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Background: The signal module comprising Dok-3 and Grb2 controls differential BCR signal intensity.
Results:Dok-3/Grb2 translocate toBCRmicrosignalosomes and inhibit Lyn-dependent activationof theBCR transducer kinase Syk.
Conclusion: Dok-3/Grb2 change the balance of activatory and inhibitory Lyn functions toward BCR signal inhibition.
Significance:Learning how adapter proteins translocate to and change signal processes in BCRmicrosignalosomes is important
to understand the regulation of antigen-induced B cell activation.

Recruitment of the growth factor receptor-bound protein 2
(Grb2)by theplasmamembrane-associatedadapterproteindown-
stream of kinase 3 (Dok-3) attenuates signals transduced by the B
cell antigen receptor (BCR). Here we describemolecular details of
Dok-3/Grb2signal integrationand function, showing that theLyn-
dependent activation of the BCR transducer kinase Syk is attenu-
ated byDok-3/Grb2 in a site-specificmanner. This process is asso-
ciated with the SH3 domain-dependent translocation of Dok-3/
Grb2 complexes into BCR microsignalosomes and augmented
phosphorylationof the inhibitoryLyn targetSH2domain-contain-
ing inositol 5� phosphatase. Hence, our findings imply thatDok-3/
Grb2modulates thebalancebetweenactivatory and inhibitoryLyn
functions with the aim to adjust BCR signaling efficiency.

B cell development and function is strictly dependent on sig-
nals that are transduced by the B cell antigen receptor (BCR)7

consisting of a transmembrane immunoglobulin component
and an Ig�/Ig� heterodimer (1, 2). Antigen binding to the
BCR induces the formation of microclusters containing sev-
eral BCR molecules (3) that provide a structural basis for the
spatial organization of the BCR signaling cascade into dis-
crete microsignalosomes (4). Although the details of BCR
microcluster generation as well as the exact composition of
BCR microsignalosomes are still under investigation, it is well
accepted that proteins need to be recruited into microsignalo-
somes to participate in BCR-proximal signaling.
A crucial step in BCR signal initiation is the recruitment of

the spleen tyrosine kinase (Syk) by phosphorylated immunore-
ceptor tyrosine-based activation motifs within the cytosolic
parts of Ig�/Ig�, which provide binding sites for the two N-ter-
minal Src homology 2 (SH2) domains in Syk. By this process Syk
is allosterically activated (5, 6) and phosphorylates the adapter
protein SH2 domain-containing leukocyte protein of 65 kDa
(SLP-65) (7–9), which allows for multiprotein complex forma-
tion with Bruton’s tyrosine kinase (Btk) and phospholipase
C-�2 (PLC-�2). Correct plasma membrane localization of this
Ca2� initiation complex requires the Cbl-interacting protein of
85 kDa (10) and is crucial for PLC-�2-mediated production of
the second messengers diacylglycerol and inositol-1,4,5-tris-
phosphate (11–14). Although diacylglycerol mediates activa-
tion of the NF-�B and MAPK pathways, inositol-1,4,5-
trisphosphate induces mobilization of Ca2� ions from the
endoplasmic reticulum and subsequent influx through Ca2�

channels in the plasma membrane (15, 16).
The lck/yes-related novel protein tyrosine kinase (Lyn) plays

an important role in BCR signal initiation, which is evident
from studies in Lyn-deficient mice and DT40 B cells. There,
BCR-induced Ca2� mobilization is compromised, and Syk
recruitment into microsignalosomes is abolished (4, 17). How-
ever, Lyn-deficient mice establish a hypersensitive and autoim-
mune phenotype, and B cells from lyn�/�mice exhibit stronger
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proliferative responses upon BCR engagement, proving that
Lyn exerts positive and negative functions in BCR signaling
(18–20). We recently discovered a Lyn-dependent inhibitory
process that involves the adapter protein downstream of kinase
3 (Dok-3). Dok-3 is permanently localized at the plasma mem-
brane because of its pleckstrin homology (PH) domain (21).
After BCR engagement, Dok-3 is phosphorylated by Lyn and
provides a docking site for the SH2 domain of the growth factor
receptor-bound protein 2 (Grb2), leading to increased Dok-3
phosphorylation and the oligomerization of Dok-3�Grb2 com-
plexes. These complexes attenuate PLC-�2 activation, which
results in decreased inositol-1,4,5-trisphosphate production
and Ca2� mobilization (21). Consistently, Grb2- or Dok-3-de-
ficient DT40 B cells as well as grb2�/� or dok-3�/� primary B
cells mount enhanced BCR-induced Ca2� responses (21–25),
which is associated with augmented T cell-independent
immune responses and elevated serum IgM titers in Dok-3-
deficient mice (22). Hence, Dok-3 appears to adjust differential
BCR signals and contribute to divergent cellular responses like
proliferation and differentiation or anergy and apoptosis (16,
26).
Wehave nowelucidated the details ofDok-3/Grb2-mediated

BCR signal attenuation by combining genetic, biochemical,
and life cell imaging techniques as well as phosphoproteomics.
Here we show that Lyn-dependent phosphorylation of Syk is
decreased by Dok-3/Grb2 in a site-specific manner, which
results in decreased kinase activity of Syk. Grb2-binding to
Dok-3 is required for translocation into BCR microsignalo-
somes and for efficient signal inhibition, which is associated
with increased phosphorylation of the SH2 domain-containing
inositol 5� phosphatase (SHIP). Hence, Dok-3/Grb2 appears to
modulate the balance of activatory and inhibitory Lyn func-
tions, resulting in diminished efficiency of Ca2�-mobilizing
enzymes.

EXPERIMENTAL PROCEDURES

Cell Culture, Antibodies, and Reagent—DT40 cells were cul-
tured in RPMI 1640 medium containing 10% FCS, 3 mM L-glu-
tamine, 2 mM pyruvate, 50 �M �-mercaptoethanol, and antibi-
otics. Cell culture reagents were purchased from Invitrogen.
Anti-chicken Dok-3 serum was generated by immunizing rab-
bits with GST fusion proteins of the Dok-3 amino acids 332–
409. Antibodies against GFP, HA (3F10, Roche), phosphoty-
rosine (4G10,Millipore), Syk (N19, Santa Cruz Biotechnology),
pLyn 507, pSrc 416 (Cell Signaling Technology), pZap70 (Tyr-
319)/pSyk (Tyr-352) (BD Biosciences), and GST and actin
(Sigma) were used for Western blot analysis (1:1000) and
immunopurifications (0.2–1 �g). Affinity purifications using
pITAM peptides and GST fusion proteins have been described
in Ref. 27) and Ref. 28, respectively. DT40 cells were stimulated
with 2 �g/ml mouse anti-chicken IgM cloneM1 orM4 (South-
ern Biotechnology) and prepared for biochemical experiments
as described previously (21). For quantification ofWestern blot
data we used ImageJ software. The Syk inhibitor Bay 61-3606
(Merck, Darmstadt, Germany) was used in a final concentra-
tion of 500 nM for 1 h.

Expression Constructs and Generation of Genetic DT40
Variants—The targeting vectors pDok-3-bleo and pDok-3-gpt
were constructed to insert bleomycine and mycophenolic acid
resistance cassettes into intron 1 of dok-3 alleles of lyn�/�

DT40 cells. The resistance cassettes were flanked by 1.8 kb and
2.9 kb at the 5� and 3� sites, respectively, as described in Ref. 21.
To generate dok-3�/�/syk�/� DT40 cells, we took Dok-3-defi-
cient DT40 cells and utilized a targeting construct by which
exons 1 and 2 of Syk were replaced by a bleomycine resistance
cassette. For this purpose, genomic syk fragments were ampli-
fied from DT40 genomic DNA using primers 5�-tgcgaaccttgc-
ctcatctcagtggataca-3� and 5�-gcctggacagctaagtactgtcctatcg-3�
(left arm) and 5�-ggctacatgctgactgccttgcttg-3� and 5�-tgtgctg-
gtggtaatgtactg-3� (right arm), respectively. Targeting vectors
were introduced by electroporation at 550 V, 25 �F. For selec-
tion, bleocin (Merck) was used at 100 �g/ml andmycophenolic
acid (SigmaAldrich) at 15�g/ml. Clones were screened by PCR
and immunoblot analysis. The plasmids pApuroII OneSTrEP
Syk, pMSCV citSyk, pApuroII HA-Dok-3, and pMSCVpuro
Dok-3 GFP have been described in Ref. 21. The chimeric pro-
tein tSH2-Dok-3 contains amino acids 114–426 of chicken
Dok-3 and amino acids 1–277 of human Syk. Dok-3-cSH3
encompasses the 322N-terminal amino acids of chickenDok-3
and amino acids 151–217 of chicken Grb2. Constructs coding
for chimeric proteins were generated by overlap extension PCR
as described in Ref. 23. Point mutations leading to indicated
amino acid exchanges were generated by site-directed mu-
tagenesis using the QuikChange protocol (Stratagene). Plas-
mids encoding Dok-3-cerulean and Grb2-citrine were estab-
lished as in Ref. 21 after ligating cerulean or citrine cDNAs into
the AgeI and BsrGI sites of pEGFP-N1 (BD Biosciences). All
cDNAs were ligated into the expression vectors pMSCV (BD
Biosciences) or pApuroII (29) and transfected by retroviral
gene transfer or electroporation as described in Ref. 21. The
transfected cells were selected with puromycin (Invivogen) (1
mg/ml) or bleocin (Merck) (70 �g/ml).
Ca2� Monitoring and Förster Resonance Energy Transfer

Analysis—Cytosolic Ca2� concentration was measured in
Indo-1AM-loaded cells as described previously (21). FRET
between cerulean and citrine was analyzed on a LSRII flow
cytometer (BD Biosciences) equipped with a violet laser (405
nm) for excitation. Emitted cerulean and citrine fluorescence
was monitored contemporaneously using 450/50-nm and 550/
25-nm band pass filters, respectively, and FRET was deter-
mined by ratioing citrine and cerulean signal intensities. All
cytometry data were processed by FlowJo (Tristar).
Confocal Laser Scanning and Total Internal Reflection Fluo-

rescence Microscopy—For life cell confocal LSM, cells were
resuspended in Krebs Ringer solution composed of 10 mM

HEPES (pH 7.0), 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 1 mM

CaCl2, and 10mMglucose at a concentration of 106 cells/ml and
seeded onto Lab-TekTM chambered coverglasses. For stimula-
tion, we used mouse anti-chicken IgM (M4) at 3 �g/ml. Cells
were analyzed on a Leica SP2 system, and images were pro-
cessed by Adobe Photoshop CS. Total internal reflection fluo-
rescence microscopy was performed as described (4). For colo-
calization analysis, Imaris software was used. Briefly, images
were cropped to the size of the cell, and both fluorescence chan-
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nels were background-subtracted. For quantification, the orig-
inal Mander’s coefficient for the Alexa Fluor 633 channel was
calculated using the Imaris colocalization module (30).
Intracellular Staining of DT40 Cells—For intracellular stain-

ing of phosphorylated Syk, 106 DT40 cells were starved for 30
min at 37 °C before they were stimulated with 2 �g/ml M4
antibody. After fixation with PBS, 2% paraformaldehyde cells
were permeabilized with PBS containing 1% BSA, 0.1% sapo-
nine (Roth), and 0.09% NaN3 for 30 min at room temperature.
This buffer was also used to dilute Alexa Fluor 633-conjugated
anti-pSyk Tyr-352 antibodies (BD Biosciences), and cells were
incubated for 30 min at room temperature before they were
washed and analyzed with a LSRII cytometer (BD Biosciences).
Affinity Purifications after Stable Isotope Labeling with

Amino Acids in Cell Culture and Mass Spectrometric Analysis—
Mass spectrometric identification and quantification of phos-
pho-acceptor sites as well as metabolic labeling of DT40 cells
via stable isotope labeling with amino acids in cell culture was
done as described (31). To examine the impact of Dok-3/Grb2
on BCR-induced Syk phosphorylation, syk�/�/dok-3�/� DT40
cells expressing OneSTrEP-tagged human Syk together with
Dok-3 HA were cultured in heavy stable isotope labeling with
amino acids in cell culture medium containing 2D4,12C6,14N2-
Lys; 13C6,14N4-Arg, whereas cells expressing OneSTrEP Syk
together with Dok-3 Y331F HA served as negative control and
were cultured in light medium containing 12C6,14N2-Lys;
12C6,14N4-Arg. For affinity purifications, 2 � 108 cells were
BCR-stimulated for 3 min, lysed, and incubated with 200 �l of
STrEP-Tactin Superflowmatrix (IBABioTAGnology) for 1 h at
4 °C. For each approach, 500 �l of desthiobiotin buffer (IBA
BioTagnology) was used to elute purified proteins at room tem-
perature. Eluates were pooled in a 1:1 ratio, concentrated in
ultrafiltration spin columns (Sartorius), and proteins were sep-
arated on a 4–12% NuPAGE Bis-Tris gel (Invitrogen). After
Coomassie Brilliant Blue staining, the gel slice containing Syk
was excised and digested.MS parameter settings and data anal-
ysis were done as described earlier (31, 32).
In Vitro Kinase Assays—To determine Lyn and Syk kinase

activity in vitro, we used signal transduction and gastric precur-
sor (Tyr-87) peptides (Cell Signaling Technology), respectively.
LynHA or Syk were purified by immunopurification as
described above. Beads were resuspended in kinase buffer con-
taining 60 mM HEPES (pH7.5), 5 mM MgCL2, 5 mM MnCL2, 3
�M Na3VO4, and 1.25 mM DTT. 1.5 �M biotinylated substrate
peptide and 20 �M ATP were added, incubated for 15 min at
room temperature, and the reaction was stopped by adding
EDTA to an end concentration of 25mM. Peptides were immo-
bilized on streptavidin-coated 96-well plates (Millipore), and
phosphorylation efficiency was determined by ELISA using
anti-pTyr (1 �g/ml) and horseradish peroxidase-conjugated
anti-mouse IgG (1:1000) antibodies.

RESULTS

Dok-3/Grb2 Attenuates BCR-induced Syk Activation—A
possible regulation of Syk by the Dok-3/Grb2 signal module
was analyzed using DT40 B cell variants that either lack Syk or
Dok-3 or expressedHA-taggedDok-3. Cells were left untreated
or stimulated through their BCR, and lysates were subjected to

affinity purification with immobilized doubly phosphorylated
immunoreceptor tyrosine-based activation motif peptides of
Ig�, which specifically bind tandem SH2 domains of Syk. Anti-
phosphotyrosine immunoblotting of the obtained proteins and
subsequent densitometric quantification of the signals (Fig. 1A,
left and right panels, respectively) showed that the presence of
Dok-3 markedly inhibited BCR-induced overall phosphoryla-
tion of Syk. To examine the specificity of the inhibitory effect in
more detail, we quantified the phosphorylation of individual
Syk tyrosine residues using stable isotope labeling with amino
acids in cell culture followed by liquid chromatography-cou-
pled tandem mass spectrometry (for details, see Refs. 32, 33).
Briefly, syk�/�/dok-3�/� DT40 B cells were generated and
transfected with a plasmid encoding OneSTrEP-tagged Syk.
Next we expressed in these cells either HA-tagged wild-type
Dok-3 or a dysfunctional variant harboring a Tyr to Phe
exchange in amino acid position 331 (Dok-3(YF)) that abol-
ished SH2-mediated recruitment of Grb2 to phosphorylated
Dok-3 (21). Resulting cell batches were metabolically labeled
and stimulated by anti-BCR antibodies. Affinity-purified Syk
was in-gel-digested with trypsin, and the enriched phospho-
peptides were identified and quantified by mass spectrometry
(Fig. 1B). We identified five of the known phosphotyrosine res-
idues at amino acid positions 352, 525, 526, 629, and 630. Fig.
1C shows that the latter four tyrosine residues were equally well
phosphorylated upon BCR ligation in the presence of wild-type
Dok-3. In marked contrast, phosphorylation of tyrosine 352
was reduced by�60% inDok-3-expressing cells comparedwith
control cells. The strongly reduced phosphorylation of Tyr-352
was confirmed by immunoblot and flow cytometry analyses
using phosphosite-specific antibodies to phospho-Tyr-352
(Fig. 1, D and E, respectively). No differences in the phosphor-
ylation efficiencies of serine/threonine phospho-acceptor sites
were detected (data not shown). To confirm the Dok-3/Grb2
function in a human B cell line, we transduced DG75 B cells
with either control virus or virus encoding GFP fusion proteins
of Dok-3 orDok-3(YF). Consistent with our data obtained from
DT40 cells (21) Dok-3(YF) acts dominantly negative over
endogenousDok-3 (Fig. 1F), and the increasedCa2� response is
associated with a stronger phosphorylation of Syk Tyr-352 (G).
Phospho-Tyr-352 has been reported to be amajor and highly

dynamic phosphorylation site that critically contributes to
BCR-induced Syk activation (5, 31). Hence, we investigated
whether theDok-3/Grb2-mediated inhibition of phospho-Tyr-
352 affected Syk kinase activity. Therefore, we coexpressed cit-
rine-tagged Syk with either HA Dok-3 or HA Dok-3(YF) in
syk�/�/dok-3�/� DT40 B cells. Cells were stimulated through
their BCR, and purified Syk was subjected to an in vitro kinase
assay that revealed that the Dok-3-mediated inhibition of Tyr-
352 phosphorylation was associated with significantly reduced
kinase activity of Syk (Fig. 2A). This finding was confirmed by
monitoring the in vivo phosphorylation of the proximal Syk
substrate, e.g. the adaptor protein SLP65 using phosphosite-
specific antibodies that recognize phospho-Tyr-178 and phos-
pho-Tyr-189 of SLP65 (Fig. 2B). Collectively, these experi-
ments revealed that the negative signaling element Dok-3 can
inhibit BCR-induced B cell activation at the level of Syk
activation.
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Dok-3/Grb2 Inhibits Lyn-dependent Syk Phosphorylation—
Activation of Syk involves autophosphorylation aswell as phos-
phorylation by Lyn (6). To test which of these processes is con-
trolled by Dok-3, we inhibited Syk activity using the well estab-
lished Bay 61-3606 (34), which blunted BCR-induced Ca2�

mobilization in human Syk-expressing DT40 B cells (Fig. 3A),
in DT40 B cell transfectants that expressed citrine-tagged
human Syk together with either wild-type Dok-3 or the Tyr-to-
Phe variant. Immunoblotting with anti-phospho-Syk Tyr-352
and densitometric signal quantification showed that wild-type
Dok-3 inhibited phosphorylation of this Syk residue regardless
of the inhibition of Syk itself (Fig. 3B). These data suggest an
impact of Dok-3 on Lyn-dependent Syk phosphorylation at

Tyr-352. However, Lyn kinase activity was not affected by
Dok-3, as monitored by an ELISA-based in vitro kinase assay
using Lyn that was purified from DT40 B cells expressing wild-
type or Tyr-to-Phe mutant Dok-3 (Fig. 3C). The role of Lyn in
Dok-3-mediated signal inhibition was further investigated
using a chimeric protein comprising the N-terminal 322 amino
acids of Tyr-to-Phe-mutated Dok-3 and the C-terminal SH3
domain of Grb2 (Dok-3-cSH3, Fig. 3D) that is able to inhibit
BCR-induced Ca2� mobilization similar to wild-type Dok-3 (E,
gray and red lines) but independent of its phosphorylation and
concomitant recruitment of Grb2. As control we used a Dok-3
chimera that harbored a dysfunctional Grb2 SH3 domain
because of an exchange of tryptophan 193 to lysine (W193K).
The Dok-3-cSH3 chimera inhibited BCR-induced Ca2� mobi-
lization as well as phosphorylation of Syk at tyrosine 352 in
Lyn-positive but not in Lyn-negative DT40 B cell transfectants
(Fig. 3, E and F, respectively). These data further confirm that
Dok-3 attenuates Lyn-dependent activation of Syk but not Syk
autophosphorylation.
Grb2 Targets Dok-3 into BCR Microsignalosomes—To inter-

fere with Syk activation, the Dok-3/Grb2 module requires
access to sites of BCR microclusters that provide a structural
platform for the activation of proximal BCR effector proteins
(4). The entry of Dok-3 into these BCRmicrosignalosomes was
investigated using dok3�/� DT40 B cells expressing GFP-
tagged versions of wild-type Dok-3 or the dysfunctional Dok-3
Tyr-to-Phe variant. Cells were settled onto lipid bilayers that
contained anti-BCR antibodies coupled to Alexa Fluor 633-
conjugated streptavidin. Upon contact with these lipid bilayers,
B cells undergo spreading and gathering of BCR microclusters
in a single cluster for antigen internalization (35). We moni-
tored the localization of Dok-3 and BCR microclusters in fully
spread cells by two-color total internal reflection fluorescence
microscopy and found that BCR/Dok-3 colocalization was crit-
ically dependent on the intact Grb2 binding sites of Dok-3 (Fig.
4A). This result suggests that Grb2 provides a localization sig-
nal that directs Dok-3 to sites of BCR microclusters. This con-
clusionwas further supported by flow cytometricmonitoring of
FRET in DT40 B cells that coexpress cerulean-tagged Dok-3
together with either citrine-tagged wild-type Grb2 or mutant
Grb2 that harbors an Arg-to-Lys amino acid exchange in its
SH2 domain and, therefore, cannot bind phosphorylated
Dok-3. Fig. 4B shows that BCR engagement induced a rapid and
sustained increase of FRET in cells expressing wild-type Grb2

FIGURE 1. Dok-3/Grb2 attenuates the BCR-induced activation of Syk. A, Dok-3-deficient and HA-Dok-3-reconstituted DT40 cells as well as syk�/� DT40 cells
were left untreated (-) or stimulated for 3 min via their BCR (�). Syk was affinity-purified (AP) from cleared cellular lysates (CCL) using a doubly phosphorylated
immunoreceptor tyrosine-based activation motif (pITAM) peptide. Samples were analyzed by anti-phosphotyrosine (�-pTyr, upper panel) or anti-Syk (�-Syk,
lower panel) immunoblotting. The ratio of phospho-Syk (pSyk) to Syk signal intensities was calculated and plotted (right panel). The statistical significance of
four independent experiments was determined using Student’s t test. **, p � 0.01). B, schematic work flow of mass spectrometric analysis of Syk phosphoty-
rosine residues. Briefly, Syk/Dok-3-double-deficient DT40 cells were transfected with constructs encoding STrEP-tagged Syk together with either Dok-3(YF) as
a control or Dok-3 and incubated in media containing “light” isotopes (12C6,14N2-Lys; 12C6,14N4-Arg) or “heavy” isotopes (2D4,12C6,14N2-Lys; 13C6,14N4-Arg),
respectively. Cells were stimulated for 3 min via their BCR, and Syk was purified with a Streptactin matrix. Samples were pooled 1:1, separated by PAGE, and the
gel band referring to Syk was digested and analyzed by LC-MS/MS. C, the abundance of phosphopeptides encompassing the indicated phosphotyrosine
residues was determined, and heavy/light ratios � S.D. were calculated and depicted as a bar plot. DT40 wild-type and transfectants described in A were treated
and lysed as above and subjected to Western blot analysis using phosphospecific anti-Syk Tyr-352 and anti-Syk antibodies (D, upper and lower panel, respec-
tively). Signal quantification of n � 10 experiments was calculated as described in A. *, p � 0.05; **, p 	 0.01. E, alternatively, cells were stimulated via their BCR,
intracellularly stained with Alexa Fluor 633-conjugated anti-Syk pTyr-352 antibodies, and analyzed by flow cytometry. F, DG75 human B cells were either
transduced with control virus or virus encoding for GFP fusion proteins of either Dok-3 or Dok-3(YF). Cells were loaded with Indo-I, and Ca2� flux was analyzed
by flow cytometry. As indicated, cells were stimulated after 30 s with anti-IgM antibodies. G, DG75 transductants were exposed to anti-Syk pTyr-352 Western
blot analysis as described in D, and signals from n � 8 experiments were quantified. **, p � 0.01).

FIGURE 2. Dok-3/Grb2 attenuates Syk activity in activated B cells. A, Syk/
Dok-3-double-deficient DT40 cells expressing citrine-tagged Syk together
with either wild-type HA Dok-3 or HA Dok-3(YF) were stimulated for 3 min via
their BCR, lysed, and subjected to anti-GFP immunopurification. To examine
the Syk kinase activity in vitro, purified proteins were incubated with biotiny-
lated phosphoacceptor peptides. The efficiency of phosphorylation was
determined by anti-phosphotyrosine ELISA. Shown is the mean � S.D. of n �
3 independent experiments, and statistical significance was determined
using Student’s t test. **, p � 0.01. B, Dok-3-deficient and DT40 cells that have
been reconstituted with HA Dok-3 were transfected with a construct encod-
ing citrine-tagged human SLP-65 and treated as described above. Cellular
lysates were subjected to anti-GFP immunopurification (IP), and Western blot
analyses were developed with phosphospecific antibodies detecting either
of the PLC-�2 binding sites at positions 178 and 189 (upper and center panel,
respectively). As loading control, the same samples were reprobed with anti-
SLP65 antibodies. Signal quantification was calculated from n � 3 experi-
ments as described above. *, p � 0.05).
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but not in cells expressing theGrb2 variant.Moreover, the time
course of the Dok-3/Grb2 association matches the kinetic of
colocalization of Dok-3 with BCRmicroclusters. To investigate
the molecular requirements of the translocation process, we

used the chimeric Dok-3 protein that accommodates either the
wild-type C-terminal SH3 domain of Grb2 or its dysfunctional
counterpart (W193K) described above. The colocalization of
the twoDok-3 chimeras with BCRmicroclusters was visualized

FIGURE 3. Dok-3/Grb2 negatively regulates Lyn-dependent Syk phosphorylation. A, Syk-deficient DT40 cells and cells reconstituted with human Syk were
subjected to Ca2� flux analysis as described above. Cells corresponding to the red line were treated with the Syk inhibitor Bay 61-3606 prior to measurement.
B, the transfectants described in Fig. 2A were either left untreated or stimulated via their BCR. Cells used for lanes 3, 6, and 9 were treated with Bay 61-3606 prior
to stimulation. Quantification of 10 independent experiments was done as described above. *, p � 0.05; **, p � 0.01. C, Lyn/Dok-3-double-deficient DT40 cells
expressing HA-tagged Lyn together with either Dok-3-GFP or Dok-3(YF)-GFP were stimulated for 3 min via their BCR, lysed, and subjected to anti-HA immu-
nopurification. Purified Lyn was subjected to an in vitro kinase assay that was performed and analyzed as described above. Plotted are the mean values � S.D.
of n � 3 experiments. Chimeric proteins encompassing the first 322 amino acids of Dok-3 including the PH and phosphotyrosine-binding (PTB) domains and
the cSH3 domain of Grb2 (Dok-3(Y/F)-cSH3) or a dysfunctional cSH3 variant (Dok-3(Y/F)-cSH3(W193K)) and lacking tyrosine-based phosphoacceptor sites as
depicted in D were expressed together with Lyn HA (E, left panel, gray and black lines) or control vector (right panel, gray and black lines) in Lyn/Dok-3-double-
deficient DT40 cells. As control served DT40 wild-type cells and lyn�/�/dok-3�/� cells expressing Lyn HA together with Dok-3 (E, left panel, green and red lines,
respectively). Ca2� flux analysis was performed as described above. F, transfectants used in C and syk�/� DT40 cells were stimulated for 5 min via their BCR,
intracellularly stained with anti-pSyk Y352 antibodies, and analyzed as described above.
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by total internal reflection fluorescence microscopy (Fig. 4C),
which revealed that the colocalization of the proteins requires a
functional C-terminal SH3 domain of Grb2. Collectively, the
data showed that the subcellular targeting of Dok-3 into BCR
microclusters where Syk activation occurs requires SH2-medi-
ated complex formation with Grb2 and a C-terminal SH3
domain of Grb2 to more directly link up with components of
the microclusters.
Grb2 Facilitates Targeting to as well as Signal Inhibition in

BCR Microsignalosomes—The data described above together
with our previously published results (21) suggest a dual role of
Grb2 for signal inhibition in association with Dok-3 in that
Grb2 is required for the correct subcellular localization as well

as the execution of signal inhibition. To directly test this con-
clusion, we replaced the PH domain of Dok-3 with the tandem
SH2 domains of Syk that directly link the tSH2-Dok-3 fusion
protein to the phosphorylated BCR. Importantly, and as shown
by confocal laser scanningmicroscopy, the BCR-inducedmem-
brane translocation of the chimera was independent of the
Grb2 docking sites in Dok-3 and, hence, complex formation
with Grb2 (Fig. 5A). Likewise, the BCR-induced overall phos-
phorylation of Dok-3 (Fig. 5B, lanes 1 and 2) was recapitulated
with the SH2 domain-containing Dok-3 fusion proteins inde-
pendently of their ability to bind Grb2 (lanes 3 and 4 and 7 and
8). In contrast, inactivation of the Grb2 binding sites in wild-
type Dok-3 strongly compromised stimulation-dependent

FIGURE 4. The Grb2 cSH3 domain mediates the translocation of Dok-3�Grb2 complexes into BCR microsignalosomes. A, Dok-3-deficient DT40 cells
expressing GFP fusion proteins of Dok-3 (upper panel) and Dok-3 Y331F (lower panel) were settled onto lipid bilayers containing Alexa Fluor 633-conjugated
anti-chicken IgM antibodies (M1). GFP and Alexa Fluor 633 fluorescence intensities were monitored by total internal reflection fluorescence microscopy, and
representative images of spread cells are shown. Colocalization of fluorescences was measured and plotted along the indicated lines, AU, arbitrary units, and
the dot plots (right panel) show the quantification of the localization of GFP fusion protein-containing microclusters to antigen-containing microclusters.
Statistical significance was determined using Student’s t test. ***, p � 0.0001. Scale bars � 5 �m. B, life cell analysis of BCR-induced Dok-3/Grb2 association by
flow cytometric monitoring of FRET. Dok-3-deficient DT40 cells expressing Dok-3-cerulean together with citrine fusion proteins of either wild-type Grb2 (black
line) or a non-Dok-3-binding variant (Grb2 R86K, gray line). Samples were excited by a violet laser (405 nm), and fluorescence was detected through 450/50-nm
and 525/25-nm band pass filters. The relative FRET efficiency was calculated by ratioing citrine and cerulean signal intensities and plotted over time. Cells were
stimulated by anti-chicken IgM after 30 s. C, Dok-3-deficient DT40 cells were transfected with constructs encoding Dok-3-cSH3 chimeric proteins encompass-
ing the first 322 amino acids of Dok-3 and the cSH3 domain of Grb2 (amino acids 151–217) or the dysfunctional variant. Colocalization of Dok-3-cSH3 (upper
panel) and Dok-3-cSH3(W193K) (lower panel) with BCR microclusters was analyzed as described in A.
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overall phosphorylation of the protein (Fig. 5B, lanes 5 and 6).
Despite its association with the BCR and its inducible tyrosine
phosphorylation, the tSH2-Dok-3 chimera that lacked binding
to Grb2 because of the Tyr-to-Phe exchange does not inhibit
BCR-induced Ca2� mobilization (Fig. 5C). These data are con-
sistent with a dual role of Grb2, e.g. in conferring precise sub-
cellular localization and subsequent inhibition of early BCR sig-
naling events.
The Dok-3/Grb2 Module Can Affect Multiple Lyn Targets—

We have elucidated previously the B lymphoid interactome of

Grb2, which encompasses negative as well as positive signal
effector molecules (36). It was thus likely that besides Syk (see
above), the Dok-3/Grb2 module possesses additional targets.
Indeed, when we analyzed BCR-induced Ca2� mobilization in
DT40 B cells that expressed either wild-type Syk or a Syk vari-
ant in which the activating tyrosine residues 348 and 352 were
replaced with aspartate, we still observed robust signal inhibi-
tion by a functional Dok-3/Grb2module even though it cannot
act on the Tyr-to-Asp variant because the aspartate mimics the
phosphotyrosine, rendering that mutant independent of its
upstream activation by Lyn (Fig. 6A). Well known Lyn targets
within the Grb2 interactome are the negative regulatory phos-
phatases SHIP and SHP-1. Using theDT40B cell reconstitution
system,we analyzed the BCR-induced phosphorylation of these
two Lyn targets in the presence or absence of a functional Dok-
3/Grb2 signaling module (Fig. 6, B and C, respectively). Lack of
Dok-3 expression in DT40 B cells was associated with a mod-
erate reduction of SHIP phosphorylation, whereas phosphory-

FIGURE 5. Dok-3-associated Grb2 is required for negative regulation in
BCR microsignalosomes. A, Dok-3-deficient cells expressing chimeric pro-
teins where the tandem SH2 domains of human Syk (amino acids 1–277)
replace the PH domain of Dok-3-GFP or Dok-3(YF)-GFP (tSH2-Dok-3 and tSH2-
Dok-3(YF), respectively) were subjected to confocal LSM analysis. PTB, phos-
photyrosine-binding domain. Depicted are representative images before (left
panel) and 3 min after stimulation via the BCR (right panel). B, transfectants
described above and dok-3�/� DT40 cells expressing Dok-3-GFP or Dok-
3(YF)-GFP were treated as described above and subjected to anti-GFP immu-
nopurification (IP) . Western blot analysis was performed using anti-phospho
tyrosine (�-pTyr, upper panel) or anti-GFP antibodies (lower panel). C, BCR-
induced Ca2� mobilization of the same cells was analyzed by flow cytometry
as described above.

FIGURE 6. The Lyn-dependent phosphorylation of SHIP is augmented by
Dok-3/Grb2. A, Syk/Dok-3-double deficient DT40 cells were transfected with
plasmids encoding citrine-tagged Syk (black and gray lines) or Syk Y348/352D
(blue and red lines). BCR-induced Ca2� mobilization of these cells, additionally
expressing either Dok-3 (gray and red line) or Dok-3(YF) as a control (black and
blue lines) and DT40 wild-type cells (green line) was analyzed as described
above. B and C, to examine the impact of Dok-3/Grb2 on the phosphorylation
of Lyn targets Dok-3-deficient DT40 cells were used that express either HA-
Dok-3 or empty vector as control. These cells were left untreated (�) or stim-
ulated via their BCR for 3 min (�). DT40 cells lacking expression of respective
proteins served as negative controls. The phosphorylation efficiency was
examined by Western blot analysis of either cleared cellular lysates (CCL)
using a site-specific anti-phosphotyrosine antibody against Y1020 of SHIP (B)
or immunopurification (IP) of heterologously expressed SHP-1-GFP (C) using
anti-phosphotyrosine antibodies. As loading control membranes were rep-
robed with anti-actin (B) or anti-GFP (C). The Western blot data were quanti-
fied, and the mean values � S.D. of normalized phosphotyrosine signal inten-
sities are plotted in the right panels of B and C. * p � 0.05; ns, not significant.
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lation of SHP-1 appeared to be independent of Dok-3. In sum-
mary, our data suggest that Dok-3/Grb2 can control the phos-
phorylation of multiple Lyn targets, leading to signal inhibition
by suppressing positive regulators such as Syk and by facilitat-
ing the activation of negative regulators such as the lipid phos-
phatase SHIP.

DISCUSSION

Here we elucidated molecular details of how Dok-3/Grb2
complexes attenuate BCR signals and provide evidence that
Dok-3/Grb2 translocates to microsignalosomes of activated B
cells. Dok-3/Grb2 presence in these areas is associated with a
shift in Lyn-dependent signaling processes, leading to de-
creased activation of Syk and increased activation of the nega-
tive regulator SHIP.
We provide several lines of evidence that Dok-3/Grb2 atten-

uates the activity of Syk, which is a pivotal effector for the ini-
tiation of the BCR signaling cascade. First, we found Dok-3/
Grb2 to reduce Syk tyrosine phosphorylation in DT40 and
DG75 B cells, which results, second, in attenuation of Syk-ki-
nase activity and third, in decreased phosphorylation of the Syk
substrate SLP-65. These data are consistent with our previous
finding that Dok-3/Grb2 regulates the BTK-dependent phos-
phorylation of PLC-�2 (21), because in the BCR signaling cas-
cade this process is downstream of Syk and SLP-65. The Dok-
3/Grb2-dependent regulation of Syk is on the basis of reduced
phosphorylation of a single tyrosine residue at position 352, as
revealed by our mass spectrometry-based phospho-analysis as
well as Western blot analysis and flow cytometry. This residue
and Tyr-348 are located within the interdomain B and have
been shown to be the most dynamic phospho-acceptor sites in
BCR-activated cells (31). These sites are conserved in the Syk/
ZAP70 family of protein tyrosine kinases and important for
allosteric regulation of Syk and ZAP70 (5, 37). AlthoughTyr-
352 has been reported to be autophosphorylated (5), our anal-
ysis revealed that Dok-3/Grb2 still reduces Syk phosphoryla-
tion in the presence of the Syk inhibitor Bay 61-3606 but not in
the absence of Lyn. These data strongly imply that Lyn is impor-
tant for the phosphorylation of SykTyr-352,which is consistent
with reports showing that Lyn augments Syk activation (38).
Moreover, these results show that Dok-3/Grb2 regulates the
Lyn-dependent Syk phosphorylation rather than the autophos-
phorylation process, although the Lyn kinase activity remains
unaltered. Hence, we propose that the access of Lyn to the Syk
tyrosine residue Tyr-352 is perturbed when Dok-3/Grb2 com-
plexes are present in BCR microsignalosomes. It has been
shown that the corresponding site in the Syk paralog ZAP-70 is
a component of an autoinhibitory hydrophobic pocket, which is
disrupted upon tyrosine phosphorylation (39). Dok-3/Grb2
might stabilize this hydrophobic structure and reduce the
efficiency of Lyn-dependent phosphorylation of Tyr-352.
Recently, Dok-3 was described as a suppressor of lung tumors
(40). Given the fact that Syk was reported to act as a tumor
suppressor in breast and lung cancers (41, 42) and that a Syk
variant lacking a linker insert that precedes Tyr-352 is predom-
inantly expressed in breast cancer cells (43), it is tempting to
speculate that the tumor suppressor function of Dok-3 is
related to its Syk-regulating properties.

BCR-proximal signaling processes have been shown to be
confined to areas of BCR microclusters, which are spontane-
ously formed after binding of antigen (4, 44, 45). Hence, a Lyn-
proximal localization of Dok-3/Grb2 within these BCR micro-
signalosomes is required to attenuate the Lyn-dependent Syk
activation. We show that the correct localization of Dok-3/
Grb2 is an interdependent process. AlthoughDok-3 recruits
Grb2 to the plasmamembrane, Grb2 controls the translocation
of Dok-3/Grb2 complexes into BCR microsignalosomes. This
conclusion rests on the findings that first, in contrast to wild-
type Dok-3, the non-Grb2-binding variant Dok-3(YF) is hardly
abundant at sites of BCR microclusters, and second, the same
domains that are essential for Dok-3/Grb2 function confer the
correct localization within the plasma membrane. The latter
was shown by a chimeric Dok-3 protein encompassing the PH
and phosphotyrosine-binding (PTB) domains of Dok-3 and the
cSH3 domain of Grb2, which, in marked contrast to the variant
with a dysfunctional cSH3 domain, inhibits BCR signals and
colocalizes with BCR microclusters. Our data are consistent
with recent findings that Dok-3 does not colocalize with BCR
microclusters in Grb2-deficient cells (46) and with the fact that
known cSH3 binding partners like Vav-3 and SLP-65 reside at
sites of BCR microclusters (4, 36). Within BCR microsignalo-
somes, the Lyn-proximal localization ofDok-3�Grb2 complexes
allows for efficient phosphorylation of Dok-3. Because we have
shown earlier that phosphorylation of the tyrosine residue
C-terminal of the Dok-3 PH domain (Tyr-140) enables the for-
mation of Dok-3 oligomers by virtue of phosphotyrosine/PTB
domain interactions (21), augmented phosphorylation further
increases the abundance ofDok-3�Grb2 complexes inmicrosig-
nalosomes. Despite our previous findings showing that PTB
domain function and Tyr-140 are dispensable for BCR inhibi-
tion, oligomerization might support Dok-3/Grb2 function in
conditions with low antigen concentration. This interpretation
is supported by the fact that the Dok-3 cSH3 chimeric protein
with a Tyr-140-to-Phe exchange inhibits BCR signals less effi-
ciently than wild-type Dok-3 cSH3 (data not shown).
Beyond providing correct Dok-3 localization within the

plasma membrane, the Grb2 cSH3 domain appears to contrib-
ute to the inhibitory function ofDok3-/Grb2.This conclusion is
supported by our experiments using tSH2-Dok-3 chimeric pro-
teins. These chimeras are correctly translocated to BCRmicro-
signalosomes by virtue of the Syk SH2 domains, which leads to
an efficient and Grb2-independent phosphorylation of the
Dok-3 part. Nevertheless, the Grb2-binding chimera inhibits
BCR signalsmore efficiently than theTyr-to-Phe variant. These
data imply that Grb2 contributes to signal inhibition in BCR
microsignalosomes accommodating important negative regu-
lators of BCR signaling like SHP-1, SHP-2, Cbl (Casitas B line-
age lymphoma), and SHIP, all of which are known to bind the
Grb2 cSH3 domain (36). As for SHP-1 we did not find a signif-
icant impact of Dok-3/Grb2 on SHP-2 and Cbl (data not
shown). However, we observed an augmented SHIP phosphor-
ylation in the presence of Dok-3/Grb2, which is in line with
previous findings that the BCR-induced SHIP phosphorylation
is attenuated in B cells from dok-3�/�mice (22). SHIP is known
to bind the Dok-3 PTB domain in addition to the cSH3 domain
of Grb2 (36, 47, 48), which could facilitate an increased recruit-
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ment of SHIP into BCR microsignalosomes. Similar effects are
implicated after concomitant engagement of the BCR and the
inhibitory coreceptor fragment crystalline� receptor IIb,where
a stronger SHIP phosphorylation correlates with increased
complex formation between Dok-3/Grb2 and SHIP (49).
Hence, SHIP-mediated disruption of phosphatidyl-inositol-
3,4,5-trisphosphate destabilizes the Ca2� initiation complex
which, in addition to the attenuated Syk activity, appears to
complement the inhibitory function of Dok-3/Grb2. This con-
clusion is further supported by the fact that we still observed an
impact of Dok-3/Grb2 on BCR signals of cells that express the
Syk T348,352D variant, which should be unsusceptible for
Dok-3/Grb2.
Interestingly, SHIP is also a target of Lyn, implying that Dok-

3/Grb2 abundance in BCR microsignalosomes shifts the bal-
ance between activatory and inhibitory Lyn functions toward
signal inhibition by attenuating Lyn-dependent Syk activation
on one hand and augmenting Lyn-dependent SHIP activation
on the other hand. This conclusion is supported by the fact that
Dok-3-cSH3 chimeras have no impact on BCR-induced Ca2�

mobilization in the absence of Lyn. Hence, the complex diver-
sity of Lyn effector functions may be controlled by the compo-
sition of BCR microsignalosomes, in particular by the number
of Dok-3�Grb2 complexes that are recruited to these sites.
DT40 B cells represent an immature B cell stage where Grb2

recruitment is strictly Dok-3-dependent (21). In B cells of other
developmental stages, Grb2 can be recruited to the plasma
membrane by various other proteins, e.g. LAT2 in mature B
cells or the BCR immunoreceptor tail tyrosine motifs in mem-
ory B cells (23, 36, 50). OnceGrb2 is sequestered fromDok-3 by
those proteins, providing alternative docking sites for the Grb2
SH2 domain, Dok-3�Grb2 complex formation is perturbed, and
Dok-3 is not efficiently integrated into the BCR signaling cas-
cade. This explains why LAT2 expression augments BCR sig-
nals in mature B cells (16, 23) and why different modes of Grb2
translocation might be the basis for differential BCR signaling.
Collectively, we deciphered the sequence of events leading to

BCR signal attenuation by Dok-3/Grb2 and show that Dok-3/
Grb2 abundance in BCR microsignalosomes not only requires
Lyn but also modulates Lyn function in a feedback manner.
This example shows how adapter proteins can modulate the
complex processes occurring in BCR signaling by changing the
composition of microsignalosomes and/or the accessibility of
effector proteins for Lyn and adjust the BCR-induced cellular
response to a given developmental B cell stage.
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