 mL retroviral supernatant and transferred to dieh. After 24 hours the cells were
harvested and resuspended in 4 mL fresh DT40 meduatiowing additional 24 h the

antibiotic for selection was added to the celle (@ble 7.12). All manipulations of pseudo-
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typed retroviruses were performed in compliancehwihe S2 standard and safety

instructions.

polybrene stock solution................ 3 mg/mL polybrghexadimethrine bromide) in
PBS,; sterile filtered; freshly prepare@pto each

Infection

7.5.2.6 C&" mobilization analysis

1 - 10 cells were resuspended in 700 pl RPMI containingp CS. A dye solution
containing 1 mM Indo-1-AM final and 5 % Pluronicl?27 was added and cells were
incubated for 25 min at 30 °C. The cells were éiduby adding 700 pl pre-warmed RPMI
containing 10 % FCS and incubated for another 1® ahi37 °C. Cells were washed with
1 mL C&*-containing Krebs-Ringer, resuspended in 300 pCef'-containing Krebs-
Ringer solution and kept at 25 °C until measurement

For measuring the extracellular Célux independently of the Gaflux across the plasma
membrane, cells were harvested and resuspende@®0nuB EGTA-containing Krebs-

Ringer solution prior to measurement.

Krebs-Ringer solution.................... 10 mM HERBS 7.0; 140 mM NaCl; 4 mM KCI; 1
mM MgCp; 10 mM glucose

Ca&*-containing..........ccceeeen.... +1 mM CaGl

EGTA-containing..................... + 0.5 mM EGTA

Pluronic F-127 stock.................. 5% (w/v)

Indo-1-AM stock..........ccceveneen. 1 mM in DMSO; store at -2C

7.5.2.7 Confocal laser scanning microscopy

Confocal laser scanning microscopy of the TSH2-BUBFP expressing cells (see section
4.1.3) was performed on 10 harvested cells, washed twice with*Geontaining Krebs-
Ringer solution. Cells were resuspended in 400nebk-Ringer solution and transferred to
4-well chamber slides (Lab-Tek™, Nunc). Followingdsnentation cells were BCR-
stimulated using 2 pg/mL M4 and subjected to caaifé@ser scanning microscopy using
the Leica TCS SP2 microscope (kindly performed hyBvigelke; Leica objective HCX
PL APO 63.0x1.32 OIL UV; zoom 1-5). Images were ax@d to Adobe® Phostoshop®
CS2
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7.5.3 Biochemical Methods

7.5.3.1 Production of recombinant GST-Fusion proteis

For production of recombinant GST fusion proteimsaihigh range, 500 mL of LB/Amp
medium were inoculated with 5 mL of an overnighttune of the corresponding.coli
BL21 strain till an optical density (Qigy of 0.6-0.8 was reached. Expression of fusion
proteins was induced by adding IPTG in a final @mration of 100 uM and cells were
incubated for 2-3 h depending on the fusion proteibe expressed. Cells were harvested
by centrifugation at 3000 g and 4 °C for 15 min.

For lysis cells were resuspended in 20 mL bactgss buffer and incubated on ice for
15 min. After lysing cells by sonicating them 6 ésnfor 30 s, Triton X-100 was added to a
final concentration of 1 %. The lysate was incullaia ice for 10 min and centrifuged at
5000 g and 4 °C for 20 min. The supernatant wassteared to two 15 mL falcons and
100 pL of Gluatthion Sepharose®eads (Amersham Biosciences) were added to each
falcon. The lysate was rotated over night at 4 A@ lbeads were washed three times with
5 mL Triton X-100-containing lysis buffer. Beadsn@eesuspended in 100 pul lysis buffer
and transferred to a fresh tube.

For interaction studies in far western approacfigs.§.10) proteins were eluted from the
beads by adding 100 pL elution buffer for 15 mineaBs were precipitated by
centrifugation and the supernatant, containingftiseon protein, was transferred to a new
tube.

For quantification of bound or eluted protein ttaamples were subjected to SDS-PAGE
together with a BSA standard and visualized by GBining (7.5.3.8)

lysis buffer..........c.ooiiiii 50 mM Tris/HCI pH 7.4; 150 i NaCl; 5 mM
DTT,; protease inhibitor

Triton X-100-containing..................to final 1 %

elution buffer................... 50 mM Tris/HCI pH 8.0; 1&M Glutathion

7.5.3.2 Stimulation of DT40 cells via the BCR

Prior to stimulation cells were washed once withSPEells were then resuspended in
RPMI 1640 medium without supplements in a density-@ - 10’ cells/mL and incubated
at 37 °C and 400 rpm for 20 min. Cells were stirtedawith 2 pg/mL M4 antibody and

after incubation at 37 °C for 3-5 min harvested egglispended in 1 mL lysis buffer. For
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lysis cells were rotated for 1 hour at 4 °C. Lysateere cleared from cell debris by
centrifugation at 4 °C for 15 min at maximum spe€lde cleared cellular lysates (CCL)
were transferred to a fresh tube and either diremilxed with accordingly amounts of

5-fold SDS sample buffer or used for immuno- oiratiy precipitation experiments.

lysis buffer...........................20 mM Tris/HCI, pH%, 150 mM NacCl; 0.5 mM EDTA;
a1 NaF; 10 pM NgMoO,4, 1 mM NaVOy;
Ihétergent (see below); protease inhibitor

detergent...............cviiniiiis NP-40 or laurylmaltosid

5-fold SDS Sample buffer...... 280 mM Tris/HCI pH 6.8 % (w/v) SDS; 30 % (v/v)
lyGerin; 500 mM DTT; 0,012 % (w/v) bromphenol blue

7.5.3.3 Affinity purification experiments

For affinity purification experiments CCL of unstuiated and stimulated cells were
incubated with either GST fusion proteins over nigh5.3.2) or with biotinylated peptides
for 1 h. The beads were washed three times witis lysffer. Subsequently 30-50 ul of
2-fold SDS sample buffer were added to the pelelt laoiled for 3 min at 95 °C. Samples
were separated with SDS-PAGE (7.5.3.7).

2-fold SDS Sample buffer.......... 112 mM Tris/HCI, pH 648% (w/v) SDS; 12 % (v/v)
Glycerin; 200 mM DTT; 0.005 % (w/v) bromphendli®

7.5.3.4 Affinity purification upon SILAC (Stable isotope labeling in cell culture)

Cells were grown at least five days in SILAC mediwith either heavy or light isotopes
(see 7.5.2.1). For affinity purification of One-&R-tagged proteins -110° cells from the
respective cultures were BCR-stimulated for 3 nmd bysed. Lysates were polled at a 1:1
ratio and incubated with 200 pL of Strep-Tactin &flpw matrix (Iba BioTAGnology)
for 1 h at 4 °C. The immobilized protein was elusgdoom temperature with 500 pL of
D-Desthiobiotin elution buffer (Iba BioTAGnologynd concentrated with ultrafiltration

spin columns.
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7.5.3.5 Immunoprecipitation experiments

For immunoprecipitation experiments, CCL of 240 cells were incubated with 0.4-1 pg
of the antibody for at least 5h up to over nighib&quently 20 pL dProtein A/G Plus
Agarose(Santa Cruz) were added for 1 h. Beads were wasinee times with lysis buffer.
For analysis of immunoprecipitates, beads werespuded in 30-50 pl 2-fold SDS
sample buffer and boiled for 3 min at 95 °C. Samplere separated with SDS-PAGE
(7.5.3.7).

7.5.3.6ln vitro kinase assay

For in vitro kinase assay beads from immunoprecipitation exparisn were washed
additionally two times with kinase buffer. Equildted beads were resuspended in 25 pL
of 2-fold kinase buffer. 25 uL of the Substrate/Amixture were added and incubated for
indicated time points. Reactions were stopped loyngd50 pL of stop buffer and 25 pL of
each reaction was used for ELISA (see 7.5.3.12u126f 4-fold SDS sample buffer were
added to the remaining samples and subjected to-FSRISE to check amounts of

precipitated protein via SDS-PAGE and western inigtt

2-fold kinase buffer..................... 120 mM HEPES, pH 718 mM MgCb; 10 mM
MnCh; 6 UM NaVOy; 2.5 mM DTT

substrate/ ATP mixture................. 3 UM biotinylated pept 20 uM ATP

stop buffer..........cooooii 50 mM EDTA, pH 8.0

7.5.3.7 Intracellular FACS staining for Phosflow™ aalysis

For intracellular FACS staining cells were directiyed after stimulation with M4 (see
7.5.3.2). Therefore cells were washed once withhimgsbuffer and incubated 10 min in
1-fold CellFix (Becton Dickinson). After washing o cells were incubated 10 min with
permeabilization buffer (Permll; Becton Dickinsar)d washed again once. For blocking
free aldehyde groups, cells were incubated 20 mitlh Wlocking buffer and after
centrifugation resuspended directly in 20 pl of ttheorophore-conjugated antibody
solution. After incubating for 30 min cells were st@d twice, resuspended in PBS and
subjected to FACS analysis. For each diagram 10,6683 were monitored on a

logarithmic scale.
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washing buffer........................ 0.5 % BSA in PBS
blocking buffer........................ 1% BSA in PBS

7.5.3.8 SDS polyacrylamide gel electrophoresis (SBPAGE) (LAEMMLI, 1970)
Separation of proteins corresponding to their siws performed by a discontinuous
denaturating SDS polyacrylamide gel electrophordSBS-PAGE). Proteins migrate
through a polyacrylamide gel matrix in an elecfiétd. SDS is an anionic detergent which
occupies the protein with a negative net chargéibging and denaturating it. Thus, the
protein migrates, just accordingly to its size, twits innate charge, through the electric
field.

The final acrylamide concentration was 8-12.5 ¥%séparating and 5 % in the stacking
gels. The PAGE was performed in a vertical eled¢toopsis chamber at 10-15 mA for
stacking and 20-35 mA for separating gels. Prestaprotein marker (6.5-175 kDa; NEB)
was used as standard. Afterwards gels were subljggt€oomassie staining (see 7.5.3.9),

western blot analysis (see 7.5.3.10), or far wasdealysis (see 7.5.3.11).

SDS running buffer.............. 25 mM Tris; 125 mM Glycig;5 mM SDS

stackinggel.............coien 125 mM Tris/HCI, pH 6.88%% acrylamide; 0.1 % SDS;
286.mM EDTA,; 0.1 % TEMED; 0.1 % APS

separating gel..................... 375 Tris/HCI pH 8.8; 8-12arylamide; 0.1 % SDS;

29.mM EDTA; 0.1 % TEMED; 0.1 % APS

7.5.3.9 Coomassie Brilliant Blue (CBB) staining

Visualizing of proteins with a concentration dowa 800 ng, Coomassie staining
(Coomassie brilliant blue R250 (Serva)) was useals @ere incubated for about 30 min in
a staining solution and afterwards washed sevarast with BO till all not bound CBB
had vanished.

CBB staining solution.................. 0.025 % Coomassie Baifii Blue R-250; 45 %
Methanol; 10 % acetic acid; 40 %+
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7.5.3.10 Western blotting (TOWBIN et al., 1979)

Western blotting was performed by using a semi bligtting unit by manufactures
instructions. Filter papers, nitrocellulose memeramd SDS gel therefore first were
soaked in transfer buffer. A piece of filter papexs placed onto the anode of the chamber,
followed by the membrane, the gel and another padckiter paper. Air bubbles were
rolled out of the sandwich and the cathode waseglam top of the stack. Electrophoresis
was performed by using a constant voltage of 1®MV1h. The membrane containing the
transferred proteins was probed to immunostaininfirbt incubating for a minimum of 1h
with a 5 % BSA blocking solution to saturate freading sites on the membrane. After
washing three times with TBS/T, the membrane washated with the first antibody (see
table 7.1) for at least 5 h at 4 °C on a rockingtfpkrm. Following another three washing
steps with TBS/T, the membrane was incubated witHRPO-conjugated secondary
antibody (see table 7.2) for another hour at 4 After washing again three times with
TBS/T, proteins were visualized by using ECL detectsystem and exposure of the

membrane to a digital imaging system (Intas).

transfer buffer....................... 39 mM glycine; 48 mM Tri8;0375 % (w/v) SDS;
0.01 % (w/v) Nal; 20 % MeOH
TBST .o, 0.5 mM Tris; 150 mM NacCl; 0.1 %/¢) Tween-20
blocking solution.................... 5 % BSA in TBST; 0.01 BtaN;
ECL detection reagent............. 4 mL Solution A; 400 pdl&ion B; 1.2 pL HO, (30 %)
Solution A.........coeeieen. 250 mg/L Luminol; 0.1 Mris/HCI, pH 8.6; store at 4 °C
Solution B.................... 11 mg para hydroxy caanc acid in 10 mL DMSO

7.5.3.11 Far western

Far western is method for visualizing direct ingdi@ns of proteins. All following steps
therefore were performed at 4 °C to prevent de&abpon of fusion proteins and
antibodies. After transferring the proteins to tligocellulose membrane (as described in
7.5.3.10) it was incubated in blocking solution oveght. The blocking solution was
removed the next day and membrane was washedifioes tvith PBS/T before incubating
with a corresponding GST-Fusion protein for 1 hanocking platform. After washing
again three times with PBS/T the membrane was ateubwith anti-GST antibodies for
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2 h and subsequently washed with PBS/T. Followingubation with the HRPO-
conjugated secondary antibody and three furthehiwgssteps, membrane was ready for
probing with ECL like in 7.5.3.8 described.

blocking solution....................3 % nonfat dried milk iBST
PBST......oeiieiiiiieiviieiienn...0.1 % (v/v) Tween-20 in PBS
7.5.3.12 ELISA

For measuring kinase assay 25 ul of each reactboraining the biotinylated substrate
were subjected to a Streptavidin conjugated 96-plalle. 75 pl ddkD were added and

reaction was incubated at room temperature for aibuand 150 rpm on a rocking
platform. Plates were washed three times with PBSfiast antibody (anti-pTyr; 1 pg/mL)

was added for another hour. Subsequent to waslireg ttimes with PBS secondary
HRPO-conjugated goat anti-mouse antibody was aftite8D min. Afterward ELISA was

measured after incubating plate with ABTS for 1 miman ELISA-Reader.

ABTS..... 0.1 M GH3NaG,; 0.05 M NaHPO,.2 M ABTS
adjust pH to 4.2 using acidic acid



Bibliography 84

Bibliography

Aiba Y, Oh-hora M, Kiyonaka S, Kimura Y, Hijikata,Mori Y, Kurosaki T. (2004).
Activation of RasGRP3 by phosphorylation of Thr-1&3required for B cell
receptor-mediated Ras activatiénoc Natl Acad Sci U SA 101: 16612-7.

Arbuckle, M.R., M.T. McClain, M.V. Rubertone, R.8cofield, G.J. Dennis, J.A. James,
and J.B. Harley. (2003). Development of autoantié®tbefore the clinical onset of
systemic lupus erythematosdsEngl J Med 349:1526-1533.

Baba TW, Giroir BP, Humphries EH. (1985). Cell Bnderived from avian lymphomas
exhibit two distinct phenotype¥irology 144: 139-51.

Baba TW, Humphries EH. (1984). Differential respong avian leukosis virus infection
exhibited by two chicken line¥irology 135: 181-8.

Baba, Y., S. Hashimoto, M. Matsushita, D. Watandbeishimoto, T. Kurosaki, and S.
Tsukada. (2001). BLNK mediates Syk-dependent Btkvaiion. Proc Natl Acad
i U SA 98:2582-2586.

Baeuerle, P.A., and T. Henkel. (1994). Function aetvation of NF-kappa B in the
immune systemAnnu Rev Immunol 12:141-179.

Barbat, C., M. Trucy, M. Sorice, T. Garofalo, V. Mgnelli, A. Fischer, and F.
Mazerolles. (2007). p56Ick, LFA-1 and PI3K but &1P-2 interact with GM1- or
GM3-enriched microdomains in a CD4-p56ick assommtiependent manner.
Biochem J 402:471-481.

Berridge, M.J., P. Lipp, and M.D. Bootman. (2000he versatility and universality of
calcium signallingNat Rev Mol Cell Biol 1:11-21.

Bolland S, Ravetch JV. (2000). Spontaneous autoin@ndisease in Fc(gamma)RIIB-
deficient mice results from strain-specific epigalsnmunity 13: 277-85.

Brauweiler, A., I. Tamir, J. Dal Porto, R.J. BengpghC.D. Helgason, R.K. Humphries,
J.H. Freed, and J.C. Cambier. (2000). Differemagulation of B cell development,
activation, and death by the src homology 2 doncamtaining 5' inositol
phosphatase (SHIP).Exp Med 191:1545-1554.

Brdicka T, Imrich M, Angelisova P, Brdickova N, Hath O, Spicka J, Hilgert I, Luskova
P, Draber P, Novak P, Engels N, Wienands J, SimedDsterreicher J, Aguado E,
Malissen M, Schraven B, Horejsi V. (2002). Non-Tl eetivation linker (NTAL):

a transmembrane adaptor protein involved in immeeceptor signalingd Exp Med
196: 1617-26.



Bibliography 85

Brdicka, T., T.A. Kadlecek, J.P. Roose, A.W. Pazilks and A. Weiss. (2005).
Intramolecular regulatory switch in ZAP-70: analogyith receptor tyrosine
kinasesMol Cell Biol 25:4924-4933.

Buerstedde JM, Reynaud CA, Humphries EH, Olson WerE DL, Weill JC. (1990).
Light chain gene conversion continues at high natan ALV-induced cell line.
Embo J 9: 921-7.

Cambier, J.C. (1995). Antigen and Fc receptor sigga The awesome power of the
immunoreceptor tyrosine-based activation motif (M)A J Immunol 155:3281-
3285.

Cambier, J.C. (1995). New nomenclature for the Retmotif (or
ARH1/TAM/ARAM/YXXL). Immunol Today 16:110.

Campbell, K.S., and J.C. Cambier. (1990). B lympit®antigen receptors (mlg) are non-
covalently associated with a disulfide linked, iodily phosphorylated
glycoprotein complexEmbo J 9:441-448.

Campbell MA, Sefton BM. (1992). Association betwe&ilymphocyte membrane
immunoglobulin and multiple members of the Src fgnof protein tyrosine
kinasesMol Cell Biol 12: 2315-21.

Cantrell, D.A. (2001). Phosphoinositide 3-kinagmalling pathwaysJ Cell Sci 114:1439-
1445.

Carpino, N., D. Wisniewski, A. Strife, D. MarshaR, Kobayashi, B. Stillman, and B.
Clarkson. (1997). p62(dok): a constitutively tyrasiphosphorylated, GAP-
associated protein in chronic myelogenous leukgrogenitor cellsCell 88:197-
204.

Chan, O.T., L.G. Hannum, A.M. Haberman, M.P. Madaiod M.J. Shlomchik. (1999). A
novel mouse with B cells but lacking serum antibadyeals an antibody-
independent role for B cells in murine lupdsxp Med 189:1639-1648.

Chan, V.W., C.A. Lowell, and A.L. DeFranco. (1998efective negative regulation of
antigen receptor signaling in Lyn-deficient B lyngglytes.Curr Biol 8:545-553.

Chan, V.W., F. Meng, P. Soriano, A.L. DeFranco, a@dA. Lowell. (1997).
Characterization of the B lymphocyte populationsLyn-deficient mice and the
role of Lyn in signal initiation and down-regulatid mmunity 7:69-81.

Cheng, A.M., T.M. Saxton, R. Sakai, S. Kulkarni,Mbamalu, W. Vogel, C.G. Tortorice,
R.D. Cardiff, J.C. Cross, W.J. Muller, and T. Pams(1998). Mammalian Grb2
regulates multiple steps in embryonic developmeat malignant transformation.
Cell 95:793-803.



Bibliography 86

Chiu, C.W., M. Dalton, M. Ishiai, T. Kurosaki, andC. Chan. (2002). BLNK: molecular
scaffolding through 'cis-mediated organization safnaling proteins.Embo J
21:6461-6472.

Chow, L.M., and A. Veillette. (1995). The Src anskG@amilies of tyrosine protein kinases
in hemopoietic cellsSemin Immunol 7:207-226.

Clark, S.G., M.J. Stern, and H.R. Horvitz. (1992).elegans cell-signalling gene sem-5
encodes a protein with SH2 and SH3 domadiasure 356:340-344.

Cong, F., B. Yuan, and S.P. Goff. (1999). Charation of a novel member of the DOK
family that binds and modulates Abl signaliipl Cell Biol 19:8314-8325.

Cooper, J.A., and B. Howell. (1993). The when aow lof Src regulationCell 73:1051-
1054.

Cornall, R.J., J.G. Cyster, M.L. Hibbs, A.R. DuraL. Otipoby, E.A. Clark, and C.C.
Goodnow. (1998). Polygenic autoimmune traits: LYD22, and SHP-1 are
limiting elements of a biochemical pathway regulgtiBCR signaling and
selectionlmmunity 8:497-508.

Crabtree, G.R., and N.A. Clipstone. (1994). Sigtrahsmission between the plasma
membrane and nucleus of T lymphocy#snu Rev Biochem 63:1045-1083.

Crabtree, G.R., and E.N. Olson. (2002). NFAT sigrgalchoreographing the social lives
of cells.Cell 109 Suppl:S67-79.

Damen, J.E., L. Liu, P. Rosten, R.K. Humphries, AJBfferson, P.W. Majerus, and G.
Krystal. (1996). The 145-kDa protein induced tsaasate with Shc by multiple
cytokines is an inositol tetraphosphate and phatsgylinositol 3,4,5-triphosphate
5-phosphatas®roc Natl Acad Sci U SA 93:1689-1693.

Davis, R.E., V.N. Ngo, G. Lenz, P. Tolar, R Davig,RBrown KD, Siebenlist U, Staudt
LM. (2001). Constitutive nuclear factor kappaB wityi is required for survival of
activated B cell-like diffuse large B cell lymphoroalls.J Exp Med 194: 1861-74.

.M. Young, P.B. Romesser, H. Kohlhammer, L. Lamy,Z4dao, Y. Yang, W. Xu, A.L.
Shaffer, G. Wright, W. Xiao, J. Powell, J.K. Jia@,). Thomas, A. Rosenwald, G.
Ott, H.K. Muller-Hermelink, R.D. Gascoyne, J.M. Gams, N.A. Johnson, L.M.
Rimsza, E. Campo, E.S. Jaffe, W.H. Wilson, J. Delab.B. Smeland, R.I. Fisher,
R.M. Braziel, R.R. Tubbs, J.R. Cook, D.D. Weisemgjauy W.C. Chan, S.K. Pierce,
and L.M. Staudt. (2010). Chronic active B-cell-ngtoe signalling in diffuse large
B-cell lymphomaNature 463:88-92.

DeFranco, A.L., V.W. Chan, and C.A. Lowell. (199Bpsitive and negative roles of the
tyrosine kinase Lyn in B cell functio®emin Immunol 10:299-307.



Bibliography 87

Deindl, S., T.A. Kadlecek, T. Brdicka, X. Cao, A.eWs, and J. Kuriyan. (2007).
Structural basis for the inhibition of tyrosine &se activity of ZAP-70Cell
129:735-746.

Depoil, D., S. Fleire, B.L. Treanor, M. Weber, N.Harwood, K.L. Marchbank, V.L.
Tybulewicz, and F.D. Batista. (2008). CD19 is efiskrior B cell activation by
promoting B cell receptor-antigen microcluster fatman in response to
membrane-bound ligandilat Immunol 9:63-72.

Dolmetsch, R.E., R.S. Lewis, C.C. Goodnow, and Bléaly. (1997). Differential
activation of transcription factors induced by CaBasponse amplitude and
duration.Nature 386:855-858.

Dong, S., B. Corre, E. Foulon, E. Dufour, A. Vdiléee O. Acuto, and F. Michel. (2006). T
cell receptor for antigen induces linker for activa of T cell-dependent activation
of a negative signaling complex involving Dok-2, IBHFL, and Grb-2J Exp Med
203:2509-2518.

Doody, G.M., L.B. Justement, C.C. Delibrias, R.Jatilews, J. Lin, M.L. Thomas, and
D.T. Fearon. (1995). A role in B cell activatiorr {6D22 and the protein tyrosine
phosphatase SHEcience 269:242-244.

Ellis, C., M. Moran, F. McCormick, and T. Pawsoh990). Phosphorylation of GAP and
GAP-associated proteins by transforming and mitaggmosine kinasesNature
343:377-381.

Engelke M, Engels N, Dittmann K, Stork B, Wienantls(2007). Ca(2+) signaling in
antigen receptor-activated B lymphocytesmunol Rev 218: 235-46.

Engels, N. (2005). Studien an signalleitenden Aeljpmbteinen in wildtypischen und
virusinfizierten Lymphocyten.Faculty of Chemistry. University of Bielefeld,
Bielefeld

Engels, N., M. Engelke, and J. Wienands. (2008hf@mational plasticity and navigation
of signaling proteins in antigen-activated B lympyies. Adv Immunol 97:251-
281.

Engels, N., L.M. Konig, C. Heemann, J. Lutz, T. Bata, S. Griep, V. Schrader, and J.
Wienands. (2009). Recruitment of the cytoplasmapdor Grb2 to surface IgG and
IgE provides antigen receptor-intrinsic costimwatio class-switched B cellslat
Immunol 10:1018-1025.

Engels, N., B. Wollscheid, and J. Wienands. (20@&sociation of SLP-65/BLNK with
the B cell antigen receptor through a non-ITAM sme of Ig-alpha.Eur J
Immunol 31:2126-2134.



Bibliography 88

Enyedy, E.J., J.P. Mitchell, M.P. Nambiar, and G.Csokos. (2001). Defective
FcgammaRlib1 signaling contributes to enhanceduwalcesponse in B cells from
patients with systemic lupus erythemato<tign Immunol 101:130-135.

Fanger, C.M., M. Hoth, G.R. Crabtree, and R.S. se\{@995). Characterization of T cell
mutants with defects in capacitative calcium entggnetic evidence for the
physiological roles of CRAC channelsCell Biol 131:655-667.

Fawcett, V.C., and U. Lorenz. (2005). Localizat@nSrc homology 2 domain-containing
phosphatase 1 (SHP-1) to lipid rafts in T lymphesytfunctional implications and
a role for the SHP-1 carboxyl termindd.mmunol 174:2849-2859.

Flaswinkel, H., and M. Reth. (1994). Dual role bé ttyrosine activation motif of the Ig-
alpha protein during signal transduction via thedl antigen receptofEmbo J
13:83-89.

Fluckiger, A.C., Z. Li, R.M. Kato, M.l. Wahl, H.DOchs, R. Longnecker, J.P. Kinet, O.N.
Witte, A.M. Scharenberg, and D.J. Rawlings. (1998k/Tec kinases regulate
sustained increases in intracellular Ca2+ followigell receptor activatiorEmbo
J17:1973-1985.

Forman-Kay, J.D., and T. Pawson. (1999). Diversityprotein recognition by PTB
domains.Curr Opin Sruct Biol 9:690-695.

Frantz, B., E.C. Nordby, G. Bren, N. Steffan, CRaya, R.L. Kincaid, M.J. Tocci, S.J.
O'Keefe, and E.A. O'Neill. (1994). Calcineurin sagh synergy with PMA to
inactivate | kappa B/MAD3, an inhibitor of NF-kagppB.Embo J 13:861-870.

Fu, C., and A.C. Chan. (1997). Identification ofottyrosine phosphoproteins, pp70 and
pp68, which interact with phospholipase Cgamma,2Gdnd Vav after B cell
antigen receptor activatiod Biol Chem 272:27362-27368.

Fu, C., C.W. Turck, T. Kurosaki, and A.C. Chan.98p BLNK: a central linker protein in
B cell activationlmmunity 9:93-103.

Furlong, M.T., A.M. Mahrenholz, K.H. Kim, C.L. Ashdel, M.L. Harrison, and R.L.
Geahlen. (1997). Identification of the major sitdsautophosphorylation of the
murine protein-tyrosine kinase SyBi.ochim Biophys Acta 1355:177-190.

Fusaki, N., S. Tomita, Y. Wu, N. Okamoto, R. GokzsuD. Kitamura, and N. Hozumi.
(2000). BLNK is associated with the CD72/SHP-1/Gdo2nplex in the WEHI231
cell line after membrane IgM cross-linkingur J Immunol 30:1326-1330.

Gellert, M. (2002). V(D)J recombination: RAG pratsj repair factors, and regulation.
Annu Rev Biochem 71:101-132.



Bibliography 89

Goitsuka, R., Y. Fujimura, H. Mamada, A. UmedaMiarimura, K. Uetsuka, K. Doai, S.
Tsuji, and D. Kitamura. (1998). BASH, a novel sigmg molecule preferentially
expressed in B cells of the bursa of Fabricidsnmunol 161:5804-5808.

Goldbeck,l. (2007). Studien zur subzellularen Nati@n von Signalmolektlen der Ca2+-
Antwort in aktivierten B-LymphocytenFaculty of Chemistry. University of
Bielefeld, Bielefeld

Goodnow, C.C., R. Glynne, D. Mack, B. WeintraubRathmell, J.I. Healy, S. Chaudhry,
L. Miosge, A. Loy, and L. Wilson. (1999). Mechansnof self-tolerance and
autoimmunity: from whole-animal phenotypes to malac pathwaysCold Spring
Harb Symp Quant Biol 64:313-322.

Grabbe, A., and J. Wienands. (2006). Human SLPs6%ims contribute differently to
activation and apoptosis of B lymphocytBtod 108:3761-3768.

Grawunder, U., R.B. West, and M.R. Lieber. (1998)tigen receptor gene rearrangement.
Curr Opin Immunol 10:172-180.

Harmer, S.L., and A.L. DeFranco. (1999). The smmblmgy domain 2-containing inositol
phosphatase SHIP forms a ternary complex with 8dc@rb2 in antigen receptor-
stimulated B lymphocyted.Biol Chem 274:12183-12191.

Hashimoto, A., K. Takeda, M. Inaba, M. SekimataKaisho, S. Ikehara, Y. Homma, S.
Akira, and T. Kurosaki. (2000). Cutting edge: essénmole of phospholipase C-
gamma 2 in B cell development and functidihmmunol 165:1738-1742.

Helgason, C.D., J.E. Damen, P. Rosten, R. GrewalSdtensen, S.M. Chappel, A.
Borowski, F. Jirik, G. Krystal, and R.K. Humphri€$998). Targeted disruption of
SHIP leads to hemopoietic perturbations, lung dathg and a shortened life span.
GenesDev 12:1610-1620.

Helgason, C.D., C.P. Kalberer, J.E. Damen, S.M.pBek N. Pineault, G. Krystal, and
R.K. Humphries. (2000). A dual role for Src homaglogd domain-containing
inositol-5-phosphatase (SHIP) in immunity: aberrdetzelopment and enhanced
function of b lymphocytes in ship -/- micgExp Med 191:781-794.

Herzog, S., M. Reth, and H. Jumaa. (2009). Regulabf B-cell proliferation and
differentiation by pre-B-cell receptor signallifdat Rev Immunol 9:195-205.

Hibbs, M.L., D.M. Tarlinton, J. Armes, D. Grail, Glodgson, R. Maglitto, S.A. Stacker,
and A.R. Dunn. (1995). Multiple defects in the immeusystem of Lyn-deficient
mice, culminating in autoimmune diseaSell 83:301-311.



Bibliography 90

Hombach, J., T. Tsubata, L. Leclercq, H. Stappang M. Reth. (1990). Molecular
components of the B-cell antigen receptor compléxhe IgM class.Nature
343:760-762.

Humphries, L.A., C. Dangelmaier, K. Sommer, K. KipR.M. Kato, N. Griffith, I.
Bakman, C.W. Turk, J.L. Daniel, and D.J. Rawling04). Tec kinases mediate
sustained calcium influx via site-specific tyrosirghosphorylation of the
phospholipase Cgamma Src homology 2-Src homolodnkgr. J Biol Chem
279:37651-37661.

Inabe K, Ishiai M, Scharenberg AM, Freshney N, Dasard J, Kurosaki T. (2002). Vav3
modulates B cell receptor responses by regulatihgsphoinositide 3-kinase
activation.J Exp Med 195: 189-200.

Ishiai, M., H. Sugawara, M. Kurosaki, and T. Kurkis1999). Cutting edge: association
of phospholipase C-gamma 2 Src homology 2 domaitisBLNK is critical for B
cell antigen receptor signalinglmmunol 163:1746-1749.

Jaffe, E.S., N.L. Harris, H. Stein, and P.G. Isaacg2008). Classification of lymphoid
neoplasms: the microscope as a tool for diseasetsy.Blood 112:4384-4399.

Jang, I.K., J. Zhang, Y.J. Chiang, H.K. Kole, D@onshaw, Y. Zou, and H. Gu. (2010).
Grb2 functions at the top of the T-cell antigeneqgor-induced tyrosine kinase
cascade to control thymic selectidtnoc Natl Acad Sci U SA 107:10620-10625.

Jang, I.K., J. Zhang, and H. Gu. (2009). Grb2,apt adapter with complex roles in
lymphocyte development, function, and signaliimgnunol Rev 232:150-159.

Johmura, S., M. Oh-hora, K. Inabe, Y. Nishikawa,H&yashi, E. Vigorito, D. Kitamura,
M. Turner, K. Shingu, M. Hikida, and T. KurosakR0Q3). Regulation of Vav
localization in membrane rafts by adaptor molec@eb2 and BLNK.Immunity
18:777-787.

Jones, N., and D.J. Dumont. (1998). The Tek/Tie2peor signals through a novel Dok-
related docking protein, Dok-Rncogene 17:1097-1108.

Karasuyama, H., A. Rolink, and F. Melchers. (199%)rrogate light chain in B cell
developmentAdv Immunol 63:1-41.

Kessels, H.W., A.C. Ward, and T.N. Schumacher. 2208pecificity and affinity motifs
for Grb2 SH2-ligand interactionBroc Natl Acad Sci U SA 99:8524-8529.

Khan WN, Alt FW, Gerstein RM, Malynn BA, LarssonRathbun G, Davidson L, Muller
S, Kantor AB, Herzenberg LA, et al. (1995). DefeetiB cell development and
function in Btk-deficient micel.mmunity 3: 283-99.



Bibliography 91

Kim S, Humphries EH, Tjoelker L, Carlson L, Thomps&B. (1990). Ongoing
diversification of the rearranged immunoglobulighli-chain gene in a bursal
lymphoma cell lineMol Cell Biol 10: 3224-31.

Kim, Y.J., F. Sekiya, B. Poulin, Y.S. Bae, and SRhee. (2004). Mechanism of B-cell
receptor-induced phosphorylation and activatiopludspholipase C-gammaldol
Cell Biol 24:9986-9999.

Kimura, T., H. Sakamoto, E. Appella, and R.P. Saragn. (1996). Conformational
changes induced in the protein tyrosine kinase yk7Bg tyrosine phosphorylation
or by binding of phosphorylated immunoreceptor $yme-based activation motif
peptidesMol Cell Biol 16:1471-1478.

Kohler, F., B. Storch, Y. Kulathu, S. Herzog, S.pgig, M. Reth, and H. Jumaa. (2005). A
leucine zipper in the N terminus confers membras&oaation to SLP-65Nat
Immunol 6:204-210.

Kurosaki, T. (1999). Genetic analysis of B celligatn receptor signalingAnnu Rev
Immunol 17:555-592.

Kurosaki, T. (2002). Regulation of B-cell signarsduction by adaptor proteiridat Rev
Immunol 2:354-363.

Kurosaki, T., S.A. Johnson, L. Pao, K. Sada, H. #amra, and J.C. Cambier. (1995).
Role of the Syk autophosphorylation site and SH2halas in B cell antigen
receptor signaling] Exp Med 182:1815-1823.

Kurosaki, T., and M. Kurosaki. (1997). Transphogsptation of Bruton's tyrosine kinase
on tyrosine 551 is critical for B cell antigen rpta function.J Biol Chem
272:15595-15598.

Kurosaki, T., M. Takata, Y. Yamanashi, T. Inazu, TRniguchi, T. Yamamoto, and H.
Yamamura. (1994). Syk activation by the Src-fantyisosine kinase in the B cell
receptor signaling] Exp Med 179:1725-1729.

Kurosaki, T., and S. Tsukada. (2000). BLNK: conmerSyk and Btk to calcium signals.
[mmunity 12:1-5.

Laemmli, U.K. (1970). Cleavage of structural proteduring the assembly of the head of
bacteriophage TMNature 227:680-685.

Lam, K.P., R. Kuhn, and K. Rajewsky. (1997). Inosablation of surface immunoglobulin
on mature B cells by inducible gene targeting itssui rapid cell deathCell
90:1073-1083.



Bibliography 92

Law, C.L., S.P. Sidorenko, K.A. Chandran, Z. Zh8d;1. Shen, E.H. Fischer, and E.A.
Clark. (1996). CD22 associates with protein tyresphosphatase 1C, Syk, and
phospholipase C-gamma(1) upon B cell activatidixp Med 183:547-560.

Lederman HM, Winkelstein JA. (1985). X-linked agaagtobulinemia: an analysis of 96
patients Medicine (Baltimore) 64: 145-56.

Lemay, S., D. Davidson, S. Latour, and A. Veillett2000). Dok-3, a novel adapter
molecule involved in the negative regulation of iomoreceptor signalingMol
Cell Biol 20:2743-2754.

Lemmon, M.A. (2004). Pleckstrin homology domaingt nust for phosphoinositides.
Biochem Soc Trans 32:707-711.

Lemmon, M.A., and K.M. Ferguson. (1998). Pleckstnomology domainsCurr Top
Microbiol Immunol 228:39-74.

Lenz G, Davis RE, Ngo VN, Lam L, George TC, WrigskV, Dave SS, Zhao H, Xu W,
Rosenwald A, Ott G, Muller-Hermelink HK, Gascoyn® RConnors JM, Rimsza
LM, Campo E, Jaffe ES, Delabie J, Smeland EB, FigtieChan WC, Staudt LM.
(2008). Oncogenic CARD11 mutations in human diffleege B cell lymphoma.
Science 319: 1676-9.

Li N, Batzer A, Daly R, Yajnik V, Skolnik E, ChamliP, Bar-Sagi D, Margolis B,
Schlessinger J. (1993). Guanine-nucleotide-relgafantor hSosl binds to Grb2
and links receptor tyrosine kinases to Ras sigmalNature 363: 85-8.

Lindquist, J.A., L. Simeoni, and B. Schraven. (2003ansmembrane adapters: attractants
for cytoplasmic effectordmmunol Rev 191:165-182.

Liossis, S.N., B. Kovacs, G. Dennis, G.M. Kammead &.C. Tsokos. (1996). B cells from
patients with systemic lupus erythematosus disglbgormal antigen receptor-
mediated early signal transduction evediSlin Invest 98:2549-2557.

Liossis, S.N., E.E. Solomou, M.A. Dimopoulos, Pn&aotidis, M.M. Mavrikakis, and
P.P. Sfikakis. (2001). B-cell kinase lyn deficienaypatients with systemic lupus
erythematosusl Investig Med 49:157-165.

Liou, J., M.L. Kim, W.D. Heo, J.T. Jones, J.W. Myed.E. Ferrell, Jr., and T. Meyer.
(2005). STIM is a Ca2+ sensor essential for Cadtestiepletion-triggered Ca2+
influx. Curr Biol 15:1235-1241.

Liu, Q., AJ. Oliveira-Dos-Santos, S. Mariathasén, Bouchard, J. Jones, R. Sarao, I.
Kozieradzki, P.S. Ohashi, J.M. Penninger, and Dumont. (1998). The inositol
polyphosphate 5-phosphatase ship is a crucial megagulator of B cell antigen
receptor signaling] Exp Med 188:1333-1342.



Bibliography 93

Loder F, Mutschler B, Ray RJ, Paige CJ, SiderasdPes R, Lamers MC, Carsetti R.
(1999). B cell development in the spleen takes eplac discrete steps and is
determined by the quality of B cell receptor-dedsggnals.J Exp Med 190: 75-89.

Loh, M.L., S. Vattikuti, S. Schubbert, M.G. Reyns|dE. Carlson, K.H. Lieuw, J.W.
Cheng, C.M. Lee, D. Stokoe, J.M. Bonifas, N.P. 8artJ. Gotlib, S. Meshinchi,
M.M. Le Beau, P.D. Emanuel, and K.M. Shannon. (208utations in PTPN11
implicate the SHP-2 phosphatase in leukemogengisisd 103:2325-2331.

Lowenstein, E.J., R.J. Daly, A.G. Batzer, W. Li, Bargolis, R. Lammers, A. Ullrich,
E.Y. Skolnik, D. Bar-Sagi, and J. Schlessinger9¢)9The SH2 and SH3 domain-
containing protein GRB2 links receptor tyrosine dsas to ras signalingell
70:431-442.

Mackay, M., A. Stanevsky, T. Wang, C. Aranow, M, Bi. Koenig, J.V. Ravetch, and B.
Diamond. (2006). Selective dysregulation of thedfemallB receptor on memory
B cells in SLE.J Exp Med 203:2157-2164.

Maeda A, Kurosaki M, Ono M, Takai T, Kurosaki T.9@B). Requirement of SH2-
containing protein tyrosine phosphatases SHP-1 &tdP-2 for paired
immunoglobulin-like receptor B (PIR-B)-mediated iipitory signal.J Exp Med
187: 1355-60.

Mahajan, S., J. Fargnoli, A.L. Burkhardt, S.A. K8tJ. Saouaf, and J.B. Bolen. (1995). Src
family protein tyrosine kinases induce autoactwatof Bruton's tyrosine kinase.
Mol Cell Biol 15:5304-5311.

Manjarrez-Orduno, N., T.D. Quach, and I. Sanz. @0® cells and immunological
toleranceJ Invest Dermatol 129:278-288.

Martensson, I.L., R.A. Keenan, and S. Licence. {200he pre-B-cell receptoCurr Opin
Immunol 19:137-142.

Matsumoto R, Wang D, Blonska M, Li H, Kobayashi Rappu B, Chen Y, Wang D, Lin
X. (2005). Phosphorylation of CARMAL plays a criaole in T Cell receptor-
mediated NF-kappaB activatiommunity 23: 575-85.

Meyer, D., A. Liu, and B. Margolis. (1999). Intetan of c-Jun amino-terminal kinase
interacting protein-1 with p190 rhoGEF and its laion in differentiated
neuronsJ Biol Chem 274:35113-35118.

Minegishi Y, Rohrer J, Conley ME. (1999). Recerdagress in the diagnosis and treatment
of patients with defects in early B-cell developm&urr Opin Pediatr 11: 528-32.



Bibliography 94

Monroe, J.G., G. Bannish, E.M. Fuentes-Panana, Kify, P.C. Sandel, J. Chung, and R.
Sater. (2003). Positive and negative selectionndguB lymphocyte development.
Immunol Res 27:427-442.

Morita S, Kojima T, Kitamura T. (2000). Plat-E: afficient and stable system for
transient packaging of retrovirus€zene Ther 7: 1063-6.

Mullis K, Faloona F, Scharf S, Saiki R, Horn G, iéhl H. (1986). Specific enzymatic
amplification of DNA in vitro: the polymerase chaieaction.Cold Spring Harb
Symp Quant Biol 51 Pt 1: 263-73.

Mullis KB, Faloona FA. (1987). Specific synthesis @NA in vitro via a polymerase-
catalyzed chain reactioMethods Enzymol 155: 335-50.

Negulescu, P.A., N. Shastri, and M.D. Cahalan. 4)9tracellular calcium dependence
of gene expression in single T lymphocytBsoc Natl Acad Sci U S A 91:2873-
2877.

Nelms K, Snow AL, Hu-Li J, Paul WE. (1998). FRIP,hamatopoietic cell-specific
rasGAP-interacting protein phosphorylated in respgoto cytokine stimulation.
[mmunity 9: 13-24.

Neuberger, M.S., K.J. Patel, P. Dariavach, K. Nel@sl. Peaker, and G.T. Williams.
(1993). The mouse B-cell antigen receptor: definitand assembly of the core
receptor of the five immunoglobulin isotypésimunol Rev 132:147-161.

Neumann, K., T. Oellerich, H. Urlaub, and J. Wieen(2009). The B-lymphoid Grb2
interaction codelmmunol Rev 232:135-149.

Neumann, K., (2008). On adaptor proteins shapin@2+Caignals inactivated B
lymphocytesFaculty of Chemistry. University of Bielefeld, Bielefeld

Newton, A.C. (1997). Regulation of protein kinaseaUrr Opin Cell Biol 9:161-167.

Ng, C.H., S. Xu, and K.P. Lam. (2007). Dok-3 playsion-redundant role in negative
regulation of B cell activatiorBlood 110:259-66.

Niki, M., A. Di Cristofano, M. Zhao, H. Honda, H.itdi, L. Van Aelst, C. Cordon-Cardo,
and P.P. Pandolfi. (2004). Role of Dok-1 and Ddk-Bukemia suppressiod Exp
Med 200:1689-1695.

Nishida, M., K. Nagata, Y. Hachimori, M. HoriuchK. Ogura, V. Mandiyan, J.
Schlessinger, and F. Inagaki. (2001). Novel redogmimode between Vav and
Grb2 SH3 domaingmbo J 20:2995-3007.



Bibliography 95

Nishizumi, H., I. Taniuchi, Y. Yamanashi, D. Kitana, D. llic, S. Mori, T. Watanabe, and
T. Yamamoto. (1995). Impaired proliferation of péreral B cells and indication of
autoimmune disease in lyn-deficient mib@munity 3:549-560.

Noguchi, T., T. Matozaki, K. Horita, Y. Fujioka, &rM. Kasuga. (1994). Role of SH-
PTP2, a protein-tyrosine phosphatase with Src hogyoR domains, in insulin-
stimulated Ras activatioMol Cell Biol 14:6674-6682.

Oancea, E., and T. Meyer. (1998). Protein kinases @ molecular machine for decoding
calcium and diacylglycerol signalSell 95:307-318.

Ochs HD, Smith CI. (1996). X-linked agammaglobufima. A clinical and molecular
analysis Medicine (Baltimore) 75: 287-99.

Oh-hora M, Johmura S, Hashimoto A, Hikida M, Kuidsk (2003). Requirement for Ras
guanine nucleotide releasing protein 3 in coupphgspholipase C-gammaz2 to Ras
in B cell receptor signalingl. Exp Med 198: 1841-51.

Olivier, J.P., T. Raabe, M. Henkemeyer, B. Dicks@, Mbamalu, B. Margolis, J.
Schlessinger, E. Hafen, and T. Pawson. (1993). és@phila SH2-SH3 adaptor
protein implicated in coupling the sevenless tyrteskinase to an activator of Ras
guanine nucleotide exchange, S6dl 73:179-191.

Ono M, Okada H, Bolland S, Yanagi S, Kurosaki Ty&ah JV. (1997). Deletion of SHIP
or SHP-1 reveals two distinct pathways for inhibiteignaling.Cell 90: 293-301.

Ott, V.L., I. Tamir, M. Niki, P.P. Pandolfi, andG. Cambier. (2002). Downstream of
kinase, p62(dok), is a mediator of Fc gamma IIBibitton of Fc epsilon RI
signaling.J Immunol 168:4430-4439.

Pani, G., M. Kozlowski, J.C. Cambier, G.B. Millsnch K.A. Siminovitch. (1995).
Identification of the tyrosine phosphatase PTP1CaaB cell antigen receptor-
associated protein involved in the regulation ofcé@8l signaling.J Exp Med
181:2077-2084.

Pao, L.I., S.J. Famiglietti, and J.C. Cambier. @)9RAsymmetrical phosphorylation and
function of immunoreceptor tyrosine-based activatiootif tyrosines in B cell
antigen receptor signal transductidrimmunol 160:3305-3314.

Parekh, A.B., and R. Penner. (1997). Store depletiod calcium influx.Physiol Rev
77:901-930.

Parekh, A.B., and J.W. Putney, Jr. (2005). Storeraed calcium channelBhysiol Rev
85:757-810.



Bibliography 96

Parsons, S.A., D.P. Millay, B.J. Wilkins, O.F. BoerG.L. Tsika, J.R. Neilson, C.M.
Liberatore, K.E. Yutzey, G.R. Crabtree, R.W. Tsikad J.D. Molkentin. (2004).
Genetic loss of calcineurin blocks mechanical maitinduced skeletal muscle
fiber type switching but not hypertrophyBiol Chem 279:26192-26200.

Patterson RL, Boehning D, Snyder SH. (2004). lobsit4,5-trisphosphate receptors as
signal integratorsAnnu Rev Biochem 73: 437-65.

Pleiman, C.M., C. Abrams, L.T. Gauen, W. BedzykJdngstra, A.S. Shaw, and J.C.
Cambier. (1994). Distinct p53/56lyn and p59fyn dama associate with
nonphosphorylated and phosphorylated Ig-alpeoc Natl Acad Sci U S A
91:4268-4272.

Prakriya, M., S. Feske, Y. Gwack, S. Srikanth, AoRand P.G. Hogan. (2006). Orail is
an essential pore subunit of the CRAC charature 443:230-233.

Pugh-Bernard, A.E., and J.C. Cambier. (2006). Breekptor signaling in human systemic
lupus erythematosu€urr Opin Rheumatol 18:451-455.

Ramos-Morales, F., F. Romero, F. SchweighofferBismuth, J. Camonis, M. Tortolero,
and S. Fischer. (1995). The proline-rich regiorvak binds to Grb2 and Grb3-3.
Oncogene 11:1665-1669.

Rao, A. (1994). NF-ATp: a transcription factor regd for the co-ordinate induction of
several cytokine genesnmunol Today 15:274-281.

Rawlings DJ. (1999). Bruton's tyrosine kinase aalata sustained calcium signal essential
for B lineage development and functi&lin Immunol 91: 243-53.

Rawlings DJ, Saffran DC, Tsukada S, Largaespada@®@#analdi JC, Cohen L, Mohr RN,
Bazan JF, Howard M, Copeland NG, et al. (1993).adan of unique region of
Bruton's tyrosine kinase in immunodeficient XID mi€cience 261: 358-61.

Rawlings, D.J., A.M. Scharenberg, H. Park, M.l. ly&h Lin, R.M. Kato, A.C. Fluckiger,
O.N. Witte, and J.P. Kinet. (1996). Activation offTB by a phosphorylation
mechanism initiated by SRC family kinas8sience 271:822-825.

Reth, M. (1989). Antigen receptor tail cludature 338:383-384.
Reth, M. (1992). Antigen receptors on B lymphocyfesiu Rev Immunol 10:97-121.

Reth, M., J. Hombach, J. Wienands, K.S. CampbellChien, L.B. Justement, and J.C.
Cambier. (1991). The B-cell antigen receptor complenmunol Today 12:196-
201.



Bibliography 97

Robson, J.D., D. Davidson, and A. Veillette. (2004hibition of the Jun N-terminal
protein kinase pathway by SHIP-1, a lipid phospbatéhat interacts with the
adaptor molecule Dok-340l Cell Biol 24:2332-2343.

Roos, J., P.J. DiGregorio, A.V. Yeromin, K. Ohlséh, Lioudyno, S. Zhang, O. Safrina,
J.A. Kozak, S.L. Wagner, M.D. Cahalan, G. Velicglednd K.A. Stauderman.
(2005). STIM1, an essential and conserved componérdtore-operated Ca2+
channel functiond Cell Biol 169:435-445.

Rowley, R.B., A.L. Burkhardt, H.G. Chao, G.R. Mada, and J.B. Bolen. (1995). Syk
protein-tyrosine kinase is regulated by tyrosinegghorylated Ig alpha/lg beta
immunoreceptor tyrosine activation motif bindingdaautophosphorylatiord Biol
Chem 270:11590-11594.

Sada, K., T. Takano, S. Yanagi, and H. Yamamu@01® Structure and function of Syk
protein-tyrosine kinase). Biochem (Tokyo) 130:177-186.

Saijo K, Mecklenbrauker I, Santana A, Leitger MhB®edt C, Tarakhovsky A. (2002).
Protein kinase C beta controls nuclear factor kBpgetivation in B cells through
selective regulation of the lkappaB kinase algh&xp Med 195: 1647-52.

Saiki RK, Scharf S, Faloona F, Mullis KB, Horn GHErlich HA, Arnheim N. (1985).
Enzymatic amplification of beta-globin genomic sexqces and restriction site
analysis for diagnosis of sickle cell anenSeience 230: 1350-4.

Salmond, R.J., G. Huyer, A. Kotsoni, L. Clementsd &.R. Alexander. (2005). The src
homology 2 domain-containing tyrosine phosphatasee@ulates primary T-
dependent immune responses and Th cell differemiad Immunol 175:6498-
6508.

Samelson, L.E. (2002). Signal transduction medidtgdhe T cell antigen receptor: the
role of adapter proteingnnu Rev Immunol 20:371-394.

Sanchez M, Misulovin Z, Burkhardt AL, Mahajan S, st T, Franke R, Bolen JB,
Nussenzweig M. (1993). Signal transduction by imoglobulin is mediated
through Ig alpha and Ig bethExp Med 178: 1049-55.

Sanger, F., S. Nicklen, and A.R. Coulson. (1992 Aequencing with chain-terminating
inhibitors. 1977 Biotechnology 24:104-108.

Saxton, T.M., M Henkemeyer, S. Gasca, R. ShenRD3si, F. Shalaby, GS. Feng, and T.
Pawson. (1997). Abnormal mesoderm patterning inga@mbryos mutant for the
SH2 tyrosine phosphatase ShiERBO J 16:2352-64.



Bibliography 98

Saxton, T.M., B.G. Ciruna, D. Holmyard, S. Kulkari{. Harpal, J. Rossant, and T.
Pawson. (2000). The SH2 tyrosine phosphatase shp@quired for mammalian
limb developmentNat Genet 24:420-423.

Saxton, T.M., and T. Pawson. (1999). Morphogenetoyements at gastrulation require
the SH2 tyrosine phosphatase SHpac Natl Acad Sci U SA 96:3790-3795.

Schamel, W.W., and M. Reth. (2000). Monomeric aligbmeric complexes of the B cell
antigen receptotmmunity 13:5-14.

Schlessinger, J., and M.A. Lemmon. (2003). SH2 Bm& domains in tyrosine kinase
signaling.Sci STKE (2003):RE12.

Shibasaki, F., E.R. Price, D. Milan, and F. McKe@h996). Role of kinases and the
phosphatase calcineurin in the nuclear shuttlingraiscription factor NF-AT4.
Nature 382:370-373.

Shinohara H, Yasuda T, Aiba Y, Sanjo H, HamadateAtfarai H, Sakurai H, Kurosaki
T. (2005). PKC beta regulates BCR-mediated IKKwation by facilitating the
interaction between TAK1 and CARMAJl Exp Med 202: 1423-31.

Sideras P, Muller S, Shiels H, Jin H, Khan WN, Blils L, Parkinson E, Thomas JD,
Branden L, Larsson |, et al. (1994). Genomic orgaimon of mouse and human
Bruton's agammaglobulinemia tyrosine kinase (Bik).lJ Immunol 153: 5607-17.

Smith, K.G., D.M. Tarlinton, G.M. Doody, M.L. Hibbsand D.T. Fearon. (1998).
Inhibition of the B cell by CD22: a requirement foyn. J Exp Med 187:807-811.

Sommer K, Guo B, Pomerantz JL, Bandaranayake ADieNwpGarcia ME, Ovechkina
YL, Rawlings DJ. (2005). Phosphorylation of the QWRL linker controls NF-
kappaB activation.mmunity 23: 561-74.

Sonoda E, Morrison C, Yamashita YM, Takata M, Tak&l (2001). Reverse genetic
studies of homologous DNA recombination using thielen B-lymphocyte line,
DT40.Philos Trans R Soc Lond B Biol Sci 356: 111-7.

Stork, B., M. Engelke, J. Frey, V. Horejsi, A. HanBaarke, B. Schraven, T. Kurosaki,
and J. Wienands. (2004). Grb2 and the non-T cdlivat®on linker NTAL
constitute a Ca(2+)-regulating signal circuit inlyBnphocytes.lmmunity 21:681-
691.

Stork, B., K. Neumann, I. Goldbeck, S. Alers, T.hika, M. Naumann, M. Engelke, and J.
Wienands. (2007). Subcellular localization of Giib2the adaptor protein Dok-3
restricts the intensity of Ca2+ signaling in B sefimbo J 26:1140-1149.



Bibliography 99

Suda, T., F. Arai, and A. Hirao. (2005). Hematogioistem cells and their nich@rends
Immunol 26:426-433.

Taddie, J.A., T.R. Hurley, B.S. Hardwick, and B.Skfton. (1994). Activation of B- and
T-cells by the cytoplasmic domains of the B-celligen receptor proteins Ig-alpha
and lg-betaJ Biol Chem 269:13529-13535.

Takata, M., and T. Kurosaki. (1996). A role for Bma's tyrosine kinase in B cell antigen
receptor-mediated activation of phospholipase Crgar.J Exp Med 184:31-40.

Takata, M., H. Sabe, A. Hata, T. Inazu, Y. HommaNUkada, H. Yamamura, and T.
Kurosaki. (1994). Tyrosine kinases Lyn and Syk feguB cell receptor-coupled
Ca2+ mobilization through distinct pathwaizsnbo J 13:1341-1349.

Tamir, I., J.C. Stolpa, C.D. Helgason, K. NakamuPa,Bruhns, M. Daeron, and J.C.
Cambier. (2000). The RasGAP-binding protein p62so& mediator of inhibitory
FcgammaRlIB signals in B cellsnmunity 12:347-358.

Tang, T.L., R.M. Freeman, Jr., A.M. O'Reilly, B.Geel, and S.Y. Sokol. (1995). The
SH2-containing protein-tyrosine phosphatase SH-P®&PRequired upstream of
MAP kinase for early Xenopus developmed¢ll 80:473-483.

Tartaglia, M., P.D. Cotter, G. Zampino, B.D. Gelind K.A. Rauen. (2003). Exclusion of
PTPN11 mutations in Costello syndrome: further emmke for distinct genetic
etiologies for Noonan, cardio-facio-cutaneous awndtéllo syndrome<Clin Genet
63:423-426.

Tartaglia, M., E.L. Mehler, R. Goldberg, G. ZampikbG. Brunner, H. Kremer, |. van der
Burgt, A.H. Croshy, A. lon, S. Jeffery, K. Kalidad,A. Patton, R.S. Kucherlapati,
and B.D. Gelb. (2001). Mutations in PTPN11, encgdihe protein tyrosine
phosphatase SHP-2, cause Noonan syndriiateGenet 29:465-468.

Timmerman, L.A., N.A. Clipstone, S.N. Ho, J.P. Nwdp, and G.R. Crabtree. (1996).
Rapid shuttling of NF-AT in discrimination of Ca2+signals and
ImmunosuppressioMature 383:837-840.

Tognon CE, Kirk HE, Passmore LA, Whitehead IP, Bdr Kay RJ. (1998). Regulation of
RasGRP via a phorbol ester-responsive C1 dorivtohCell Biol 18: 6995-7008.

Towbin, H., T. Staehelin, and J. Gordon. (1979cEbphoretic transfer of proteins from
polyacrylamide gels to nitrocellulose sheets: pdoce and some applicatiori&.oc
Natl Acad Sci U SA 76:4350-4354.

Tsang, E., A.M. Giannetti, D. Shaw, M. Dinh, J.KseT S. Gandhi, H. Ho, S. Wang, E.
Papp, and J.M. Bradshaw. (2008). Molecular mecharo$ the Syk activation
switch.J Biol Chem 283:32650-32659.



Bibliography 100

Tsukada S, Rawlings DJ, Witte ON. (1994). Role afutBn's tyrosine kinase in
immunodeficiencyCurr Opin Immunol 6: 623-30.

Tuscano, J.M., P. Engel, T.F. Tedder, A. Agarwat a.H. Kehrl. (1996). Involvement of
p72syk kinase, p53/56lyn kinase and phosphatidgkitol-3 kinase in signal
transduction via the human B lymphocyte antigen ZE2r J Immunol 26:1246-
1252.

Veillette, A., S. Latour, and D. Davidson. (200Regative regulation of immunoreceptor
signaling.Annu Rev Immunol 20:669-707.

Vihinen, M., P.T. Mattsson, and C.I. Smith. (199BYK, the tyrosine kinase affected in
X-linked agammaglobulinemi&ront Biosci 2:d27-42.

Wang, H., J. Feng, C.F. Qi, Z. Li, H.C. Morse, 3add S.H. Clarke. (2007). Transitional B
cells lose their ability to receptor edit but rataheir potential for positive and
negative selectiord. Immunol 179:7544-7552.

Weber, M., B. Treanor, D. Depoil, H. Shinohara, NFEarwood, M. Hikida, T. Kurosaki,
and F.D. Batista. (2008). Phospholipase C-gammaR \&awv cooperate within
signaling microclusters to propagate B cell spregdn response to membrane-
bound antigen] Exp Med 205:853-868.

Weissman, I.L. (2000). Stem cells: units of devatept, units of regeneration, and units in
evolution.Cell 100:157-168.

Wienands, J. (2000). The B-cell antigen receptomnftion of signaling complexes and
the function of adaptor proteinSurr Top Microbiol Immunol 245:53-76.

Wienands, J. (2000). Signal transduction elemehtheoB cell antigen receptor and their
role in immunodeficienciesmmunobiology 202:120-133.

Wienands J, Freuler F, Baumann G. (1995). Tyropimesphorylated forms of Ig beta,
CD22, TCR zeta and HOSS are major ligands for ten8&i2 domains of SyKknt
Immunol 7: 1701-8

Wienands, J., J. Schweikert, B. Wollscheid, H. JaniaJ. Nielsen, and M. Reth. (1998).
SLP-65: a new signaling component in B lymphocytésch requires expression
of the antigen receptor for phosphorylatidfxp Med 188:791-795.

Williams RT, Manji SS, Parker NJ, Hancock MS, Vaekelenburg L, Eid JP, Senior PV,
Kazenwadel JS, Shandala T, Saint R, Smith PJ, Bki&tA. (2001). Identification
and characterization of the STIM (stromal intemctimolecule) gene family:
coding for a novel class of transmembrane prot&ieehem J 357: 673-85.

Winding P, Berchtold MW. (2001). The chicken B datle DT40: a novel tool for gene
disruption experiments.lmmunol Methods 249: 1-16.



Bibliography 101

Xu S, Tan JE, Wong EP, Manickam A, Ponniah S, Lam R000). B cell development
and activation defects resulting in xid-like immuaediciency in BLNK/SLP-65-
deficient micelnt Immunol 12: 397-404.

Xu, Y., KW. Harder, N.D. Huntington, M.L. Hibbsnd D.M. Tarlinton. (2005). Lyn
tyrosine kinase: accentuating the positive anchtégative Immunity 22:9-18.

Yamanashi, Y., and D. Baltimore. (1997). Identifica of the Abl- and rasGAP-
associated 62 kDa protein as a docking protein, Delk 88:205-211.

Yamanashi, Y., T. Kakiuchi, J. Mizuguchi, T. Yamamoand K. Toyoshima. (1991).
Association of B cell antigen receptor with protéymosine kinase LynScience
251:192-194.

Yamanashi Y, Tamura T, Kanamori T, Yamane H, Ndnilit, Yamamoto T, Baltimore D.
(2000). Role of the rasGAP-associated docking profg2(dok) in negative
regulation of B cell receptor-mediated signaliGgnes Dev 14: 11-6.

Yamauchi, K., V. Ribon, A.R. Saltiel, and J.E. Res§1995). Identification of the major
SHPTP2-binding protein that is tyrosine-phosphdedain response to insulid.
Biol Chem 270:17716-17722.

Yasuda, T., K. Bundo, A. Hino, K. Honda, A. Inod#, Shirakata, M. Osawa, T. Tamura,
H. Nariuchi, H. Oda, T. Yamamoto, and Y. Yamanagk07). Dok-1 and Dok-2
are negative regulators of T cell receptor sigmalint Immunol 19:487-495.

Yasuda T, Maeda A, Kurosaki M, Tezuka T, Hironaka¥Yamamoto T, Kurosaki T.
(2000). Cbl suppresses B cell receptor-mediatedginaipase C (PLC)-gammaz2
activation by regulating B cell linker protein-Plgadmma2 bindingJ Exp Med
191: 641-50.

Yasuda, T., M. Shirakata, A. Iwama, A. Ishii, Y. ik#ra, M. Osawa, K. Honda, H.
Shinohara, K. Sudo, K. Tsuji, H. Nakauchi, Y. IlwakuH. Hirai, H. Oda, T.
Yamamoto, and Y. Yamanashi. (2004). Role of Dokatl @ok-2 in myeloid
homeostasis and suppression of leukethiaxp Med 200:1681-1687.

Ye, Z.S., and D. Baltimore. (1994). Binding of Vaw Grb2 through dimerization of Src
homology 3 domaing?roc Natl Acad Sci U SA 91:12629-12633.

Zhao, M., A.A. Schmitz, Y. Qin, A. Di Cristofano,® Pandolfi, and L. Van Aelst. (2001).
Phosphoinositide 3-kinase-dependent membrane teeni of p62(dok) is
essential for its negative effect on mitogen-a¢eda protein (MAP) kinase
activation.J Exp Med 194:265-274.



Curriculum Vitae

102

Curriculum Vitae

Marion LdOsing

born 27" June 1983 in Vreden, Germany

Reinholdstrasse 12, 37083 Goéttingen, Germany
E-Mail: marionloesing@web.de

Education and Research Experience

2007-present

2007-present

2006- 2007

2002-2007

2002

Prizes:

2010

University Medicine Gottingen, Germany, Department of Cellular
and Molecular Immunology, PhD thesis: Studies caypaar proteins
that shape antigen receptor-proximal signal tracisolu in

B lymphocytes

Georg-August University Gottingen, Germany, International PhD
Molecular Medicine program (Direct admission to fhD

University Medicine Gottingen, Germany, Department of Cellular
and Molecular Immunology: Diploma Thesis

Georg-August University Gottingen, Diploma studies in Biology

Gymnasium Georgianum Vreden, Germany, Abitur (A-Level)

Poster Prize at the ‘Spring School on Imnamgd



	Contents
	List of figures
	List of tables
	Abbreviations
	Abstract
	Introduction
	Structure, function and development of antigen receptors on B lymphocytes
	Antigen receptor-induced signaling in B lymphocytes
	Consequences of deregulated BCR signaling
	Modulation of BCR-mediated signaling processes

	Aims of the Work
	Results
	Grb2 mediates the redistribution of Dok-3 into microsignalosomes
	The Dok-3/Grb2 complex modulates the Lyn-dependentphosphorylation of BCR signaling effectors

	Discussion
	Association of Grb2 and Dok-3 translocates this protein complex into BCRmicrosignalosomes.
	Dok-3-associated Grb2 contributes to negative regulation of BCR signals inBCR microsignalosomes
	Dok-3/Grb2 accentuates the negative regulatory functions of Lyn

	Summary
	Zusammenfassung
	Material and Methods
	Materials
	Additional Material
	Instruments
	Software
	Experimental Procedure
	Methods in molecular biology
	Cell culturing
	Biochemical Methods


	Bibliography
	Curriculum Vitae

