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The Syk protein-tyrosine kinase is phosphorylated on multi-
ple tyrosines after the aggregation of the B cell antigen recep-
tor. However, metabolic labeling experiments indicate that Syk
is inducibly phosphorylated to an even greater extent on serine
after receptor ligation. A combination of phosphopeptide
mapping and mass spectrometric analyses indicates that serine
291 is a major site of phosphorylation. Serine 291 lies within a
23-amino acid insert located within the linker B region that
distinguishes Syk from SykB and Zap-70. The phosphorylation
of serine-291 by protein kinase C enhances the ability of Syk to
couple the antigen receptor to the activation of the transcrip-
tion factors NFAT and Elk-1. Protein interaction studies indi-
cate a role for the phosphorylated linker insert in promoting
an interaction between Syk and the chaperone protein,
prohibitin.

The Syk protein-tyrosine kinase is an essential component
of the protein machinery that couples receptors bearing im-
munoreceptor tyrosine-based activation motifs to intracellu-
lar signal transduction pathways in hematopoietic cells (for a
recent review, see Ref. 1). Syk is recruited via its N-terminal
pair of Src homology 2 domains to a pair of tyrosines located
in the cytoplasmic immunoreceptor tyrosine-based activation
motifs of immune recognition receptors that become phos-
phorylated after ligand-induced aggregation. For example,
clustering of the B cell receptor for antigen (BCR)* leads to
the phosphorylation of the accessory molecules CD79a and
CD79b, resulting in the recruitment of Syk to the clustered
BCR complex. Receptor binding leads to the activation of Syk
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and to its phosphorylation on tyrosines that regulate its activ-
ity and interactions with downstream effectors that bear Src
homology 2 or other phosphotyrosine binding domains. This
in turn couples the BCR to the activation of, among others,
the phospholipase y/PKC, PI3K/Akt, and Ras/Raf/Erk signal-
ing pathways. In the absence of Syk, few if any signals are sent
after BCR clustering (2—4).

Syk contains a stretch of 23 amino acids known as the
“linker insert” that lies within the linker B region that sepa-
rates the tandem pair of Src homology 2 domains from the
C-terminal catalytic domain. The presence of this insert dis-
tinguishes Syk from SykB, a shorter alternatively spliced iso-
form, and from ZAP-70, the Syk paralog found in T cells and
natural killer cells (5, 6). The role of the linker insert in modu-
lating the properties of Syk is poorly understood, but two
functions have been proposed. In one, the linker insert har-
bors a signal sequence that allows the kinase to transit into
the nucleus (7). In another, the insert enhances the ability of
the kinase to interact with immunoreceptor tyrosine-based
activation motif-bearing receptors (8). Within the linker in-
sert (TWSPGGIISRIKSYSFPKPGHKK) are several potential
sites of phosphorylation. The tyrosine (Tyr-290 in the murine
Syk sequence) is a site of autophosphorylation in vitro (9) but
to our knowledge is not known to be phosphorylated in re-
sponse to receptor engagement. One study that analyzed
phosphopeptides derived from proteins isolated from lung
cancer cells did identify Tyr-290 as a site of phosphorylation
(10). However, the replacement of Tyr-290 with phenyl-
alanine is without effect on the ability of Syk to reconstitute
signaling from either FceRI or the T cell antigen receptor (8).
In this study we examined in more detail the role of phosphory-
lation within the linker insert in modulating the participation
of Syk in immune cell signaling. Although the substitution of
Tyr-290 with phenylalanine did not affect the ability of Syk to
mediate BCR-stimulated signaling, it did alter the subcellular
localization of the kinase by creating within the linker insert a
nuclear export signal. We did find that Syk is phosphorylated
within the linker insert after BCR engagement, but it was Ser-
291 that was the major site of phosphorylation. Phosphoryla-
tion at this site, catalyzed by protein kinase C (PKC), en-
hanced the ability of Syk to couple the BCR to signaling
pathways leading to the activation of NFAT and Elk1. Protein
and peptide interaction studies indicated that the phosphory-
lated linker insert enhanced the ability of Syk to interact with
the chaperone protein, prohibitin-1 (PHB1).
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EXPERIMENTAL PROCEDURES

Cells and Cell Lines—DG75, U937, and DT40 cells were
cultured in RPMI 1640 medium supplemented with 7.5% fetal
calf serum, 50 um 2-mercaptoethanol, 1 mm sodium pyruvate,
100 IU/ml penicillin G, and 100 ug/ml streptomycin. The
culture media for DT40 cells also contained 5% chicken se-
rum. PKD-deficient DT40 cells were a kind gift of Dr. Sharon
Matthews (University of Dundee). B cells were enriched from
murine spleens as described (11). Plasmids for the expression
of murine Syk tagged at the C terminus with either a Myc-
epitope or enhanced green fluorescent protein (EGFP) were as
described previously (12, 13). Expression plasmids for Syk
mutants with Ser-291 replaced by alanine or aspartic acid
were generated by site-directed mutagenesis using either the
Transformer (Clontech) or the QuikChange (Stratagene) kits.
For the generation of stably transfected cells, Syk-deficient
DT40 cells (2) were co-transfected by electroporation (300 V,
330 microfarads; Cell-Porator, Invitrogen) with plasmids (10
pg) coding for the expression of the indicated Syk mutant
along with 1 ug of pBabePuro, a vector encoding a puromycin
resistance gene. Cells were selected in media supplemented
with puromycin (0.5 ug/ml).

Cellular Activation Assays—Stable or transiently trans-
fected DT4O0 cells were transfected with an NFAT-luciferase
reporter plasmid (pNFAT Luc (Stratagene)) or the Elk-1-
GAL4 and GAL4-luciferase plasmids supplied with the Path-
finder kit from Stratagene. Cells were harvested 24 h post-
transfection and plated at a density of 1 X 10°/ml in chicken
serum-free media. Cells were stimulated with goat anti-
chicken IgM (Rockland) in the amounts indicated or with a
mixture of PMA (50 ng/ml) and ionomycin (1.0 um) at 37 °C.
Luciferase activity was measured 6 h later using the luciferase
assay system (Promega). The luciferase activity is reported as
a ratio of the luciferase activity observed under the experi-
mental conditions divided by the activity measured in cells
treated with PMA plus ionomycin, which bypasses the need
for receptor engagement. Syk expression levels were deter-
mined by Western blotting (anti-Syk N-19, Santa Cruz
Biotechnology).

For the measurement of Ras activity, a fusion protein of
GST and the Ras binding domain of Raf-1 (GST-RBD) ex-
pressed in bacteria was adsorbed to glutathione-Sepharose.
DT40 cells expressing various forms of Syk and activated as
indicated were lysed in buffer containing 25 mm HEPES, pH
7.2, 150 mm NaCl, 1% Nonidet P-40, 0.25% sodium deoxy-
cholate, 10% glycerol, 10 mm NaF, 10 mm MgCl,, 1 mm
EDTA, 1 mm sodium orthovanadate, 10 ug/ml aprotinin, and
10 ug/ml leupeptin. Supernatants from a 5-min centrifuga-
tion at 8000 X g were incubated with immobilized GST-RBD
for 30 min at 4 °C. Bound proteins were separated by SDS-
PAGE and analyzed by Western blotting with antibodies to
Ras (Ab-3, Calbiochem).

Metabolic Labeling and Phosphopeptide Mapping—DT40
cells (2 X 10° cells, 4 X 10°/ml) were incubated in phosphate-
free RPMI 1640 media for 2 h at 37 °C and then for an addi-
tional 3 h after the addition of 5 mCi of [**P]orthophosphate
(PerkinElmer Life Sciences). Where indicated, cells were
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treated with the PKC inhibitor GO6976 (Calbiochem) dis-
solved in DMSO or with DMSO alone for 20 min and then
stimulated with either anti-IgM (10 ug/ml) or PMA (100 ng/
ml) for the times indicated. Cells were lysed in buffer contain-
ing 10 mm Tris/HCI, pH 7.2, 150 mm NaCl, 5 mm EDTA, 1%
Triton X-100, 1% sodium deoxycholate, 0.1% sodium dodecyl
sulfate, 1 mm sodium orthovanadate, 5 mm p-nitrophenyl
phosphate, 2 mMm sodium fluoride, 10 pg/ml leupeptin, and 10
pg/ml aprotinin on ice for 15 min. The lysates were clarified
by centrifugation at 18,000 X g for 5 min. The supernatants
were mixed at 4 °C for 15 min with 2 ul of anti-EGFP rabbit
sera (Clontech). Immune complexes were adsorbed to protein
A-Sepharose, washed 4 times with lysis buffer, and then sepa-
rated by SDS-PAGE. The proteins were then transferred to
nitrocellulose membranes and detected by autoradiography.
The band corresponding to phosphorylated Syk was excised
from the membrane and digested with trypsin. The resulting
phosphopeptides were separated by electrophoresis on alka-
line 40% polyacrylamide gels (12) and detected by either auto-
radiography or with phosphorimaging.

For the analysis of phosphoamino acids, phosphopeptides
were recovered from the polyacrylamide gels by extraction in
water and hydrolyzed for 1 h at 110 °C in 6 N HCI. Phos-
phoamino acids were separated on Whatman cellulose thin-
layer plates at pH 3.5 for 50 min at 1100 V in the presence of
standards of phosphotyrosine, phosphothreonine, and phos-
phoserine and detected by autoradiography.

Fluorescence Microscopy—DT40 cells stably expressing Syk-
EGFP or Syk-EGFP(S291A) were harvested and adhered to
poly-L-lysine-coated coverslips. The cells were fixed with 3.7%
formaldehyde in PBS for 10 min and then stained with 0.1
png/ml 4',6-diamidino-2-phenyl-indole (DAPI, Sigma) for 10
min. In some experiments cells were treated with PMA (100
ng/ml) for 90 min or leptomycin B (LMB) (50 ng/ml) for 2 h
before fixation.

In Vitro Kinase Assays—For PKD kinase assays, Syk-defi-
cient or PKD-deficient DT40 cells (5 X 107 cells/ml) were
treated with 100 ng/ml PMA for 5 min at 37 °C and lysed by
incubation in buffer containing 1% Nonidet P-40, 25 mm
HEPES, pH 7.2, 150 mm NaCl, 5 mm EDTA, 10 ug/ml aproti-
nin, 10 pug/ml leupeptin, 1 mm sodium vanadate, and 2 mm
NaF for 15 min on ice. The lysates were cleared by centrifuga-
tion at 18,000 X g for 5 min. Anti-PKD (Santa Cruz Biotech-
nology, SC-935) immune complexes were isolated and incu-
bated in a kinase reaction buffer containing 50 mm HEPES,
pH 7.2, 10 mm NaF, 10 mm MgCl,, 5 um ATP, 20 uCi of
[y-**P]ATP, and 25 um concentrations of either Syntide
(PLARTLSVAGLPGKK, MP Biomedicals) or biotin-Ser-291
peptide (biotin-GIISRIKSYSFPKPGHK) (Antagene). Phos-
phopeptides were isolated using P81 phosphocellulose paper
and quantified by liquid scintillation spectrometry (14). Rela-
tive counts incorporated into peptide were corrected for
background counts incorporated in the absence of PKD (i.e.
immune complexes isolated from PKD-deficient cells).

For Syk kinase assays, DT40 cells stably expressing Syk-
EGFP or Syk-EGFP(S291A) (1 X 10°) were treated where in-
dicated with 100 ng/ml PMA or DMSO vehicle control for 15
min at 37 °C. Cells were harvested and lysed as described
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above. Anti-GFP immune complexes were incubated in kinase
reaction buffer containing 50 mm HEPES, pH 7.2, 10 mm NaF,
10 mm MnCl,, 0.20 mg/ml cytosolic domain of erythrocyte
band 3 (cdb3), 10 um ATP, and 30 wCi [y->*P]ATP. The cdb3
was a generous gift of Dr. Philip Low (Purdue University).
Reactions were terminated by the addition of SDS sample
buffer. Conditions were established under which substrate
phosphorylation was linear with respect to both time and en-
zyme concentration. The proteins were separated by SDS-
PAGE, transferred to a PVDF membrane, and exposed to x-
ray film. Protein bands corresponding to cdb3 were excised
and analyzed by scintillation spectrometry.

Peptide Interaction Assays—For peptide pulldown assays,
0.5 wmol of one of two N-terminal biotinylated peptides
(GISRIKSYSFPKPGHK and GIISRIKSYpSFPKPGHK, An-
tagene) were added to lysates prepared from DG75 cells lysed
in 1% Nonidet P-40, 25 mm HEPES, pH 7.2, 150 mm NaCl, 5
mM EDTA, 10 pg/ml aprotinin, 10 ug/ml leupeptin, 100 mm
sodium vanadate, and 500 mMm NaF. After incubation at 4 °C
for 1 h, peptides were recovered on streptavidin-agarose
beads. Bound proteins were separated by SDS-PAGE and ana-
lyzed by Western blotting or by MS/MS (for detailed meth-
ods, see the supplemental Experimental Procedures). A cDNA
coding for human PHB1 obtained from Origene was ampli-
fied by PCR and subcloned into the pGEX 4-T-2 plasmid for
the bacterial expression of GST-PHB1. The bacterial cells
were harvested and lysed by sonication. Lysates were incu-
bated with the biotin-tagged peptides and recovered on
streptavidin-agarose beads. Bound proteins were separated by
SDS-PAGE and examined by Western blotting using a PHB1
(H-80 Santa Cruz) antibody.

Protein Interaction Assays—DT40 cells stably expressing
Syk-EGEFP or Syk-EGFP(S291A) and treated with anti-IgM (5
pg/ml), PMA (100 ng/ml), or DMSO carrier as indicated were
lysed in 1% Nonidet P-40, 25 mm HEPES, pH 7.2, 150 mm
NaCl, 5 mm EDTA, 10 ug/ml aprotinin, 10 wg/ml leupeptin, 1
mM sodium vanadate, and 2 mm NaF for 15 min on ice. Ly-
sates were adsorbed to GST or GST-14-3-3 or GST-14-3-37
expressed in bacteria and bound to glutathione-Sepharose.
Bound proteins were separated by SDS-PAGE and detected
by Western blotting using the Syk antibody N-19 (Santa Cruz
Biotechnology). Alternatively, lysates from DG75, U937, or
resting spleen B cells pretreated with or without PMA (100
ng/ml) or piceatannol (20 wg/ml) were incubated with anti-
bodies against PHB1 and then adsorbed onto protein
A-Sepharose beads. Bound proteins were separated by SDS-
PAGE and analyzed by Western blotting using antibodies
against PHB1 and Syk.

RESULTS

Replacement of Tyr-290 with Phenylalanine—The replace-
ment of Tyr-290 with phenylalanine was reported not to af-
fect the ability of Syk to signal downstream of either FceRI or
the T cell antigen receptor (8). To determine whether this was
also true for the BCR, we expressed in Syk-deficient DT40 B
cells Myc-tagged forms of wild-type Syk or a mutant in which
Tyr-290 was replaced by phenylalanine (Syk(Y290F)). The
ability of each to restore BCR-dependent signaling to Syk-
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FIGURE 1. Role of Tyr-290 in the location and activity of Syk. A, Syk-defi-
cient DT40 cells were co-transfected with plasmids coding for either Myc-
epitope tagged Syk (lane 1), Syk(Y290F) (lane 2), Syk(Y317F) (lane 3), or
Syk(Y290F/Y317F) (lane 4) along with an NFAT-driven luciferase reporter
plasmid stimulated with anti-lgM antibodies or a mixture of PMA and iono-
mycin and assayed for the expression of luciferase. The values reported in-
dicate the activity produced by anti-lgM treatment divided by the activity
produced in response to PMA + ionomycin to correct for differences in
transfection efficiency and are normalized to a value of 1.0 for cells express-
ing wild-type Syk. Results represent the mean and S.E. from three experi-
ments. B, Syk-deficient DT40 cells were transfected with plasmids coding for
Syk-EGFP(Y290F) (F290) or Syk-EGFP(Y317F/Y342F/Y346F/Y358F) (Y290),
fixed, stained with DAPI, and examined by fluorescence microscopy. Nu-
clear exclusion was observed in all cells expressing Syk-EGFP(Y290F). C, Syk-
deficient cells expressing Syk-EGFP (Syk) or Syk-EGFP(Y290F) (Y290F) were
treated with LMB for the times indicated and examined by fluorescence
microscopy. D, alignment of the amino acid sequence of the NES of protein
kinase | (PKI) with the linker insert from Syk(Y290F) is shown.

deficient cells was measured by monitoring the activation of
NFAT, a transcription factor regulated through changes in
intracellular calcium. As shown in Fig. 14, the replacement of
Tyr-290 with phenylalanine had no obvious effect on the Syk
ability to couple the BCR to the activation of NFAT as visual-
ized using an NFAT-driven luciferase reporter plasmid. Simi-
lar results were seen when individual tyrosines within linker B
were replaced with phenylalanines in combination with the
Tyr-290 to phenylalanine substitution as shown in Fig. 14 for
the Syk(Y317F) mutant. The Y290F substitution also failed to
alter the signaling capability of Syk(Y342F), Syk(Y346F), or
Syk(Y342F/Y346F) mutants (data not shown).

The linker insert has been reported to harbor a nuclear lo-
calization signal that regulates the trafficking of the kinase
into the nucleus in breast epithelial cells (7). To determine
whether the phosphorylation of Tyr-290 might play a role in
regulating the transit of Syk into or out of the nucleus in B
cells, we prepared plasmids for the expression of Syk or
Syk(Y290F), both with EGFP tags at their C termini. The lo-
calization of each was then examined by fluorescence micros-
copy in transiently transfected, Syk-deficient DT40 cells. As
shown previously, Syk-EGFP is localized throughout the
cell in both the nucleus and cytoplasm (13). However, Syk-
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EGFP(Y290F) was restricted exclusively to the cytoplasm (Fig.
1B). To determine whether this effect was specific to a change
at this particular tyrosine, we generated a mutant of Syk-
EGFP in which all of the identified sites of tyrosine phosphor-
ylation in linker B (Tyr-317, Tyr-342, Tyr-346, and Tyr-358)
(9) with the exception of Tyr-290 were replaced by phenylala-
nines. When expressed in Syk-deficient DT40 cells, this mu-
tant was evenly distributed throughout the cell (Fig. 1B) in a
pattern similar to that of wild-type Syk (13). Thus, Tyr-290
was the only site of tyrosine phosphorylation in linker B
whose replacement with phenylalanine resulted in the exclu-
sion of Syk from the nucleus.

We reasoned that the substitution of Tyr-290 with phenyl-
alanine could have inactivated a nuclear localization signal
located within the linker insert. However, in our hands, re-
moval of the entire linker insert does not block the transit of
the kinase into the nucleus, and nuclear import instead re-
quires a region near the C terminus of linker B (15). A second
possibility that we considered was that the substitution of
Tyr-290 had instead generated a nuclear export signal (NES)
that restricted the location of Syk-EGFP(Y290F) to the cyto-
plasm. To examine this possibility, we treated cells expressing
Syk-EGFP(Y290F) with LMB. LMB inhibits exportinl/Crm],
the karyopherin that recognizes cargo containing leucine-rich
NES sequences. Treatment with LMB resulted in a relocaliza-
tion of Syk-EGFP(Y290F) back into the nucleus, resulting in a
final distribution pattern comparable with that of Syk-EGFP
(Fig. 1C). As expected, the distribution of Syk-EGFP was not
affected by LMB (Ref. 14 and Fig. 1C). This result suggested
that the Y290F mutation had created an NES within the linker
insert that resulted in the export of the kinase from the nu-
cleus. A comparison of the sequence of the mutated linker
insert with that of the well characterized NES of protein ki-
nase inhibitor (16) revealed a similar distribution of hydro-
phobic amino acids, suggesting that this is a reasonable expla-
nation (Fig. 1D). Because the Y290F substitution has no
obvious effect on receptor-mediated signaling, the inability of
Syk to reside within the nucleus does not appear to contribute
to the BCR-mediated activation of NFAT.

Phosphorylation of Syk on Serine—The linker insert con-
tains three serines that are potential sites of phosphorylation.
Of these, Ser-291 is present within a sequence that matches
closely the generalized consensus sequence of (R/K);_5(X),_»S/
T(X),_,(R/K), 5 characteristic of substrates of PKC (17). To
examine possible phosphorylation in this region, we incu-
bated Syk-deficient DT40 cells stably expressing Syk-EGFP in
media containing [**P]orthophosphate to label the intracellu-
lar pool of ATP. Cells were then left untreated or were treated
with PMA, an activator of PKC. Syk-EGFP was recovered by
immunoprecipitation from cell lysates and examined by auto-
radiography after separation by SDS-PAGE. The overall ex-
tent of phosphorylation of Syk-EGFP was increased after the
treatment of cells with PMA (Fig. 2A4).

To investigate possible phosphorylation within the linker
insert, we first used a phosphopeptide mapping approach.
Radiolabeled Syk-EGFP was transferred to a nitrocellulose
membrane, excised, and treated with trypsin. The resulting
phosphopeptides were then separated on an alkaline 40%
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FIGURE 2. Phosphorylation of Syk on serine. A, Syk-deficient DT40 cells
stably expressing Syk-EGFP were preincubated with [*?Plorthophosphate
and then treated with DMSO carrier alone (DMSO) or 100 ng/ml PMA (PMA).
Anti-GFP immune complexes were isolated, separated by SDS-PAGE, and
subjected to autoradiography. B, the >?P-labeled, EGFP-tagged Syk mole-
cules shown in panel A were digested with trypsin. Phosphopeptides were
separated by alkaline gel electrophoresis and detected by autoradiography.
The major phosphopeptides are labeled 7-4. C, the tryptic phosphopep-
tides illustrated in panel B were excised and compared for extent of phos-
phorylation by scintillation spectrometry. D, phosphopeptides 1-4 were
hydrolyzed and analyzed for phosphoamino acid content by thin-layer elec-
trophoresis. The migration positions of phosphoserine (pSer), phospho-
threonine (pThr), and phosphotyrosine (pTyr) are indicated.

polyacrylamide gel, which separates peptides on the basis of
charge and size (12). Exposure of the gel to x-ray film revealed
4 major phosphopeptides (Fig. 2B). Individual phosphopep-
tides were recovered, and the relative extents of phosphate
incorporation were quantified by scintillation counting (Fig.
2C). Treatment with PMA led to an increase in the amount of
phosphate incorporated, primarily into peptide-2. This was of
special interest as the relative migration position of peptide-2
on the 40% gel is the same as that of a phosphopeptide con-
taining pTyr-290 as demonstrated previously (12). This sug-
gested that peptide-2 could also be derived from the linker
insert.

To determine which amino acid was phosphorylated, we
recovered the phosphopeptides from the gels, hydrolyzed
them in 6 N HCI, and separated the resulting phosphoamino
acids by thin-layer electrophoresis. Phosphoserine was the
only phosphoamino acid detected in all four phosphopeptides
including peptide-2 (Fig. 2D). This suggested that either Ser-
289 or Ser-291 had become phosphorylated in PMA-treated
cells. To determine which of these was phosphorylated, we
generated Syk-deficient DT40 cells that expressed Syk-
EGFP(S289A), Syk-EGFP(S291A), or Syk-EGFP(S289A/
S291A). The fusion proteins were recovered from the lysates
of [**P]orthophosphate-treated cells and subjected to phos-
phopeptide mapping. Analysis of the resulting maps indicated
that the replacement of Ser-291, but not Ser-289, selectively
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FIGURE 3. Phosphorylation of Syk on Ser-291. A, anti-GFP immune com-
plexes prepared from the lysates of Syk-deficient DT40 cells stably express-
ing Syk-EGFP (lane 1), Syk-EGFP(S289A) (lane 2), Syk-EGFP(S291A) (lane 3), or
Syk-EGFP(S289A/S291A) (lane 4) and preincubated in [**Plorthophosphate
were separated by SDS-PAGE and detected by autoradiography (upper
panel). Tryptic phosphopeptides were generated from each Syk mutant,
separated on alkaline gels, and detected by autoradiography (lower panel).
The arrow marks the position of the phosphopeptide containing Ser-291
and Ser-289. B, anti-GFP immune complexes prepared from the lysates of
Syk-deficient DT40 cells expressing Syk-EGFP or Syk-EGFP(S291A) or of PKD-
deficient DT40 cells expressing Syk-EGFP that had been preincubated in
[*?Plorthophosphate and treated without (—) or with (+) PMA were sepa-
rated by SDS-PAGE, isolated, and treated with trypsin. Tryptic phosphopep-
tides were separated on alkaline gels and detected using phosphorimaging.
The arrow marks the position of the phosphopeptide containing Ser-291
and Ser-289. C, shown is the incorporation of **P-phosphate into Syntide
(H) or the Ser-291 peptide (A) catalyzed by anti-PKD immune complexes
isolated from Syk-deficient DT40 cells. Counts incorporated into peptide
were corrected for counts incorporated using anti-PKD immune complexes
isolated from PKD-deficient DT40 cells. D, the lanes in panel B representing
phosphopeptides generated from Syk-EGFP isolated from PMA-treated cells
were scanned using NIH image software. The arrow marks the position of
the phosphopeptide containing Ser-291 and Ser-289.

blocked the appearance of peptide-2 (Fig. 3A). Similarly, we
compared phosphopeptide maps generated from Syk-EGFP
and Syk-EGFP(S291A) isolated from metabolically labeled
and PMA-treated cells. Again, the replacement of Ser-291
with alanine resulted in the loss of the PMA-enhanced pep-
tide-2 (Fig. 3, B and D). As a final confirmation, we isolated
Syk-EGFP from PMA-treated cells, digested the kinase with
trypsin, and analyzed the resulting peptides by mass spec-
trometry. The major serine-phosphorylated peptide that was
present in the protein digest corresponded to peptide-2 phos-
phorylated exclusively at position 291 (supplemental Fig. 1).
Thus, after the treatment of cells with PMA, Syk clearly is
phosphorylated in the linker insert region on Ser-291.
Phosphorylation of Ser-291 by PKC—PKD/PKC-u has been
reported to associate with Syk and to phosphorylate it within
linker B (18), making it an attractive candidate for the Ser-291
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kinase. To examine if Ser-291 was a potential site of phosphor-
ylation for PKD, we conducted an in vitro kinase assay using a
peptide substrate with a sequence identical to that surround-
ing Ser-291. The phosphorylation of the Ser-291-containing
peptide was compared with that of Syntide-2, a known pep-
tide substrate for PKD (19). Both peptides were incubated in
kinase reaction buffer containing [y->P]ATP, using as cata-
lysts anti-PKD immune complexes prepared by incubating
anti-PKD antibodies with lysates of either Syk-deficient or
PKD-deficient DT40 cells. The anti-PKD immune complexes
prepared from Syk-deficient cells, but not those from PKD-
deficient cells, catalyzed the phosphorylation of both Syn-
tide-2 and the Ser-291-containing peptide (Fig. 3C). The rate
of phosphorylation of Syntide-2 was ~1.7-fold higher than
the rate of phosphorylation of the Ser-291-containing peptide.
Thus, Ser-291 appeared to be a reasonable candidate as a sub-
strate for PKD. We then asked if PKD was required for the
phosphorylation of Syk in B cells. PKD-deficient DT40 cells
that stably expressed Syk-EGFP were prepared, incubated in
media containing [**P]orthophosphate, and then stimulated
with PMA. Syk-EGFP was immunoprecipitated and subjected
to phosphopeptide mapping (Fig. 3B). Cells lacking PKD did
not demonstrate any obvious defect in the phosphorylation of
peptide-2 (Fig. 3D). Thus, whereas we cannot rule out a role
for PKD in the phosphorylation of Syk on Ser-291, it is clearly
not essential, suggesting a role for other PKC family members.

PKCs are activated in B cells after treatment with PMA or
the cross-linking of surface I[gM and can be inhibited by small
molecule kinase inhibitors. To examine a role for one these
enzymes, we preincubated Syk-EGFP-expressing DT40 B cells
in media containing [**P]orthophosphate, pretreated the cells
with or without the general PKC inhibitor GO6976 (20) for 10
min, and then stimulated them with either anti-IgM to cross-
link the BCR or PMA. Syk-EGFP was immunoprecipitated
from cell lysates and examined by autoradiography. The in-
clusion of the PKC inhibitor reduced both the anti-IgM and
PMA-induced phosphorylation of Syk-EGEP (Fig. 44). We
analyzed by phosphopeptide mapping Syk-EGFP isolated
from cells treated with anti-IgM in the presence or absence of
the inhibitor and compared these to a map generated from
Syk-EGFP(S291A). The treatment of cells with anti-IgM led
to the phosphorylation of Syk on peptide-2, and this was
blocked by the presence of the PKC inhibitor (Fig. 4B). These
results are consistent with a role for a PKC family member in
the phosphorylation of Syk on Ser-291 after BCR
cross-linking.

We then asked if the phosphorylation of Syk on Ser-291
affected its intracellular location. The treatment of B cells
with PMA leads to the transient exclusion of Syk-EGFP from
the nucleus (15). Consequently, we looked for a defect in this
PMA-stimulated nuclear exclusion when Ser-291 was re-
placed by alanine. Syk-deficient DT40 cells expressing Syk-
EGFP(S291A) were stimulated with 100 ng/ml PMA or
DMSO vehicle control. Cells were fixed, stained with DAPI,
and examined by fluorescence microscopy for the location of
the fluorescently tagged kinase. In untreated cells, Syk-
EGFP(S291A) was distributed evenly throughout the cyto-
plasm and nucleus, as was observed in cells expressing Syk-
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FIGURE 4. Phosphorylation of Ser-291 on Syk is inhibited by a PKC in-
hibitor. A, Syk-EGFP or Syk-EGFP(S291A) were immunoprecipitated from
metabolically labeled DT40 cell lines that had been treated with either
DMSO (—) or the PKC inhibitor GO6976 (+) and activated with goat anti-
chicken IgM (/) or PMA (P). Proteins were separated by SDS-PAGE and de-
tected by autoradiography. B, phosphopeptide maps were generated from
Syk-EGFP or Syk-EGFP(5291A) isolated from anti-IgM-activated cells un-
treated (—) or treated (+) with GO6976. The arrow marks the position of the
phosphopeptide containing Ser-291 and Ser-289. C, cells expressing Syk-
EGFP(S291A) were treated with DMSO or PMA for 90 min and examined by
fluorescence microscopy.

EGFP (Fig. 1C). Treatment of cells with PMA led to the
exclusion of Syk-EGFP(S291A) from the nucleus (Fig. 4C),
comparable with cells expressing Syk-EGFP (15). Thus, the
phosphorylation of Syk on Ser-291 did not affect the intracel-
lular location of the kinase or contribute in any significant
way to the PMA-induced change in its localization.

Effect of Substitution of Ser-291 on Signaling—To determine
whether the phosphorylation of Syk on Ser-291 influenced its
ability to transduce signals from the BCR, we transiently
transfected Syk-deficient DT40 cells with an NFAT-driven
luciferase reporter plasmid and vectors coding for Myc-
epitope-tagged forms of either Syk or Syk(S291A) and then
stimulated them with anti-IgM. The replacement of Ser-291
with alanine decreased the ability of Syk to couple the BCR to
the activation of NFAT as measured by the production of lu-
ciferase (Fig. 5A). This decreased signaling was apparent at
multiple concentrations of activating anti-IgM antibody (Fig.
5B). A similar decrease was observed in cells transfected to
express Syk-EGFP(S291A) as compared with Syk-EGFP (Fig.
5D). To confirm and extend this observation, we generated by
antibiotic selection pools of stably transfected cells expressing
either Myc-tagged Syk or Syk(S291A). Pooled cell lines ex-
pressed equivalent levels of each kinase (Fig. 5C) as well as
equivalent levels of surface IgM as determined by FACS anal-
ysis (data not shown). The stably transfected pools of cells
were transiently transfected with the NFAT-driven luciferase
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FIGURE 5. Role of Ser-291 in the BCR-stimulated activation of NFAT.

A, Syk-deficient DT40 cells were co-transfected with plasmids coding for
either Myc-epitope tagged Syk or Syk(S291A) along with an NFAT-driven
luciferase reporter plasmid, stimulated without or with anti-lgM antibodies
or a mixture of PMA and ionomycin, and assayed for the expression of lucif-
erase. B, Syk-deficient DT40 cells were transiently transfected as described
in panel A. Cells were stimulated with varying concentrations of anti-IgM.
The inset shows relative expression levels of Syk mutants as determined by
Western blot of lysates from Syk-deficient cells (lane 1) or cells expressing
Myc-Syk (lane 2) or Myc-Syk(S291A) (lane 3). C, Syk-deficient DT40 cells or
stable pools of Syk-deficient cells expressing Myc-tagged Syk or Syk(S291A)
were assayed for anti-lgM-induced expression of an NFAT-driven luciferase
reporter plasmid as described above. Relative expression levels of Syk mu-
tants were determined by Western blot (inset; each sample was run in
duplicate in adjacent lanes). D, stable pools of Syk-deficient cells expressing
Syk-EGFP, Syk-EGFP(S291A), or Syk-EGFP(5291D) were assayed for anti-IlgM-
induced expression of an NFAT-driven luciferase reporter plasmid as de-
scribed above. The values reported indicate the activity produced by anti-
IgM treatment divided by the activity produced in response to PMA +
ionomycin to correct for differences in transfection efficiency and are nor-
malized to a value of 1.0 for cells expressing wild-type Syk. Results represent
the mean and S.E. for three experiments. *, p < 0.005.

reporter plasmid, stimulated with anti-IgM, and assayed for
luciferase expression. Again, cells expressing Syk(S291A) ex-
hibited a decreased ability to activate NFAT in response to
the clustering of surface BCR as compared with cells express-
ing Syk (Fig. 5C).

We also generated a plasmid for the expression of a Syk
mutant with Ser-291 replaced by aspartic acid. Syk-deficient
DT40 cells or Syk-deficient DT40 cells stably expressing Syk-
EGFP, Syk-EGFP(S291A), or Syk-EGFP(S291D) were gener-
ated and then transiently transfected with the NFAT-driven
luciferase expression vector. Cells were left untreated or
treated with anti-IgM, and the level of luciferase expression
was measured. Although the cells expressing Syk-
EGFP(S291A) were defective in the BCR-mediated activation
of NFAT as compared with those expressing Syk-EGFP (Fig.
5D), the cells expressing Syk-EGFP(S291D) displayed an en-
hanced BCR-stimulated NFAT activity.

To determine whether other pathways also were affected by
the replacement of Ser-291, we examined the Ras/Raf/Erk
pathway. DT40 cells stably expressing Myc-tagged Syk or
Syk(S291A) were transiently transfected with an Elk-1-driven
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luciferase reporter plasmid and then stimulated with anti-
IgM. Elk-1 is a transcription factor that this activated after its
phosphorylation by Erk. Cells expressing Syk(S291A) exhib-
ited a reduced ability to couple the BCR to the activation of
Elk-1 as compared with cells expressing wild-type Syk (Fig.
6A). Similarly, cells stably expressing Syk-EGFP(S291A) were
less capable of supporting the activation of Elk-1 as compared
with cells expressing either Syk-EGFP or Syk-EGFP(5291D)
(Fig. 6B). The ability of anti-IgM to induce the activation of
Ras, as measured by the binding of Ras-GTP to an immobi-
lized fusion protein of GST linked to the Ras binding domain
of Raf, was also decreased in cells expressing Syk(S291A) (Fig.
6C). Similarly, the activation of Erk was decreased in cells sta-
bly expressing Syk-EGFP(S291A) as compared with Syk-
EGFP(S291D) (Fig. 6D).

Effect of Substitution of Ser-291 on the Association of Syk
with 14-3-3—To examine possible mechanisms by which the
phosphorylation of Ser-291 modulated Syk-mediated signal-
ing, we first compared the intrinsic catalytic activities of Syk
and Syk(S291A) in an in vitro kinase assay using the cytoplas-
mic domain of erythrocyte band 3 (cfb3) as a substrate. How-
ever, we were unable to detect any significant difference in the
activity of Syk as compared with Syk(S291A) (data not
shown). Similarly, the activity of Syk immunoprecipitated
from PMA-treated cells was not significantly different from
that of Syk isolated from untreated cells. Therefore, we exam-
ined other possible modes of regulation. The sequence sur-
rounding Ser(P)-291 resembles a binding site for 14-3-3 pro-
teins (21, 22), suggesting that phosphorylation of Ser-291
could promote an interaction. To explore this, we immuno-
precipitated Syk-EGFP from DT40 cells stably expressing the
fusion protein. Tryptic digests of the resulting immune com-
plexes were analyzed by MS/MS to detect possible fragments
generated from 14-3-3 isoforms. The analysis of peptides in
the digest of Syk-associated proteins revealed two unique
peptides derived from 14-3-33/«, three from 14-3-3¢, and two
from 14-3-3{ (supplemental Table 1).

To determine whether an interaction between the two pro-
teins might be mediated by the phosphorylation of Ser-291,
we performed a GST pulldown assay using glutathione-
Sepharose beads containing either immobilized GST or GST-
14-3-3¢. Beads with immobilized proteins were incubated
with lysates from DT40 cells stably expressing Syk-EGFP that
had been left untreated or were treated with either anti-IgM
antibodies or PMA. Bound proteins were detected by West-
ern blotting using antibodies against Syk. The immobilized
14-3-3¢ was able to recover Syk-EGFP from cell lysates, but
binding was independent of the phosphorylation status of the
kinase on Ser-291 as the treatment of cells with anti-IgM or
PMA had no apparent effect on the interaction (Fig. 7, A and
B). Similarly, no decrease was observed in the ability of the
immobilized GST-14-3-3¢ to recover Syk-EGFP(S291A) from
the lysates of cells treated with or without PMA. Similar re-
sults were observed in pulldown assays using immobilized
GST-14-3-37 (Fig. 7C) and in co-immunoprecipitation assays
using antibodies against 14-3-38 (data not shown). Although
we cannot rule out directly an interaction between Syk and
14-3-3 mediated by Ser-291, it is unlikely that phosphoryla-
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FIGURE 6. Role of Ser-291 in the BCR-stimulated activation of Elk-1. A, Syk-
deficient DT40 cells were co-transfected with plasmids coding for either Myc
epitope-tagged Syk or Syk(S291A) along with the Elk1-driven luciferase re-
porter plasmids, stimulated without or with anti-IgM antibodies or a mixture of
PMA and ionomycin, and assayed for the expression of luciferase. The values
reported indicate the activity produced by anti-lgM treatment divided by the
activity produced in response to PMA + ionomycin to correct for differences in
transfection efficiency and are normalized to a value of 1.0 for cells expressing
wild-type Syk. Results represent the mean and S.E. for three experiments. *, p <
0.005. B, Syk-deficient DT40 cells (Syk-) or stable pools of Syk-deficient cells ex-
pressing Syk-EGFP (Syk), Syk-EGFP(S291A) (S291A) or Syk-EGFP(S291D) (5291D)
were assayed for anti-lgM-induced expression of an Elk-1-driven luciferase re-
porter plasmid as described above. C, Syk-deficient DT40 cells or Syk-deficient
DT40 cells stably expressing Myc-tagged Syk or Syk(5291A) were treated with-
out (—) or with (+) anti-IgM (5 g/ml) for 10 min. A cell lysate and proteins from
lysates that bound to immobilized GST-RBD were examined by Western blot-
ting (IB) using an antibody against Ras. Data are representative of three trials.
D, Syk-deficient DT40 cells stably expressing Syk-EGFP(S291A) or Syk-
EGFP(S291D) were treated without (—) or with (+) anti-lgM (5 wg/ml) for vary-
ing periods of time. Lysates were prepared and analyzed by Western blotting
using antibodies against Syk, phosphorylated Erk (p-Erk), and glyceraldehyde-3-
phosphate dehydrogenase (GAPDH).
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FIGURE 7. Interaction of Syk with 14-3-3. A, DT40 cells stably expressing
Syk-EGFP were treated with DMSO (D), 5 ng/ml anti-IgM (/), or 100 ng/ml
PMA (P) for 30 min. Cell lysates were adsorbed to GST or GST-14-3-3{ bound
to glutathione-Sepharose. Bound Syk-EGFP was detected by Western blot-
ting. B, DT40 cells lacking Syk (Syk-def) or stably expressing Syk-EGFP (Syk)
or Syk-EGFP(S291A) (5297A) were treated with DMSO (—) or PMA (+) for 30
min. Lysates were adsorbed to immobilized GST (GST) or GST-14-3-3£ (14).
Syk-EGFP in the lysates of Syk-deficient cells (lane 1) or of cells expressing
Syk-EGFP (lane 2) or Syk-EGFP(S291A) (lane 3) or bound to the resin was de-
tected by Western blotting. The migration positions of Syk-EGFP proteins is
indicated by the arrow. C, lysates from unstimulated cells described in panel
B were adsorbed to resin containing GST-14-3-3¢ or GST-14-3-37. Bound
Syk-EGFP was detected by Western blotting (arrow).

tion on Ser-291 is essential for such an interaction. The actual
mechanism by which Syk binds 14-3-3 proteins either directly
or indirectly is at present unclear.

Effect of Substitution of Ser-291 on the Association of Syk
with Prohibitin—To examine the possibility that serine phos-
phorylation might influence Syk interactions with other pro-
teins, we generated synthetic, N-terminal-biotinylated pep-
tides corresponding in sequence to the region surrounding
Ser-291 that contained either serine or phosphoserine. Pep-
tides were added to detergent lysates prepared from human
DG75 B cells and then recovered by adsorption onto strepta-
vidin-agarose beads. After washing, bound proteins were
eluted, digested with trypsin, and analyzed by MS/MS. Ten
tryptic peptides derived from PHB1, six of which were unique,
were identified exclusively in the sample that bound to the
Ser(P)-291-containing peptide (Fig. 84 and supplemental Fig.
2, A-C). To verify this interaction, we examined proteins
bound to each immobilized peptide by Western blotting with
antibodies against PHB1. The results indicated that PHB1
preferentially bound to the immobilized peptide when it was
phosphorylated (Fig. 8B). To determine whether this interac-
tion was direct, we mixed each peptide with extracts of bacte-
ria induced to express a GST-PHBI fusion protein and then
adsorbed these to streptavidin-agarose. Again, GST-PHB1
bound preferentially to the phosphorylated peptide (Fig. 8C).

A search of tryptic peptides present in the digest of the Syk-
associated proteins described above that were analyzed by
mass spectrometry also revealed two unique PHB1-derived
peptides, suggesting that PHB1 can bind to the intact kinase
(supplemental Table 1). To confirm this interaction, we im-
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FIGURE 8. Interaction of Syk with PHB1. A, shown is the sequence of
PHB1-derived peptides identified by mass spectrometric analysis of pro-
teins binding to immobilized Ser(P)-291-derived peptide. B, lysates from
DG75 cells were incubated with biotinylated peptides corresponding to the
sequence surrounding Ser-291 with Ser-291-phosphorylated (p$S297) or not
(5291) and adsorbed onto streptavidin-agarose beads. Bound proteins were
analyzed by Western blotting (/B) with an antibody against PHB1. The mi-
gration position of PHB1 is indicated by the arrowhead. C, lysates from Esch-
erichia coli expressing GST-PHB1 were incubated with the Ser-291 or Ser(P)-
291-containing peptides and adsorbed onto streptavidin-agarose. Bound
GST-PHB1 (arrowhead) was detected by Western blotting. D, PHB1 was im-
munoprecipitated from lysates of DG75 cells pretreated with DMSO (D), 5
ng/ml anti-human IgM (/), or 100 ng/ml PMA (P). Syk and PHB1 were de-
tected in the lysates and immune complexes by Western blotting. PHB1
migrates just above the immunoglobulin light chain. A mock immunopre-
cipitation performed in the absence of anti-PHB1 is also shown (Ctrl).

E, DG75 cells were pretreated with DMSO or piceatannol (20 wg/ml) for 30
min and then treated with DMSO (D) or 100 ng/ml PMA (P) for 30 min. PHB1
was immunoprecipitated from cell lysates. The presence of Syk in the im-
mune complexes was detected by Western blotting. A mock immunopre-
cipitation performed in the absence of anti-PHB1 is also shown (Ctrl).

munoprecipitated PHB1 from lysates of human DG75 B cells
that were left untreated or were treated with either anti-IgM
or PMA. The resulting immune complexes were separated by
SDS-PAGE and examined for the presence of Syk by Western
blotting. Syk was found in the anti-PHB1 immune complexes
isolated from cells activated through the BCR and to an even
greater extent from cells treated with PMA (Fig. 8D). To de-
termine whether this interaction required the catalytic activ-
ity of Syk, the experiment was repeated using cells pretreated
with the Syk-selective inhibitor, piceatannol. Again, Syk could
be identified in anti-PHB1 complexes when isolated from cells
treated with PMA. However, piceatannol had no effect on the
interaction (Fig. 8E), suggesting that the catalytic activity of
the kinase was not required for its interaction with PHBI1.
When immunoprecipitated from lysates of U937 monocytic
cells, PHB1 associates with tyrosine-phosphorylated proteins
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FIGURE 9. Interaction of Syk and Syk(S291D) with PHB1. A, PHB1 was
immunoprecipitated from lysates of U937 cells pretreated with 100 ng/ml
PMA for 30 min. The presence of Syk (upper panels) or PHB1 (lower panels) in
the immune complexes was detected by Western blotting. A mock immu-
noprecipitation performed in the absence of anti-PHB1 is also shown (Ctrl).
Migration positions of immunoglobulin heavy (HC) and light (LC) chains are
indicated. B, PHB1 was immunoprecipitated from lysates of U937 cells
(U937) or resting mouse spleen B cells (B cells) pretreated with DMSO (D) or
100 ng/ml PMA (P) for 30 min. The presence of Syk (upper and lower panels)
or PHB1 (middle panels) in the lysates and immune complexes was detected
by Western blotting. Migration positions of immunoglobulin heavy (HC)
and light (LC) chains are indicated. C, DG75 B cells were transiently trans-
fected with plasmids for the expression of GFP (Ctrl), Syk-EGFP(5291D)
(5291D), Syk-EGFP(S291A) (S291A), or Syk-EGFP (WT). The level of expression
in cell lysates was compared by Western blotting (/B) with an anti-Syk anti-
body (lower panel). The presence of Syk fusion proteins in anti-PHB1 im-
mune complexes was detected by Western blotting (WB) using an anti-GFP
antibody (upper panel). The arrows mark the migration positions of Syk-
EGFP fusion proteins.

Lysate

of 72—75 kDa in a manner that is enhanced if cells are first
treated with PMA (23). At least one component of this com-
plex is the protein-serine/threonine kinase, Raf-1. Because the
phosphorylation of Raf-1 on tyrosine is often difficult to de-
tect (24), we reasoned that Syk, which is 72 kDa and readily
phosphorylated on tyrosine, might be present in these anti-
PHBI1 immune complexes. To examine this, we immunopre-
cipitated PHB1 from detergent lysates of U937 cells that had
been left untreated or treated with PMA. The resulting im-
mune complexes were probed for the presence of Syk by
Western blotting (Fig. 9, A and B). Indeed, Syk was found
preferentially in the anti-PHB1 immune complexes isolated
from the U937 cells that had been treated with PMA. Similar
results were observed when PHB1 was immunoprecipitated
from resting spleen B cells that were either untreated or
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treated with PMA (Fig. 9B). These results indicate that, in
addition to Raf-1, Syk also associates with PHB1.

The replacement of Ser-291 with aspartic acid enhanced
the ability of Syk to couple the BCR to downstream signaling
pathways. To determine whether this substitution altered the
interaction between Syk and PHB1, we immunoprecipitated
endogenous PHBI1 from the lysates of untreated DG75 B cells
that had been transiently transfected to express Syk-EGFP,
Syk-EGFP(S291A), or Syk-EGFP(S291D). Western blotting
analysis of the PHB1 immune complexes indicated that, of the
three forms of Syk, only Syk-EGFP(S291D) strongly associ-
ated with PHB1 (Fig. 9C).

DISCUSSION

After the activation of B cells through the antigen receptor,
Syk becomes phosphorylated at multiple sites. These include
several tyrosines that have been characterized extensively
whose modification alters the activity of the kinase and its
interactions with other proteins (1). Our phosphopeptide
mapping studies indicate that Syk also is phosphorylated on
serine and that the extent of serine phosphorylation exceeds
that of tyrosine phosphorylation. One of these serines, Ser-
291 in the linker insert, is a major site that becomes phos-
phorylated after receptor engagement. The primary structure
of the phosphorylation site matches the consensus sequence
of a substrate for PKC. A role for PKC is consistent with Syk
phosphorylation in response to PMA and the sensitivity of
this phosphorylation to small molecule kinase inhibitors.
PKCs are activated downstream of BCR engagement in a
manner dependent on the presence of Syk and the subsequent
phosphorylation and activation of phospholipase vy and the
generation of diacylglycerol. Our studies indicate that, once
activated, PKC can then catalyze the phosphorylation of Syk
on Ser-291. PKD, which also is activated after receptor en-
gagement (18, 25), might contribute to this phosphorylation
but is clearly not required. Because the three-dimensional
structure of full-length Syk has yet to be determined, the
structure of the linker insert has not been characterized. In
the crystal structure of Zap-70, which lacks a linker insert, the
region of linker B in which the insert would be located is dis-
ordered and does not appear in the structure (26). This obser-
vation coupled with the large number of polar amino acids
that are present in the insert suggests that it is likely to be ex-
posed to the solvent, which is consistent with the fact that it is
readily phosphorylated. Because this phosphorylation occurs
in the presence of PMA even in the absence of receptor en-
gagement, the association of Syk with the BCR is not required.
In contrast, it is likely that the phosphorylation of Syk on ty-
rosine is restricted largely to the subset of the kinase that be-
comes physically associated with the antigen receptor. This
difference likely accounts for the higher stoichiometry of ser-
ine, as compared with tyrosine phosphorylation. It is interest-
ing that the sequence of the linker insert is highly conserved
across species. This is in contrast to the regions that immedi-
ately precede and follow the insert, which bear several
amino acid substitutions when comparing, for example, the
murine and human sequences. This suggests a particularly
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important role for the insert itself in the some fundamental
aspect of kinase function.

The inability of Syk(5291A) mutants to fully restore the
BCR-mediated activation of NFAT, Ras, and Elk1 indicates a
positive role for the phosphorylation of the linker insert in
receptor-mediated signaling. There are reports in the litera-
ture that the treatment of cells with PMA leads to a partial
activation of Syk as reflected by an increase in its phosphory-
lation on tyrosines within the activation loop (27). We were
unable to detect any significant difference in the ability of Syk
isolated by immunoprecipitation from untreated or PMA-
treated cells to catalyze the in vitro phosphorylation of a pro-
tein substrate. Similarly, the activities of Syk and Syk(S291A)
were not significantly different. However, mutant forms of
Syk with activation loop tyrosines replaced with phenylala-
nines, although exhibiting signaling defects when expressed in
cells, have similar catalytic activities when measured in vitro
(28-31). Thus, it remains a possibility that the activity of Syk
in an intact cell is enhanced by phosphorylation within the
linker insert.

The linker insert region bears some resemblance to a bipar-
tite nuclear localization signal and has been proposed to par-
ticipate in the transit of the kinase into the nucleus (7). How-
ever, other sequences in the C-terminal region of linker B in
Syk (15) and Zap-70, which transits into the nucleus in the
absence of a linker insert (32), also clearly modulate nucleocy-
toplasmic shuttling. We were surprised to see that a Tyr-290
to phenylalanine mutation, which leaves the basic residues in
the linker insert intact, leads to the exclusion of the kinase
from the nucleus. The sensitivity of this exclusively cytoplas-
mic localization to LMB strongly implicates exportin 1 in the
transport of the mutant from the nucleus. Thus, it appears
likely that the replacement of tyrosine with the more hydro-
phobic phenylalanine created a nuclear export signal that was
recognized by exportin 1. Although the treatment of DT40
cells expressing Syk-EGFP with PMA leads also to the exclu-
sion of the kinase from the nucleus (15), this is apparently not
due to the phosphorylation of Ser-291. This is consistent,
however, with a previous study indicating that protein synthe-
sis was required for the PMA-induced translocation of the
kinase from the nucleus (15). Thus, the effect of phosphoryla-
tion by PKC on the signaling capabilities of Syk is unlikely to
arise from an enhanced concentration of kinase in the nuclear
or cytoplasmic compartment.

Our protein-protein interaction studies suggest another
mode of regulation that is modulated by phosphorylation
within the linker insert. Pulldown and co-immunoprecipita-
tion assays using immobilized peptides and intact proteins
indicate an interaction of Syk with PHB1. This interaction is
stimulated by the phosphorylation of Syk on Ser-291 or en-
hanced by the replacement of Ser-291 with an acidic amino
acid. PHBI is an interesting protein that has been likened to
14-3-3 in its ability to interact with multiple binding partners
(33). Interestingly, PHB1 along with its homolog PHB2 associ-
ates with surface IgM (antigen receptors) in B cells (34).
Along with a variety of interesting binding partners that in-
clude Rb (retinoblastoma protein), E2F, and p53 (for review,
see Ref. 35), PHB1 associates with at least two other protein
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kinases, Raf-1 and MLK2 (mixed lineage kinase 2) (23, 33, 36,
37) and PHB2 binds Akt (38). Raf-1 modulates the interac-
tions of PHB1 with E2F, and PHB1, in turn, regulates the acti-
vation of Raf-1 (23, 33, 36). The expression of PHB1 is essen-
tial for the activation of the Raf/Mek/Erk pathway signaling
pathway (33) through an enhancement in the recruitment of
Raf-1 to the plasma membrane and displacement of 14-3-3
from an internal Raf-1 binding site (36). Based on these obser-
vations, it is interesting to speculate that an interaction with
PHBI1 also influences the association of Syk with the BCR
complex at the plasma membrane to enhance its ability to
couple the receptor to downstream signaling pathways.
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