MOLECULAR AND CELLULAR BIOLOGY, Jan. 2004, p. 71-83
0270-7306/04/$08.00+0 DOI: 10.1128/MCB.24.1.71-83.2004

Vol. 24, No. 1

Copyright © 2004, American Society for Microbiology. All Rights Reserved.

Activation of Syk Protein Tyrosine Kinase in Response to Osmotic
Stress Requires Interaction with p21-Activated Protein
Kinase Pak2/y-PAK

S. M. Shahjahan Miah," Kiyonao Sada,'* Polygena T. Tuazon,” Jun Ling,? Koichiro Maeno,’
Shinkou Kyo,' Xiujuan Qu,' Yumi Tohyama,' Jolinda A. Traugh,” and Hirohei Yamamura'*

Department of Genome Sciences, Kobe University Graduate School of Medicine, Kobe 650-0017, Japan," and
Department of Biochemistry, University of California, Riverside, California 925217

Received 9 June 2003/Returned for modification 29 July 2003/Accepted 24 September 2003

The p21-activated serine/threonine protein kinase Pak2/y-PAK and the nonreceptor type of protein tyrosine
kinase Syk are known to be activated when the cells are exposed to osmotic stress. The purpose of the present
study was to examine whether Pak2 and Syk functionally cooperate in cellular signaling. Cotransfection studies
revealed that Pak2 associates with Syk in COS cells. The constitutively active form of Cdc42 increases the
association of Pak2 with Syk. Pak2 coexpressed with an inactive form of Cdc42 or kinase-inactive Pak2
interacts to a lesser extent with Syk, suggesting that Pak2-Syk association is enhanced by Pak2 activation.
Interaction with Pak2 enhances the intrinsic kinase activity of Syk. This is supported by in vitro studies
showing that Pak2 phosphorylates and activates Syk. Treatment of cells with sorbitol to induce hyperosmo-
larity results in the translocation of Pak2 and Syk to the region surrounding the nucleus and in dramatic
enhancement of their association. Furthermore, cotransfection of Pak2 and Syk leads to the activation of c-Jun
N-terminal kinase (JNK) under hyperosmotic conditions. Pak2 short interfering RNA suppresses sorbitol-
mediated activation of endogenous Syk and JNK, thus identifying a novel pathway for JNK activation by Cdc42.
These results demonstrate that Pak2 and Syk positively cooperate to regulate cellular responses to stress.

The p21-activated protein kinase (Pak) family is composed
of three isoforms: Pakl (a-PAK), Pak2 (y-PAK or PAK ), and
Pak3 (B-PAK) (3, 15). Pak family protein kinases contain a
highly conserved kinase domain and an N-terminal regulatory
domain consisting of proline-rich regions and the Cdc42/Rac
binding and autoinhibitory domains. A variety of receptors
generate signals that can activate Pak family protein kinases
via distinct mechanisms. Association of the GTP-bound form
of Cdc42/Rac reverses an autoinhibitory intramolecular inter-
action inducing enzymatic activation and autophosphorylation
of Pak family protein kinases.

Pak2 is activated in response to hyperosmolarity, irradiation,
UV light, and DNA-damaging chemotherapeutic drugs such as
cytosine B-p-arabinofuranoside and cis-platinum(IT)diammine
dichloride (cisplatin) (24, 25). The activation of Pak2 in re-
sponse to irradiation or cytosine B-bp-arabinofuranoside is de-
pendent on protein tyrosine kinases (PTKs) and phosphatidyl-
inositol 3-kinase (PI 3-kinase) activity. Cleavage of Pak2 by
caspase during Fas ligand-induced apoptosis results in the gen-
eration of an active 34-kDa C-terminal fragment of Pak2 that
mediates morphological and biochemical changes seen in apo-
ptosis (18, 28, 38). Caspase-mediated proteolytic activation of
Pak?2 is also observed in the cells stimulated with tumor necro-
sis factor alpha or C2 ceramide. These findings indicate that
Pak2 is a proapoptotic effector. In contrast, Pak2 associates
with the Nef protein of human immunodeficiency virus and is
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required for Nef-mediated antiapoptotic signaling (23, 39).
Expression of wild-type (WT) Pak2 induces cytostasis in
COS-7 and 293T cells, whereas kinase-inactive mutants of
Pak?2 do not alter cell division (7). Therefore, Pak2 seems to be
involved in both cell death and survival pathways. This is sup-
ported by a study by Jakobi et al. with a cell line containing
stably transfected Pak2 (11).

The nonreceptor type of PTK Syk is widely expressed in
hematopoietic cells. Syk is essential for lymphocyte develop-
ment and is critical for B-cell receptor or Fc receptor-mediated
cell activation or integrin-mediated signaling (8, 21, 31, 37).
Recent findings reveal that Syk is also expressed in endothelial
and epithelial cells and has tumor-suppressive activity in breast
cancer cells (4, 40). Induction of Syk results in the suppression
of tumor growth and metastasis formation. Syk is composed of
a C-terminal kinase domain and tandem N-terminal Src ho-
mology 2 (SH2) domains that bind to the phosphorylated im-
munoreceptor tyrosine-based activating motif (ITAM) of the
immune receptor. Conformational changes induced by binding
to phosphorylated ITAM and autophosphorylation increase
the enzymatic activity of Syk (14, 17). Phosphorylation of ty-
rosines in the linker region, which separates the SH2 and
kinase domains, creates docking sites for other signaling mol-
ecules to propagate the downstream signals (6, 13). Similar to
the immune receptor stimulation, it was found that oxidative
stress and osmotic stress induce the activation of Syk in avian
B cells (34).

Pak2 interacts with nonreceptor PTK c-Abl (26). Tyrosine
phosphorylation of Pak2 by c-Abl results in the suppression of
Pak2 activity and causes accumulation and stabilization of
Pak2 by inhibiting protein turnover through the proteasome
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degradation pathway. The experiments reported here have
demonstrated that Pak2 complexes with another member of
the nonreceptor type of PTK Syk. This association is enhanced
by the activation of Pak2. Moreover, the association of Pak2
with Syk stimulates the kinase activity of Syk. In vitro, Pak2
phosphorylates Syk and stimulates Syk activity. Treatment of
cells with sorbitol increases the formation of the Pak2-Syk
complex, translocates both kinases from cytosol to the region
surrounding the nucleus, and enhances Syk kinase activity.
Furthermore, Pak2 and Syk functionally cooperate to activate
the downstream c-Jun N-terminal kinase (JNK) in osmotic
stress-mediated cellular signaling.

MATERIALS AND METHODS

Materials and antibodies. Protein A-agarose, histone H2B, anti-Flag mono-
clonal antibody (MADb), and anti-a-tubulin were purchased from Sigma (St.
Louis, Mo.). Antiphosphotyrosine (anti-pTyr) MAb (4G10), anti-JNK antibody,
and anti-Syk MAb were obtained from Upstate Biotechnology (Lake Placid,
N.Y.). Antihemagglutinin epitope (anti-HA) (Y-11), anti-Syk, and anti-Pak2/y-
PAK antibodies were from Santa Cruz Biotechnology (Santa Cruz, Calif.). Anti-
phospho-SAPK/INK, anti-phospho-Syk (Tyr525/526), and anti-Syk antibodies
were from Cell Signaling Technology (Beverly, Mass.). FUGENE 6 transfection
reagent was from Roche Molecular Biochemicals (Indianapolis, Ind.). The HA-
tagged WT Pak2, HA-Pak2 K278R (kinase inactive), HA-Pak2 T402A (domi-
nant negative), and HA-Cdc42L61 (constitutively active) and HA-Cdc42N17
(constitutively inactive) (provided by J. S. Gutkind, National Institutes of Health,
Bethesda, Md.) cDNAs were subcloned into the expression vector pcDNA3.1+
(7, 26). Flag-Cdc42L61 cDNA was generated by PCR. Human Syk cDNA (a gift
from B. Mueller-Hilke, Deutsches RheumaForschungs-Zentrum, Berlin, Ger-
many) was subcloned into pApuro expression vector. The Flag-tagged kinase-
inactive form of human Syk cDNA was created by replacement of Lys** by Arg
(K402R) by using a PCR-based method. The cDNA of CAKB/Pyk2 (a gift from
T. Sasaki, Sapporo Medical University, Sapporo, Japan) was subcloned into
pSVL expression vector. The expression constructs pSVL-Lyn and pApuro-T7-
Btk were kindly provided by R. P. Siraganian (NIH) and T. Kurosaki (Kansai
Medical School, Osaka, Japan), respectively. [y-*?P]JATP from NEN Life Science
Products (Boston, Mass.) and Val®>-angiotensin II from Calbiochem (San Diego,
Calif.) were used for in vitro studies. Glutathione S-transferase (GST)-Cdc42
was expressed in Escherichia coli and purified as described previously (10).
Sorbitol was purchased from Wako (Osaka, Japan), and 30% hydrogen peroxide
was from Santoku (Tokyo, Japan).

Cell culture and transient transfection. COS-7 cells were maintained as mono-
layer cultures in Dulbecco’s modified Eagle’s medium (Sigma) supplemented
with 10% heat-inactivated fetal bovine serum and 100 U of penicillin per ml at
37°C. For transient transfection, 6 pl of FuGENE 6 reagent and 2 to 3 pg of
cDNA were added to 10° of COS-7 cells seeded in six-well plate, according to the
manufacturer’s instructions. The amount of transfected cDNA was normalized
by the empty vector. In some experiments, cells were incubated with Dulbecco’s
modified Eagle’s medium containing 400 mM sorbitol for 30 min or with 100 pM
of H,0, for 10 min at 37°C. Ramos B cells were maintained in RPMI 1640
medium (Sigma) supplemented with 10% heat-inactivated fetal bovine serum
and 100 U of penicillin per ml at 37°C. Ramos B cells expressing simian virus 40
T antigen (Ramos-T cells) were kindly provided by H. Band (Harvard Medical
School, Boston, Mass.) and were maintained in the same manner as the parental
Ramos B cells. For transient transfection, 10 ng of cDNA was transfected into
107 Ramos-T cells by electroporation (310 V, 950 wF). At 48 h after transfection,
cells were utilized for the experiments.

Immunoprecipitation and immunoblotting. At 48 h after transfection, cells
were washed twice with ice-cold phosphate-buffered saline (PBS) and solubilized
in lysis buffer (1% Nonidet P-40, 50 mM Tris [pH 7.4], 150 mM NaCl, 10 mM
EDTA, 1 mM NaF, 1 mM Na;VO,, and protease inhibitors [I mM phenylmeth-
ylsulfonyl fluoride and 2 pg of aprotinin per ml]) (29, 30). The cell lysates were
precleared by centrifugation, and the resultant supernatants were incubated with
1 g of each primary antibody prebound to protein A-agarose. Aliquots from the
first centrifugation are referred to as detergent-soluble lysate. After incubation
for 1 h at 4°C, the beads were washed four times with lysis buffer. The immu-
noprecipitated proteins were eluted by heat treatment at 100°C for 5 min in 2X
sample buffer, separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE), and electrophoretically transferred to polyvinylidene di-
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fluoride membranes (Millipore, Bedford, Mass.). The membranes were blocked
with 5% milk in TBST (25 mM Tris [pH 8.0], 150 mM NaCl, and 0.1% Tween 20)
for 1 h at room temperature. The blots were incubated with the indicated
primary antibodies for 1 h at 4°C. The membranes were washed four times with
TBST and incubated with horseradish peroxidase-conjugated secondary antibod-
ies for 30 min at room temperature. After extensive washing with TBST, proteins
were visualized by enhanced chemiluminescence (Perkin-Elmer Life Science,
Boston, Mass.). For preparation of total cell lysates, cells were washed twice with
PBS and directly analyzed by SDS-PAGE after addition of 2X sample buffer.
Densitometric analysis of immunoblotting was performed with NIH Image soft-
ware.

In vitro protein kinase assay. The washed anti-Syk immunoprecipitates from
the differentially transfected cells were incubated in 40 pl of kinase buffer (30
mM HEPES [pH 7.5], 10 mM MgCl,, 2 mM MnCl,, 4 uM ATP, 4 pCi of
[y->*P]ATP) and 10 pg of the substrate histone H2B for the indicated times at
room temperature (32). Reactions were terminated by heat treatment at 100°C
for 5 min in 2X sample buffer, and the proteins were separated by SDS-PAGE.
The gels were treated with 1 N KOH for 1 h at 56°C to remove phosphoserine
and most of the phosphothreonine. After gel drying, radiolabeled proteins were
visualized by autoradiography.

Expression and purification of Syk from insect cells. Syk cDNA was subcloned
into the baculovirus expression vector pAcG2T by PCR, using the 5’ primer
GGATCCATGGCAGACAGTG (underlining indicates the BamHI site) and
the 3’ primer GAATTCTTAATTAACCACATCGTAGTAG (the EcoRI site is
underlined). The PCR product obtained with Pfu DNA polymerase was sub-
cloned into the BamHI (5') and EcoRI (3') sites of pAcG2T (BD Biosciences,
Lexington, Ky.) to make Syk in frame with the upstream GST tag. Transfection
of insect cells (TN5B-4) and establishment of the recombinant virus were per-
formed with the BaculoGold Transfection kit (BD Biosciences), and overexpres-
sion clones were identified. GST-Syk was purified on glutathione-Sepharose 4B
(Amersham, Piscataway, N.J.) and eluted with glutathione.

Phosphorylation of Syk and Pak2 in vitro. GST-Pak2 was obtained by expres-
sion of the cDNA in insect cells (TN5B-4) and purified by binding to glutathione-
Sepharose 4B. GST-Pak2 was eluted with glutathione, and Pak2 was obtained by
cleavage with thrombin as described previously (10). Cdc42 was preloaded with
0.18 mM GTP+S prior to addition of Pak2 (10). Phosphorylation was carried out
in 30-pl reaction mixtures containing GST-Syk (0.5 pg) and Pak2 (0.5 to 1.0 pg)
in 20 mM Tris (pH 7.4)-5 mM MnCl,—5 mM MgCl,-30 mM 2-mercaptoethanol
with 0.2 mM [y-3?P]ATP (specific activity, 2,000 to 4,000 cpm/pmol) and 2 pg of
leupeptin and aprotinin per ml. Incubation was at 30°C for 30 min. Reactions
were terminated by the addition of 5 wl of 100 mM ATP and SDS sample buffer
and analyzed by SDS-PAGE on 10% gels. The radiolabeled proteins were de-
tected by autoradiography with X-ray film or a PhosphorImager (Molecular
Dynamics, Sunnyvale, Calif.). The 3?P incorporated was quantified by counting
proteins excised from the gel in a liquid scintillation counter.

To determine the protein kinase activity of Syk, reactions were carried out as
described above except that Val>-angiotensin 11 (1 mM) and bovine serum
albumin (0.2 mg/ml) were added. After termination of the reaction with 5 ul of
100 mM ATP, an aliquot (3 to 5 pl) of each sample was analyzed by thin-layer
electrophoresis and an aliquot of 20 pl was analyzed by precipitation on What-
man P81 phosphocellulose filter paper as described previously (36). 2P incor-
poration into Syk precipitated in the filter paper was quantified by liquid scin-
tillation counting. 3?P incorporation when analyzed by thin-layer electrophoresis
was quantified with the ImageQuant software of the PhosphorImager.

Phosphoamino acid analysis. GST-Syk and Pak2 phosphorylated with
[y-**P]ATP were analyzed by SDS-PAGE as described above. Phosphoamino
acid analysis was carried out on phosphorylated proteins excised from the gel as
described previously (35).

Immunofluorescence microscopy. COS-7 cells transiently transfected with dif-
ferent cDNAs were fixed with 4% paraformaldehyde in PBS for 10 min. Cells
were washed twice with PBS, permeabilized with 0.2% Triton X-100 in PBS for
10 min, washed three times with PBS, and blocked with 3% bovine serum
albumin in PBS, all at room temperature. For double staining, cells were primed
with anti-HA MAD and rabbit polyclonal anti-Syk antibody for 1 h at room
temperature, washed three times with 0.5% Triton X-100 in PBS, and then
incubated with secondary antibody (Cy3-labeled goat anti-mouse immunoglob-
ulin G or fluorescein isothiocyanate-labeled goat anti-rabbit immunoglobulin G)
for 30 min. The cells were washed as described above, mounted by using a
SlowFade antifade kit (Molecular Probes, Eugene, Oreg.), and analyzed by
confocal microscopy with LSM 5 Pascal and LSM 510 META instruments (Carl
Zeiss, Jena, Germany) (20).

RNA interference. Two sets of synthetic oligonucleotides for the sense and
antisense target sequences of the human Pak2-coding sequences including bp 17
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FIG. 1. Association of Pak2 with Syk. The cDNAs encoding WT
HA-Pak2, the kinase-inactive mutant Pak2 K278R, Syk, and HA-
Cdc42L61 were transiently cotransfected into COS-7 cells. After 48 h
of transfection, cells were solubilized with lysis buffer and Pak2 was
immunoprecipitated (IP) with anti-HA antibody. Immunoprecipitated
proteins and detergent-soluble lysates were separated by SDS-PAGE,
electrophoretically transferred to polyvinylidene difluoride mem-
branes and then analyzed by immunoblotting with anti-pTyr MAb and
anti-Syk and anti-HA (Pak2 and Cdc42) antibodies. Positions of mo-
lecular mass markers are shown on the left in kilodaltons.

to 35 and 472 to 490 with stem-loop sequence to form the small hairpin RNA
(5'-GATCCGCTGGAAGATAAGCCTCCAGTTCAAGAGACTGGAGGCT
TATCTTCCAGTTTTTTGGAAA-3" and 5'-AGCTTTTCCAAAAAACTGGA
AGATAAGCCTCCAGTCTCTTGAACTGGAGGCTTATCTTCCAGCG-3'
[bp 17 to 35] and 5'-GATCCGTGCCAAGGGAACAGAAGCATTCAAGA
GATGCTTCTGTTCCCTTGGCATTTTTTGGAAA-3" and 5'-AGCTTTTC
CAAAAAATGCCAAGGGAACAGAAGCATCTCTTGAATGCTTCTGTT
CCCTTGGCACG-3' [bp 472 to 490]) were phosphorylated with T4 kinase
(Takara, Tokyo, Japan), annealed, and ligated into BamHI- and HindIII-
cleaved backbone of pSilencer 2.1-U6 (Ambion, Austin, Tex.). Both se-
quences are specific for Pak2. Ten micrograms of the empty vector, pSilencer-
Pak2 short interfering RNA (siRNA) (bp 17 to 35), or pSilencer-Pak2 siRNA
(bp 472 to 490) was transiently transfected to Ramos-T cells (107) by elec-
troporation (310 V, 950 pF). At 48 h after transfection, cells were utilized for
the experiments.
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FIG. 2. Cdc42 regulates the association of Pak2 with Syk. COS-7
cells were transiently transfected with the cDNAs for WT HA-Pak2,
Syk, HA-Cdc42L.61, HA-Cdc42N17, and Flag-Cdc42L61, as indicated.
At 48 h after transfection, cells were solubilized with lysis buffer and
Pak2 was immunoprecipitated (IP) with anti-HA antibody. Immuno-
precipitated proteins and detergent-soluble lysates were analyzed by
immunoblotting with anti-pTyr, anti-Syk, anti-HA (Pak2 and Cdc42),
and anti-Flag (Cdc42) antibodies.

RESULTS

Activation of Pak2 induces the association with Syk. The
p21-activated protein kinase Pak2 and Syk are known to be
activated when the cells are exposed to osmotic stress (24, 34).
To examine whether Pak2 and Syk cooperate in cellular sig-
naling, HA-tagged Pak2 and Syk cDNAs were transiently
transfected into COS-7 cells. Pak2 was immunoprecipitated by
anti-HA antibody, and the immunoprecipitates were analyzed
by immunoblotting with anti-pTyr MAb (Fig. 1, top panel).
Tyrosine-phosphorylated proteins migrating with the molecu-
lar weight of Syk were obtained in the anti-HA immunopre-
cipitates of Pak2, and the level of phosphorylation of Syk was
significantly increased with constitutively active Cdc42. Immu-
noblotting experiments confirmed that Syk coimmunoprecipi-
tated with WT Pak?2, but only a low level of Syk was associated
with the kinase-inactive mutant (K278R) (Fig. 1, second
panel). This association of Pak2 with Syk was enhanced by
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FIG. 3. Pak2 activates Syk. (A and B) COS-7 cells were transfected with Syk, Pak2, and Cdc42 cDNAs, as indicated. Cells were solubilized with
the lysis buffer and Syk was immunoprecipitated (IP) with anti-Syk antibody. Each immunoprecipitate was split, analyzed by immunoblotting, and
assayed for protein kinase activity. (A) Anti-Syk immunoprecipitates were separated by SDS-8% PAGE and analyzed by immunoblotting with
anti-pTyr and anti-Syk antibodies. Positions of molecular mass markers are shown on the left in kilodaltons. (B) Anti-Syk immunoprecipitates were
assayed for protein kinase activity. Samples were incubated with 4 wCi of [y->*P]ATP and 10 ug of the exogenous substrate histone H2B for the
indicated times and then separated by SDS-15% PAGE. The gel was treated with 1 N KOH for 1 h at 56°C, and radiolabeled proteins were
visualized by autoradiography. (C) COS-7 cells were transfected with Pak2, Cdc42L61, WT Syk, and Flag-tagged kinase-inactive (KI) Syk cDNAs,
as indicated. Cells were solubilized with the lysis buffer, and Pak2 was immunoprecipitated with anti-HA antibody. The immunoprecipitated
proteins and detergent-soluble lysates were analyzed by immunoblotting with anti-pTyr MAb and anti-Syk and anti-HA (Pak2 and Cdc42)

antibodies.

coexpression with Cdc42L61, the constitutively active form of
Cdc42 (Fig. 1, lane 6).

Quantitative analysis revealed that Cdc42L61 increased the
amount of Syk protein (1.2-fold) and the extent of tyrosine
phosphorylation of Syk (4.2-fold) in the immunoprecipitates of
Pak2 (Fig. 1, top and second panels, lane 4 versus lane 6). In
the immunoprecipitates of Pak2 K278R, the amounts of co-

precipitated Syk and its tyrosine phosphorylation were de-
creased (0.3- and 0.4-fold, respectively) compared to those of
WT Pak2 (Fig. 1, top and second panels, lane 2 versus lane 4).
HA-Cdc42 was also precipitated with anti-HA antibody; how-
ever, Cdc42 alone could not precipitate Syk (data not shown).
In addition, a different HA-tagged protein, HA-Cbl, could not
precipitate significant amounts of Syk, suggesting that Pak2
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FIG. 4. Phosphorylation of Syk and Pak2 in vitro. GST-Syk (0.5 pg)
was incubated with Pak2 and [y-**P]ATP as described in Materials and
Methods. (A) Samples were analyzed by SDS-PAGE, and the radio-
labeled proteins were identified by autoradiography. (B) Phos-
phoamino acid analysis of Syk phosphorylated by Pak2. (C) Phos-
phoamino acid analysis of Pak2 phosphorylated by Syk. O, origin; pT,
pY, and pS, phosphorylated threonine, tyrosine, and serine, respec-
tively. The autoradiograms are shown.

specifically associates with Syk in COS cells (data not shown).
Immunoblotting of the detergent-soluble lysates indicated that
equal amounts of Syk were expressed in the cells transfected
with the different cDNAs (Fig. 1, third panel). As reported
previously (26), the expression level of WT Pak2 was much
lower than that of the kinase-inactive mutant K278R, because
WT Pak2 can be down-regulated by the proteasome degrada-
tion pathway (Fig. 1, bottom panel). In addition, the migration
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FIG. 5. Stimulation of Syk tyrosine kinase activity by Pak2. GST-
Syk and Pak2 were incubated with [y->*P]ATP with angiotensin as a
substrate. Samples were analyzed by thin-layer electrophoresis (A) and
by precipitation on P81 phosphocellulose paper (B) as described in
Materials and Methods. **P incorporated into angiotensin was quan-
tified with a PhosphorImager (A) or by liquid scintillation counting

(B).

of K278R was slower than that of the WT, as reported previ-
ously (7, 26). These results demonstrated that the association
of Pak2 with Syk is enhanced by the activation of Pak2.

Cotransfection of Pak2 with Syk elicited slight tyrosine phos-
phorylation of K278R (Fig. 1, top panel). Tyrosine phosphor-
ylation of WT Pak2 was observed only when the membrane
was exposed for longer times (data not shown).

The dominant-negative form of Cdc42 inhibits the associa-
tion of Pak2 with Syk. The serine/threonine kinase activity of
Pak family protein kinases is stimulated by binding of activated
GTP bound to Cdc42/Rac (3). To examine the functional in-
teraction between Pak2 and Syk, the cDNAs of HA-tagged WT
Pak2 and Syk were cotransfected into COS-7 cells along with
either constitutively active Cdc42L61 or inactive Cdc42N17
(Fig. 2). The expression of Cdc42L61 increased the association
of Pak2 with Syk, as shown in Fig. 1. On the other hand,
expression of inactive Cdc42N17 blocked the coprecipitation
of Syk with Pak2 (Fig. 2, lane 4). It is suggested that overex-
pression of the dominant-negative form of Cdc42 inhibited the
activation of Pak2 by endogenous Cdc42 and the subsequent
interaction with Syk (Fig. 2, lane 2). The amounts of Syk
protein expressed in cells transfected with different cDNAs
were similar (Fig. 2, third panel). To confirm that the increase
in the coprecipitation of Syk with HA-Pak2 was not due to the
same epitope tag on Cdc42, we tested Cdc42L61 with a differ-
ent epitope tag. As shown (Fig. 2, lane 5), cotransfection with
Flag-tagged Cdc42L61 also resulted in a similar increase in the
coprecipitation of Syk with Pak2. These findings suggested that
Cdc42 functionally regulates the association of Pak2 with Syk
in vivo.

Association with Pak2 induces the activation of Syk. Since
activation of Pak2 resulted in its association with Syk, we ex-
amined the effects of Pak2 association on Syk kinase activity.
Tyrosine phosphorylation and the intrinsic kinase activity of
Syk were measured by immunoblotting with anti-pTyr and by a
Syk activity assay in vitro (Fig. 3A and B, respectively). Addi-
tion of WT Pak?2 slightly elevated the tyrosine phosphorylation
of Syk. This Pak2-mediated enhancement of tyrosine phos-
phorylation of Syk was enhanced further by cotransfection of
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WT Pak2 and Cdc42L61. Expression of the kinase-inactive
Pak2 K278R had no effect on Syk phosphorylation. Coexpres-
sion with Cdc42N17, which inhibited the association of Pak2
with Syk, suppressed tyrosine phosphorylation of Syk (Fig. 3A,
lane 5). To examine the intrinsic kinase activity of Syk, anti-Syk
immunoprecipitates were subjected to an in vitro protein ki-
nase assay (Fig. 3B). The samples were separated by SDS-
PAGE, and gels were incubated with KOH to remove phos-
phoserine and most phosphothreonine. Coexpression with
Pak2 elevated autophosphorylation of Syk and phosphoryla-
tion of exogenous substrate histone H2B. There was no de-
tectable signal in an in vitro kinase assay with Pak2 immuno-
precipitated by anti-HA after the KOH treatment (data not
shown). This ruled out the possibility that phosphorylation of
H2B histone was due to the coprecipitated Pak2. Also, we
could not detect Pak2 in the Syk immunoprecipitates by im-
munoblotting (data not shown). Moreover, activation of Pak2
by Cdc42L61 significantly enhanced the kinase activity of Syk
(Fig. 3B). Cdc42N17 showed a negative effect on the kinase
activity of Syk (data not shown). Thus, this result indicated that
association of the active form of Pak2 enhances tyrosine phos-
phorylation and the intrinsic kinase activity of Syk. It suggested
that association with Pak2 stimulates the kinase activity of Syk.

We then tested whether the kinase activity of Syk is required
for the interaction between Pak2 and Syk. Coprecipitation of
Pak?2 with the kinase-inactive form of Syk was less than that of
WT Syk (Fig. 3C). Therefore, the association of Pak2 with Syk
requires the kinase activity of Syk.

Phosphorylation and activation of Syk by Pak2 in vitro. The
association of Pak2 and Syk, with the resultant enhancement of
autophosphorylation and activity of Syk when Syk was coex-
pressed with Pak2 and Cdc42, suggested that Syk could be a
substrate for Pak2. To examine this, purified GST-Syk ex-
pressed in insect cells was incubated with purified Pak2 and
[y->*P]ATP in the presence of Mg>* and Mn*". Phosphoryla-
tion of GST-Syk was increased 1.8-fold when phosphorylation
was by Pak2 activated with Cdc42 (GTPvS) (Fig. 4A). As
expected, phosphoamino acid analysis of autophosphorylated
Syk showed that the phosphorylation was exclusively on ty-
rosine (Fig. 4B). There was little effect on phosphorylation
with inactive Pak2. When activated Pak2 was added to the
assay mixture, there was additional phosphorylation of Syk on
both serine and tyrosine. Quantification of the data showed
that the phosphotyrosine/phosphoserine ratio decreased five-

FIG. 6. Hyperosmolarity promotes the association of Pak2 with Syk
and Pak2-mediated activation of Syk. COS-7 cells transfected with the
combination of Syk, WT Pak2, and Cdc42 cDNAs were incubated in
medium with or without 400 mM sorbitol. Cell lysates were immuno-
precipitated (IP) with either anti-HA or anti-Syk antibody. (A) Pro-
teins immunoprecipitated with anti-HA antibody, and detergent-solu-
ble lysates were analyzed by immunoblotting with anti-pTyr, anti-Syk,
and anti-HA (Pak2) antibodies. Positions of molecular mass markers
are shown on the left in kilodaltons. (B) Anti-Syk immunoprecipitates
were split and analyzed for protein kinase assay (top panel) or by
immunoblotting with anti-pTyr and anti-Syk antibodies (middle and
lower panels, respectively). For the protein kinase assay, anti-Syk im-
munoprecipitates were incubated with 4 nCi of [y->*P]JATP and 10 pg
of exogenous substrate histone H2B for 10 min at room temperature.
Radiolabeled proteins were visualized by autoradiography.
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FIG. 7. Hyperosmolarity promotes the association of Pak2 with Syk in the perinuclear region. COS-7 cells were transfected with Pak2 and Syk
cDNAs. The intracellular localization of Pak2 and Syk was analyzed by immunohistochemical analysis with anti-HA and anti-Syk antibodies. The
upper panels show the localization of Pak2 (left) and Syk (middle) in unstimulated cells and a merged image (right). The lower panels show the

localization of the molecules in sorbitol-stimulated cells.

fold with activated Pak2. Taken together, the data indicated
that there was a substantial increase in tyrosine phosphoryla-
tion when Syk was phosphorylated on serine by Pak2.

Pak?2 was also phosphorylated by Syk (Fig. 4A). There was a
1.3-fold increase in phosphorylation of inactive Pak2 and a
1.5-fold increase in Cdc42-activated Pak2. Pak2 was autophos-
phorylated only on serine in the absence of Cdc42 and on
serine and threonine in the presence of Cdc42 (Fig. 4C). Ad-
dition of Syk resulted in phosphorylation of tyrosine in both
cases. Phosphorylation of tyrosine did not result in activation
of Pak2, as shown by a lack of phosphate in the activation loop
threonine in inactive Pak2 (Fig. 4B). In fact, the ratio of phos-
phoserine to phosphotyrosine was similar with both active and
inactive Pak2.

The effects of phosphorylation of Syk by Pak2 were examined
by using Val®-angiotensin II as the substrate. As shown in Fig. 5,
phosphorylation of angiotensin was increased when Syk was in-
cubated with Cdc42-activated Pak2. An increase of 1.6-fold was
observed when *?P incorporation into Syk was analyzed by thin-
layer electrophoresis (Fig. 5A). This was consistent with the re-
sults obtained by precipitation of phosphorylated Syk on filter
paper (Fig. 5B).

Hyperosmotic stress promotes the association of Pak2 with
Syk. We have demonstrated that treatment of avian B cells
with sorbitol activates Syk, although the receptor for the os-
motic stress has not yet been identified (22). Sorbitol also
results in the translocation and subsequent activation of the

protein kinase activity of Pak2 in the particulate fraction by
association with Cdc42 (24). Therefore, we examined whether
the interaction between Pak2 and Syk was affected by osmotic
stress. Sorbitol stimulation resulted in an increase in the asso-
ciation of Pak2 with Syk (Fig. 6A, lanes 3 and 4). This associ-
ation was dramatically increased in cells transfected with
Cdc42L61 (Fig. 6A, lanes 5 and 6). Equal amounts of Syk were
expressed in cells transfected with different cDNAs (Fig. 6A,
third panel). This result indicated that hyperosmotic stress and
Cdc42 synergistically promote the association of Pak2 with Syk.

We then tested the effect of osmotic stress on Pak2-medi-
ated activation of Syk (Fig. 6B). In unstimulated cells, coex-
pression of Pak2 elevated the kinase activity of Syk, and addi-
tion of Cdc42 further stimulated Pak2-mediated activation of
Syk (Fig. 6B, upper panel, lanes 1, 3, and 5). Cdc42L61 alone
induced the kinase activity of Syk to a lesser extent, perhaps by
activating endogenous Pak kinases (Fig. 6B, lane 7). Stimula-
tion of cells with sorbitol increased the kinase activity of Syk,
and cotransfection of WT Pak2 enhanced the sorbitol-medi-
ated activation of Syk (Fig. 6B, lanes 1 to 4). Addition of
Cdc42L61 could further stimulate sorbitol-mediated activation
of Syk (Fig. 6B, lanes 5 and 6). This result demonstrated that
hyperosmolarity increases the association of Pak2 with Syk and
Pak2-mediated activation of Syk. A similar effect was observed
when cells were treated with 400 mM sucrose (data not
shown).
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FIG. 8. Pak2 and Syk cooperate in hyperosmolarity-induced activation of JNK. COS-7 cells were transfected with the combination of Syk, Pak2
(WT and K278R), and Cdc42 cDNAs as indicated (A) or Pak2, Cdc42L61, and the various PTK cDNAs were cotransfected into COS-7 cells (B).
Cells were incubated in medium with or without the addition of 400 mM sorbitol. Total cell lysates were analyzed by immunoblotting with
anti-phospho-JNK and anti-JNK antibodies. Positions of molecular mass markers are shown on the left in kilodaltons.

Hyperosmotic stress induces the association of Pak2 with
Syk in the perinuclear region. Endogenous Pak2 is present in
both the cytosolic and particulate fractions in mouse fibroblast
3T3-L1 cells. Moreover, recent findings demonstrate that lo-
calization of Pak2 in the endoplasmic reticulum is required for
the induction of cytostasis (7). Therefore, we examined the
intracellular localization of Pak2 and Syk in COS-7 cells. Im-
munohistochemical analysis using confocal microscopy con-
firmed the association of Pak2 and Syk (Fig. 7). Pak2 and Syk
were concentrated in a region near the nucleus and were also
located elsewhere in the cytosolic region, but not in the nucleus
(Fig. 7, top panels). Sorbitol treatment resulted in shrinkage of
the cells and an increase in the association of Pak2 with Syk in
the perinuclear region (Fig. 7, bottom panels).

Pak2 and Syk functionally cooperate to enhance sorbitol-
mediated activation of JNK. It was previously demonstrated
that Syk and Racl lead to synergistic JNK activation in T cells

(9). In addition, Syk is critical for antigen-mediated activation
of JNK in avian B cells (12). Therefore, we examined the
effects of Pak2 and Syk in sorbitol-mediated activation of JNK
(Fig. 8). As shown by immunoblotting with antibody to phos-
pho-JNK, sorbitol-mediated activation of JNK was enhanced
in the cells transfected with Syk. The JNK activity was dramat-
ically enhanced in cells coexpressing Syk, Pak2, and Cdc42L61
(Fig. 8A). Osmotic stress had no effect on activation of extra-
cellular signal-regulated kinase (ERK) and p38 kinase in all
transfected cells (data not shown). Furthermore, we tested
whether the different kinds of nonreceptor PTKs cooperate
with Pak2 to activate JNK. Dramatic activation of JNK was
observed only in cells cotransfected with Syk PTK and not in
those transfected with Lyn, Btk, or CAKB/Pyk2 (Fig. 8B).
Thus, hyperosmolarity dramatically increased the association
of Pak2 with Syk, leading to the activation of Syk and thereby
downstream JNK phosphorylation.
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FIG. 9. Oxidative stress induces the association of Pak2 with Syk.
COS-7 cells transfected with Syk, Pak2, Cdc42L61, and Cdc42N17
cDNAs were incubated with or without 100 uM H,O,. Cell lysates
were immunoprecipitated (IP) with anti-HA antibody. Immunopre-
cipitates and detergent-soluble cell lysates were analyzed by immuno-
blotting with anti-pTyr, anti-Syk, and anti-HA antibodies. Positions of
molecular mass markers are shown on the left in kilodaltons.

Oxidative stress induces the association of Pak2 with Syk.
Besides hyperosmolarity, we tested the effect of a different
kind of cellular stress on the association of Pak2 with Syk. Syk
is required for H,O,-mediated activation of Akt and PI 3-ki-
nase (34). Therefore, we examined whether treatment of cells
with H,O, induces the association of Pak2 with Syk. Treatment
of cells with 100 puM H,O, for 10 min induced the association
of Pak2 with Syk and tyrosine phosphorylation of Pak2 by Syk
(Fig. 9). There was no apparent precipitation of Syk with the
antibody to HA when the cells were transfected with Syk alone
(data not shown). This association was also regulated by the
activity of Cdc42. Therefore, this result indicated that Pak2 and
Syk functionally cooperated in both osmotic and oxidative
stress-mediated signaling in vivo.

Direct involvement of Pak2-Syk interaction in physiological
hyperosmolar responses. Based on these findings, we tested
whether osmotic stress can induce the interaction between the
endogenous Pak2 and Syk. Sorbitol treatment of Ramos B cells
resulted in an increase in the endogenous association of Pak2
with Syk (Fig. 10A). These results further emphasize the bio-
logical significance of the interaction of the two molecules.
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Immunohistochemical analysis using confocal microscopy con-
firmed the association of Pak2 and Syk in B cells in the pe-
rinuclear region, which was enhanced in response to sorbitol
(Fig. 10B).

To examine the involvement of the proposed pathway in the
hyperosmolar response, we designed two kinds of siRNAs spe-
cific for Pak2. Transfection of these expression constructs re-
sulted in the lowering of the expression level of endogenous
Pak2 and sorbitol-mediated activation of JNK in B cells (Fig.
11A). Transfection of Pak2 siRNA did not suppress the ex-
pression of JNK and a-tubulin (Fig. 11A). Densitometric anal-
ysis revealed that protein expression was suppressed by 90 or
70% with the Pak2(17-35) or Pak2(472-490) siRNA, respec-
tively. This demonstrated that Pak2 is essential for hyperos-
molarity-induced activation of JNK in B cells. In addition to
the siRNA, overexpression of the dominant-negative form of
Pak2 (T402A) resulted in the suppression of sorbitol-mediated
activation of JNK (Fig. 11B) (7). Moreover, overexpression of
the kinase-inactive form of Syk suppressed sorbitol-mediated
activation of JNK (Fig. 11C). Thus, these results suggest that
both Pak2 and its associating protein Syk are critical in B cells
for hyperosmolarity-mediated physiological responses. Finally,
the effect of Pak2 siRNA on hyperosmolarity-induced activa-
tion of endogenous Syk was examined (Fig. 11D). As shown,
suppression of Pak2 directly inhibits phosphorylation of Syk.
Phosphorylation of Tyr*?® and Tyr>2° in the activation loop of
Syk is correlated with the activation of Syk (17, 41). These
results demonstrated that Pak?2 is required for the activation of
Syk by sorbitol and that the Pak2-Syk pathway is involved in
the hyperosmolar response. The data identify a new pathway
for activation of the stress-activated protein kinase JNK
through Cdc42.

DISCUSSION

Activation of Pak2 by binding to the activated form of Cdc42
or in response to hyperosmotic stress synergistically promotes
the association and enzymatic activation of Syk. Syk is a sub-
strate of Pak2 in vitro and is activated by phosphorylation. Our
finding is the first report that Syk is up-regulated by the serine/
threonine kinase Pak2. It remains unknown which domain of
Syk is responsible for the interaction with Pak2. In immune
receptor signaling, activation of Syk requires conformational
alteration from a closed inactive structure to an open active
structure by binding of the SH2 domains to phosphorylated
ITAM (14). It is suggested that phosphorylation of Syk on
serine or threonine residues by Pak2 induces the conforma-
tional change to activate Syk kinase activity. In formyl methio-
nyl-leucyl-phenylalanine receptor-mediated signaling, cyclic
AMP-dependent protein kinase negatively regulates formyl
methionyl-leucyl-phenylalanine-mediated activation of Syk (2).
Syk is a substrate of cyclic AMP-dependent protein kinase in
vitro (2). It is suggested that Pak2 may phosphorylate different
a serine/threonine residue(s) on Syk, resulting in enzymatic
activation.

We have demonstrated that Pak2 is upstream of Syk in
cellular signaling and that Pak2 and Syk cooperate in the
hyperosmotic stress-mediated activation of JNK. Activation of
JNK leads to the activation of various transcription factors and
expression of specific genes (5). We utilized sorbitol-mediated
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(left) and Syk (middle) in unstimulated cells and a merged image (right). The lower panels show the localization of the molecules in sorbitol-

stimulated cells.

activation of JNK as a parameter of Syk kinase activity in
cellular signaling. Our results show that sorbitol-mediated ac-
tivation of endogenous JNK is enhanced by the overexpression
of Syk (Fig. 8). Expression of the kinase-inactive form of Syk
suppresses sorbitol-mediated activation of JNK (Fig. 11). Fur-

thermore, coexpression of WT Pak2 and Cdc42 with Syk dra-
matically stimulates JNK activation, as a result of the associa-
tion of Pak2 and Syk, and elevates Syk kinase activity. The
suppression of Pak2 by the specific siRNA results in the inhi-
bition of sorbitol-mediated activation of both Syk and JNK
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FIG. 11. Suppression of Pak2 reduces hyperosmolarity-induced ac-
tivation of endogenous Syk and JNK in B cells. At 48 h after transfec-
tion, cells were incubated in serum-free medium without or with 400
mM sorbitol for 30 min. Equal amounts of the cell lysates were ana-
lyzed by immunoblotting with anti-Pak2, anti-phospho-JNK, anti-JNK,
anti-a-tubulin, and anti-HA, anti-Flag, anti-pTyr, anti-phospho-Syk
(Tyr525/526), and anti-Syk antibodies, as indicated. (A) Ramos cells
were transiently transfected with the pSilencer vector, pSilencer-
siRNA for Pak2(17-35) or for Pak2(472-490). (B) Ramos cells were
transiently transfected with pcDNA3.1+ vector or the dominant-neg-
ative form of Pak2 (T402A). (C) Ramos cells were transiently trans-
fected with pcDNA3.1+ vector or the kinase-inactive form of Syk (Syk
KI). (D) Ramos cells were transiently transfected with pSilencer vector
or pSilencer-siRNA for Pak2(17-35).
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(Fig. 11). We have not tested whether caspase 3 cleavage
products of Pak2 could associate with Syk and stimulate its
kinase activity. In our experimental system, osmotic stress did
not cause any increase in the caspase cleavage of Pak2 in
COS-7 cells (data not shown). It remains unknown whether the
extreme stress that results in cleavage and activation of Pak2
could induce the association of Pak2 with Syk to stimulate JNK
activity. Collectively, Syk could be responsible for osmotic
stress-mediated JNK activation in mammalian cells, cooperat-
ing with Pak2 and Rho family GTP binding proteins. Activa-
tion of Syk in response to osmotic stress requires the interac-
tion with Pak2.

Pak2 has been shown to have cytostatic properties, as shown
by microinjection of Pak2 into early frog embryos (27) and
overexpression of Pak2 in COS-7 and HEK 293T cells (7).
Activation of Pak2 by moderate cell stress inhibits cell division,
resulting in inhibition of cell growth, whereas high levels of
stress or irreparable damage results in cell death. Both Pak2
and Syk are activated in response to oxidative stress. Syk acti-
vation by moderate oxidative stress leads to the activation of
the PI 3-kinase-Akt survival pathway (34). On the other hand,
extreme oxidative stress induces Syk-dependent phospholipase
C-v activation, which accelerates oxidative stress-mediated apo-
ptosis (34).

Both Pak2 and Syk were originally isolated as cytosolic ki-
nases. Various cellular ligands induce the translocation of
these enzymes to the perinuclear region. Active Pak2, but not
the inactive enzyme, is tightly associated with the endoplasmic
reticulum, and the amount of Pak2 associated with the endo-
plasmic reticulum is significantly enhanced in cells that are
stressed and/or not dividing (7). In COS-7 cells, Pak2 and Syk
are primarily cytosolic, and sorbitol treatment increases trans-
location of both kinases to the perinuclear region (Fig. 7).
Unlike that of c-Abl, tyrosine phosphorylation of Pak2 by Syk
did not result in an accumulation of inactive Pak2 or inhibit its
protein turnover through the proteasome degradation pathway
(Fig. 1). It is suggested that Pak2 and Syk transmit the activat-
ing signals to the downstream molecules from the perinuclear
region. In immune receptor signaling, Syk translocates to the
plasma membrane to interact with receptors in the glycolipid-
enriched microdomain (33). Syk phosphorylates Vav, a gua-
nine nucleotide exchange factor of Racl, to regulate calcium
mobilization and transcription of cytokine messages (1, 6, 19).
In T cells, activation of Racl and subsequently Pakl requires a
Syk family PTK (16). Our findings demonstrate that there is a
distinct distribution and function of Syk that is different from
that established in the immune cells.

It is interesting that although both ERK and JNK are down-
stream of Syk in the immune receptor signaling, only JNK is
activated in nonhematopoietic cells (12). In breast cancer cells,
induction of Syk protein results in a suppression of tumor cell
proliferation resulting from the abnormalities of cell division
(14). Perhaps Pak2 and Syk cooperate to stimulate the tran-
scription and translation of both proapoptotic and antiapopto-
tic proteins which are downstream of JNK.
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