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SPAK kinase is a substrate and target of PKCO
in T-cell receptor-induced AP-1 activation pathway
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Protein kinase C-0 (PKC0) plays an important role in T-cell
activation via stimulation of AP-1 and NF-kB. Here we
report the isolation of SPAK, a Ste20-related upstream
mitogen-activated protein kinase (MAPK), as a PKCO-in-
teracting kinase. SPAK interacted with PKCO (but not with
PKCa) via its 99 COOH-terminal residues. TCR/CD28 cost-
imulation enhanced this association and stimulated the
catalytic activity of SPAK. Recombinant SPAK was phos-
phorylated on Ser-311 in its kinase domain by PKCO, but
not by PKCa. The magnitude and duration of TCR/CD28-
induced endogenous SPAK activation were markedly
impaired in PKCO-deficient T cells. Transfected SPAK
synergized with constitutively active PKCO to activate
AP-1, but not NF-kB. This synergistic activity, as well as
the receptor-induced SPAK activation, required the PKCO-
interacting region of SPAK, and Ser-311 mutation greatly
reduced these activities of SPAK. Conversely, a SPAK-
specific RNAi or a dominant-negative SPAK mutant inhib-
ited PKCO- and TCR/CD28-induced AP-1, but not NF-kB,
activation. These results define SPAK as a substrate and
target of PKCO in a TCR/CD28-induced signaling pathway
leading selectively to AP-1 (but not NF-xB) activation.
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Introduction

Protein kinase C-0 (PKCO), a member of the novel, Ca®*-
independent PKC subfamily (nPKC), plays an important role
in mature T-cell activation (Altman et al, 2000; Arendt et al,
2002; Isakov and Altman, 2002), as evidenced by the failure
of peripheral T cells from PKCO-deficient T cells to proliferate
and produce interleukin-2 (IL-2) upon stimulation with anti-
CD3 plus anti-CD28 antibodies (Sun et al, 2000; Pfeifhofer
et al, 2003). These defects have been attributed to deficient
activation of two transcription factors that are essential for
induction of the IL-2 gene promoter, that is, AP-1 and NF-«B,
consistent with the demonstrated important and selective
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role of PKCH in the activation of these transcription factors,
as well as the CD28 response element (RE), in Jurkat T cells
(Baier-Bitterlich et al, 1996; Coudronniere et al, 2000;
Khoshnan et al, 2000; Lin et al, 2000; Pfeifhofer et al,
2003). More recent evidence has also pointed out a role for
PKCO in the activation of NFAT (Pfeifhofer et al, 2003).

While the signaling pathways leading from PKC6 to NF-xB
activation have been studied in some detail (Coudronniere
et al, 2000; Khoshnan et al, 2000; Lin et al, 2000; Sun et al,
2000; Wang et al, 2002), little is known about the PKC6O
signaling pathway(s) leading to AP-1 activation, a transcrip-
tion factor complex whose regulation is exerted both at the
transcriptional and translational levels via multiple, complex
mechanisms (Karin et al, 1997). This complexity is illustrated
by the finding that mature T cells from PKCO™/~ mice display
impaired AP-1 activation but intact JNK activation (Sun et al,
2000), thereby implying an alternative, JNK-independent
pathway for AP-1 activation by PKC6.

Using a yeast two-hybrid screen of a T-cell cDNA library,
we isolated a PKC6-interacting upstream mitogen-activated
protein kinase (MAPK), originally termed Ste20/SPS1-related
proline- and alanine-rich kinase (SPAK or PASK) (Ushiro et al,
1998; Johnston et al, 2000). Here, we characterize SPAK
and demonstrate that it selectively interacts with, and is
phosphorylated by, PKCO, and is involved in PKC6-
mediated activation of AP-1 but not NF-«B. The biological
relevance of SPAK is further demonstrated by our findings
that activation of this kinase by CD3/CD28 costimulation is
impaired in T cells from PKCO-deficient mice, and that a
SPAK-specific RNAi inhibited PKCO-mediated AP-1, but not
NF-xB, activation.

Results

SPAK associates with PKC0

To identify PKCO-interacting proteins, we performed a yeast
two-hybrid screen of a cDNA library constructed from Jurkat
T cells, using a kinase-inactive mutant of PKCO (PKC6-K/R)
fused to the LexA DNA-binding domain (pBD-PKC6-K/R) as
bait. Of 2 x 10’ transformants, 70 formed colonies, which
were positive for both LEU2 and LacZ reporter genes. We
ultimately identified and characterized one clone, C51, which
interacted strongly with PKCO (Figure 1A and B). Sequencing
of this 297-nucleotide ¢cDNA fragment, termed SPAK-2h,
revealed that it encodes a sequence identical to the 99
COOH-terminal amino acids of human SPAK/PASK, a Ste20-
related Ser/Thr kinase, which was originally isolated from rat
brain (Ushiro et al, 1998) and a transformed rat pancreatic §
cell line or human brain (Johnston et al, 2000). Based on the
known nucleotide sequence of human SPAK (GenBank ac-
cession number AF099989), 5’ and 3’ primers were designed
and used in an RT-PCR to obtain the full-length cDNA of
human SPAK from a Jurkat T-cell cDNA library. Transfection
of 293T cells with a wild-type PKC6 plasmid in the absence
or presence of an epitope-tagged SPAK expression vector,
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Figure 1 Interaction of PKC6O with SPAK. (A, B) EGY48(p8op-lacZ) yeast cells were cotransformed and assayed for growth and B-Gal activity
following X-gal induction as described in Materials and methods. (C) SPAK was immunoprecipitated with an anti-Xpress mAb from 293T cells
cotransfected with pEF-PKCO plus pEF-Xpress-SPAK or empty vector. Immunoprecipitates (upper panel) or whole-cell lysates (two lower
panels) were subjected to immunoblotting with anti-PKCO or -Xpress antibodies. (D) Anti-PKCO antibody or normal IgG was used to
immunoprecipitate proteins from Jurkat-TAg cells transfected with Xpress-SPAK. The immunoprecipitates or lysates were probed with the
indicated antibodies. (E) Jurkat T-cell lysates were incubated with empty glutathione-sepharose beads, GST-conjugated beads or GST-SPAK-
conjugated beads, followed by SDS-PAGE analysis of bead-bound proteins and anti-PKC6 immunoblotting (upper panel). The lower panel
shows the input of GST and GST-SPAK proteins determined by Coomassie blue staining.

followed by immunoprecipitation, confirmed the interaction
between SPAK and PKC6O in mammalian cells, and demon-
strated that either anti-Xpress (Figure 1C) or anti-PKC6
(Figure 1D) antibodies co-immunoprecipitated the reciprocal
protein. Using a recombinant glutathione S-transferase
(GST)-SPAK fusion protein in a pull-down assay, we further
demonstrated that the SPAK fusion protein, but not the
control GST protein, bound endogenous PKCH from lysates
of unstimulated Jurkat cells (Figure 1E).

Selective interaction of SPAK with PKC0

In order to determine whether the interaction of SPAK with
PKCO is selective, we examined whether SPAK can associate
with PKCo, a member of the conventional, Ca® " -dependent
PKC subfamily (cPKC). Transfected SPAK co-immunoprecipi-
tated with PKC6 (Figure 2A), but not with PKCa (Figure 2B),
despite the fact that both kinases were abundantly expressed.
Immunoblotting with an anti-epitope antibody confirmed the
proper and similar expression of the transfected SPAK in the
respective groups.

Next, we analyzed the endogenous interaction between
SPAK and the same two PKC isotypes and the effects of
activating agents on this association. We generated rabbit
anti-SPAK polyclonal antibodies, which recognized an
~70kDa protein (not recognized by the corresponding pre-
immune sera) expressed in Jurkat T cells, as well as trans-
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fected SPAK isolated by immunoprecipitation with an anti-
epitope tag antibody (Supplementary Figure 1A and B).
These antibodies were also capable of immunoprecipitating
SPAK, and reacted with a protein of the expected size present
in the thymus, lymph nodes, spleen, peripheral blood lym-
phocytes (PBL) and, at much lower levels, the in bone
marrow (Supplementary Figure 1C and D, respectively).
Endogenous SPAK co-immunoprecipitated with PKCO from
unstimulated Jurkat T cells (Figure 2C, upper panel). Anti-
CD3 stimulation for 5-10min increased this association,
which returned to the basal level after 30 min. Anti-CD3/
CD28 costimulation caused a more pronounced and sus-
tained enhancement of this association, which reached a
maximum after 30 min. Phorbol myristate acetate (PMA)
stimulation also enhanced the association at 5min, with
a return to the basal level at 10 min. This rapid decline may
be due to the PMA-induced degradation of PKCH. In contrast,
no association of SPAK with endogenous cPKCs (a, B or vy)
was detected (Figure 2C, second panel from top). Control
immunoblots demonstrated that PKCO, cPKC or SPAK were
expressed at abundant and similar levels in the different
lysates (three lower panels). Endogenous PKC6 could also
be co-immunoprecipitated with SPAK from primary T cells
(Figure 2D). The association was slightly augmented by anti-
CD3 stimulation, and more so by CD3/CD28 costimulation,
with peak increase observed after 5min of stimulation. The

The EMBO Journal VOL 23 | NO 5 | 2004

1113



SPAK mediates AP-1 activation by PKCO
Y Li et al

A Lysate  IP: aXpress %
PKCO: + + - + + -
Xpress—SPAK:  + — + + — +
Blot: PKCO | e = |

Blot: Xpress
(SPAK)l_ p— ‘_l

B Lysate  IP: aXpress
PKCo: + ¥ - ¥ ¥ -
Xpress-SPAK:  + — + + - +

(SPAK)

D_  ocp3 «cD3/8
0 5 15 5 15
e T st

1 1.2 1.3 2 11
IP: aSPAK

|"""'--.- o |SPAK

| mn e o @ | <o

Lysate

Blot:

PKC9+|""'—--

cPKC # |-_

aCD3 aCD3/28 PMA
0 5 10 30" 5 10" 30" 5 10’

o B B. E B.B = =

IP: aSPAK

PKCG+|- s e S o --|

CPKC"‘| ﬁ—--——-ﬂ

SPAK -I-| -

— — . — - — |
Lysate
® ®
E o & o &
O ¥ O ¥
S8 T-EIS
PKCo
HC e -t
LC [ =
IP: Preimmune oaSPAK

Lysate

Figure 2 Specific interaction of SPAK with PKC6 and its enhancement by CD3/CD28 costimulation. (A, B) Proteins immunoprecipitated with
anti-Xpress antibody or cell lysates prepared from 293T cells transfected with the indicated combinations of wild-type PKC6 (A) or PKCa (B)
with or without Xpress-tagged SPAK, were subjected to SDS-PAGE and immunoblotted with anti-PKC antibodies (upper panels), followed by
reprobing with an anti-Xpress antibody (lower panels). (C) Endogenous SPAK was immunoprecipitated from unstimulated or stimulated Jurkat
E6.1 cells. Immunoprecipitates (two upper panels) or lysates (three lower panels) were immunoblotted with anti-PKC or -SPAK antibodies.
Arrows indicate the position of PKC or SPAK, and the asterisk corresponds to a nonspecific band recognized by the anti-cPKC antibody. (D)
SPAK immunoprecipitates (8 x 10° cell equivalents; upper panel) or cell lysates (1 x 10° cell equivalents; two lower panels) from unstimulated
or stimulated primary C57BL/6 mice were immunoblotted with the indicated antibodies. The numbers under the upper panel represent the fold
increase in PKCO-SPAK association compared to unstimulated cells (=1) as determined by densitometry. (E) Jurkat E6.1 cell stimulated as
indicated for 10 (anti-CD3/CD28) or 5 (PMA) min were immunoprecipitated with preimmune serum or anti-SPAK serum, and immunopre-
cipitates (upper panel) or lysates (lower panel) were subjected to anti-PKCO immunoblotting. The heavy chain (HC) and light chain (LC) of the

immunoprecipitating antibody are indicated.

finding that only the anti-SPAK serum, but not the preim-
mune serum, co-immunoprecipitated PKCO (Figure 2E) vali-
dates the specificity of the co-immunoprecipitation.

The 99 COOH-terminal residues of SPAK interact

with PKCO

In order to map the region(s) of SPAK, which mediates the
interaction with PKCO, we generated different GST fusion
constructs of mutated or truncated SPAK (Figure 3A) and
used them in pull-down assays with Jurkat T-cell lysates
(Figure 3B). Similar levels of the recombinant SPAK fusion
proteins were used for each pull-down assay (Figure 3B,
lower panel). Full-length wild-type or kinase-inactive mu-
tated (K/E) SPAK bound endogenous PKC6 (Figure 3B, upper
panel). Thus, the kinase activity of SPAK is not essential for
this interaction, a result confirmed in intact cells by co-
immunoprecipitation analysis of transfected cells (data not
shown). Similarly, deletion of the PAPA box, that is, the
proline/alanine-rich N-terminal region (SPAKAPA) or the
first 347-amino-acid residues including the catalytic domain
(SPAK-R), did not have a significant effect on the level of
PKCO associated with SPAK. In contrast, deletion of 487
(SPAK-PA), 200 (SPAKAR) or 99 (SPAKA2h) COOH-terminal
residues abolished the interaction, indicating that the 99
terminal residues of SPAK are critical for interaction with
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PKC6O. Indeed, a fusion protein consisting of the 99 COOH-
terminal residues of SPAK (SPAK-2h; corresponding to the
cDNA fragment isolated in the initial yeast two-hybrid
screen) bound PKC6O even more strongly than full-length
SPAK or the other positive SPAK fusion proteins.
Interestingly, the isolated kinase domain of SPAK (SPAK-K),
but not the same domain with the additional 61 NH,-terminal
residues of SPAK (SPAKAR), also bound PKCO weakly.

SPAK is a specific substrate of PKC0

To further address the relationship between SPAK and PKC0,
we examined whether SPAK is a substrate of PKCO by
subjecting GST fusion proteins of wild type or kinase-inactive
(K/E mutant) of SPAK to an in vitro kinase assay with purified
PKC enzymes. Surprisingly, PKC6, but not PKCa, phosphory-
lated SPAK in vitro (Figure 4A). This difference did not reflect
poor or absent activity of the PKCa preparation, as both PKC
isotypes phosphorylated myelin basic protein (MBP) equally
well (Figure 4B). The apparently stronger phosphorylation of
wild-type SPAK as compared to SPAK-K/E most likely reflects
the endogenous autophosphorylating activity of SPAK,
which was documented previously (Johnston et al, 2000).
Consistent with the ability of PKC6 to phosphorylate SPAK in
vitro, a cotransfected constitutively active PKCO mutant

©2004 European Molecular Biology Organization
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Figure 3 Mapping of the PKC6-interacting domain of SPAK. (A) Schematic representation of the SPAK constructs expressed as GST fusion
proteins. The proline/alanine-rich region (PAPA box), kinase domain, potential nuclear localization signal (NLS) and caspase cleavage site
(DEMDE) are indicated. SPAK-2h corresponds to the cDNA insert from C51 identified in the yeast two-hybrid screen (Figure 1A). The numbers
above the bars correspond to the amino-acid positions at the boundaries of each region. (B) Jurkat E6.1 cell lysates were incubated with the
indicated GST or GST-SPAK proteins immobilized on glutathione-sepharose beads. Bead-bound proteins were analyzed as described in
Materials and methods (upper panel). The lower panel shows the input of GST or GST-SPAK proteins (indicated by arrowheads) determined by

Ponceau S staining.

(PKC6-A/E) enhanced the phosphorylation of SPAK in trans-
fected, **P;-labeled 293T cells (Figure 4C).

In order to map the region of SPAK, which is phosphory-
lated by PKCO, we subjected the SPAK fusion proteins
described above to similar in vitro kinase assays with
recombinant PKCO (Figure 4D). PKCO strongly phosphory-
lated full-length SPAK as well as its APA, A2h and kinase
domain constructs. A much weaker phosphorylation of the
C-terminal fragment (R) was also observed, but the NH,-
terminal PA or COOH-terminal 2h fragments were not phos-
phorylated. These findings indicate that PKCO phosphorylates
SPAK in vitro predominantly in its catalytic domain, and
perhaps very weakly in the region included within residues
348-448.

Sequence analysis of SPAK using the ScanProsite program
(http://us.expasy.org/tools) revealed five potential consen-
sus PKC phosphorylation sites, that is, serine (S) residues 311
and 325 in its catalytic domain, and S residues 407 and 463
plus threonine (T) residue 520 in its COOH-terminal putative
regulatory domain. We used the kinase-inactive (K/E) mutant
of SPAK as a template to generate alanine replacement point
mutations of each of these residues. Consistent with the poor
phosphorylation of the COOH-terminal fragment (SPAK-R;
Figure 4D), mutation of the three potential phosphorylation
sites in this region (S407A, S463A and T520A) did not reduce
the phosphorylation of SPAK by purified PKCO (Figure 4E and
data not shown). The S325A mutation reduced phosphoryla-
tion by 30% whereas the S311 mutation reduced it by 90%,
a reduction similar to that observed with the double mutant
(S2A), in which both S311 and S325 were mutated. These
results identify S311 as the major in vitro phosphorylation site
by PKC6, possibly with a lesser contribution by S325.

TCR/CD28 costimulation activates SPAK
As CD28 costimulation enhances the TCR-induced membrane

translocation and activation of PKC6 in T cells (Coudronniere
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et al, 2000; Villalba et al, 2000; Bi et al, 2001), we wished to
determine whether CD28 costimulation would have a similar
effect on SPAK. First, we used an in vitro kinase assay to
analyze the activity of transfected SPAK from Jurkat-TAg
cells. As these cells do not express CD28, they were addi-
tionally cotransfected with a CD28 expression vector in order
to determine the effect of CD28 costimulation. The basal
activity of SPAK isolated from unstimulated cells was barely
detectable, but anti-CD3 stimulation caused an increase in the
activity of SPAK, which peaked at 10 min and declined to a
low level by 30 min (Figure 5A, upper panel). Anti-CD3/CD28
costimulation caused a markedly higher activation of SPAK
at each time point. PMA stimulation also induced marked
activation of SPAK at 5min. All immunoprecipitates con-
tained similar levels of transfected SPAK as determined by
anti-Xpress immunoblotting (lower panel).

We also assessed the effect of CD3/CD28 costimulation on
endogenous SPAK in Jurkat E6.1 cells (which express CD28).
Similar to transfected SPAK, this costimulation activated
SPAK with a similar time course (Figure 5B). This time course
paralleled that of PKCO activation under similar stimulation
conditions (Figure 5C), with peak PKCO activation slightly
preceding that of SPAK. The possibility that co-immunopre-
cipitated PKCO contributed significantly to the total in vitro
kinase activity measured in this (Figure 5) and other (see
below) experiments was ruled out by demonstrating that a
specific pan-PKC inhibitor, which completely blocked the
autophosphorylation of PKC6, had only a small inhibitory
effect (~30%) on the in vitro autophosphorylating activity of
immunoprecipitated SPAK (Supplementary Figure 2).

Costimulation-dependent activation of SPAK requires
its PKCO-interacting domain and S311

The above results demonstrate that the 99 COOH-terminal
residues of SPAK associate with PKCO (Figure 3B) and,
furthermore, that S311 represents a major PKCO phosphoryla-
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Figure 4 Selective SPAK phosphorylation by PKCO. (A)
Recombinant wild-type (wt) or kinase-inactive (K/E) SPAK fusion
proteins were used as substrates in in vitro kinase assays in the
absence (—) or presence of recombinant PKCO or PKCa enzymes.
Phospho-SPAK (pSPAK) was detected by autoradiography (upper
panel), and Ponceau S staining of the membrane shows the SPAK
protein band (lower panel). (B) To normalize the activity of
recombinant PKCO or PKCe, a parallel kinase reaction was per-
formed using MBP as a substrate. Phospho-MBP (pMBP) deter-
mined by autoradiography (upper panel) or the input MBP protein
revealed by Ponceau S staining (lower panel) is shown. (C) 293T
cells transfected with Xpress-SPAK in the absence or presence
of constitutively active PKCO were labeled with 3*P; and SPAK
was immunoprecipitated with an anti-Xpress antibody.
Immunoprecipitates were analyzed by SDS-PAGE and autoradio-
graphy (pSPAK; upper panel) or by anti-Xpress immunoblotting
(lower panel). (D) PKCO in vitro kinase assays were conducted
using the indicated recombinant SPAK proteins as substrates, and
analyzed as in (A). (E) GST fusion proteins of kinase-inactive SPAK
(K/E) or SPAK-K/E with the indicated serine-to-alanine point muta-
tions were used as substrates in PKCO kinase reactions, and
analyzed as in (D). The numbers refer to the phosphorylation
level of each substrate relative to the phosphorylation of SPAK-K/
E(=1).
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Figure 5 Activation of SPAK by TCR/CD28 costimulation. (A)
Transfected SPAK was immunoprecipitated from unstimulated (0')
or stimulated Jurkat-TAg cells cotransfected with a CD28 plasmid,
and subjected to an in vitro kinase assay (upper panel). The
membrane was reprobed with anti-Xpress antibody (lower panel).
(B) Endogenous SPAK was immunoprecipitated from unstimulated
or stimulated Jurkat E6.1 cells, and subjected to an in vitro kinase
reaction (upper panel) as in (A). Lysates from the same cells were
immunoblotted with an anti-SPAK antibody (lower panel). (C)
Endogenous PKC6O was immunoprecipitated from unstimulated or
stimulated Jurkat E6.1 cells, and subjected to an in vitro autophos-
phorylation reaction (upper panel) or anti-PKCO immunoblotting
(lower panel). (D) Jurkat-TAg cells were cotransfected with a CD28
plasmid plus empty vector (pEF) or the indicated pEF-SPAK con-
structs. After 20 h, the cells were left unstimulated (—) or stimulated
(+) with crosslinked anti-CD3 plus anti-CD28 antibodies for
10min. SPAK kinase activity (upper panel) or transfected SPAK
expression (lower panel) was determined as in (A).

tion site in SPAK (Figure 4E). In order to determine the
biological significance of these two events, we assessed the
ability of anti-CD3/CD28 costimulation to activate a SPAK
mutant lacking the PKC6-interacting region (SPAKA2h),
or the doubly mutated (S2A) SPAK. As positive or negative
controls, CD3/CD28 costimulation activated wild-type SPAK,
but failed to activate a kinase-inactive (K/E) SPAK mutant,
respectively (Figure 5D, upper panel). The S2A mutant was
activated to a significantly lower degree than wild-type SPAK,
indicating that PKCO-mediated transphosphorylation of SPAK
on S311 (and S325?) is required for maximal receptor-
mediated activation of SPAK. In contrast, the SPAKA2h

©2004 European Molecular Biology Organization



mutant was not activated at all by CD3/CD28 costimulation,
indicating that association of SPAK with PKC6 is critical for its
CD3/CD28-induced activation.

Impaired SPAK activation in PKCO~/~ T cells

In order to establish the biological significance of the inter-
action between SPAK and PKC6, we compared the activity of
endogenous SPAK in wild-type versus PKCO /™ T cells. CD3/
CD28 costimulation of wild-type T cells induced activation of
SPAK, which was first observed at 10 min, reached a max-
imum at 30 min and remained strongly elevated after 50 min
(Figure 6A, upper panel). In contrast, PKCO-deficient T cells
displayed the first increase in SPAK activity after 10-30 min,
and this activity declined to a nearly basal level by 50 min.
Integration of the phosphorylation signals over the stimula-
tion time course by densitometry revealed that the overall
inducible phosphorylation of SPAK in PKCH-deficient T cells
represented only 26+2% of the corresponding activity in
wild-type T cells (n=2). As noted earlier, the peak of PKC6O
autophosphorylation slightly preceded that of SPAK activation
(second and third panels from top). As a negative control, the
activation of Akt was not reduced in the same cells (Figure 6A,
two lower panels). Similarly, the PMA-induced activation of
SPAK was also impaired in PKC6-deficient T cells (Figure 6B).
Thus, the PKCO mutation impairs the activation of SPAK both
in terms of its magnitude and duration. These results indicate
that, although the TCR/CD28-mediated activation of SPAK
does not absolutely depend on PKC6O, PKCO is nevertheless
required for maximal and sustained activation of SPAK,
indicating that the physical and functional interaction be-
tween PKCO and SPAK is biologically relevant.

SPAK and its S311 are involved in PKC0- and
receptor-induced AP-1, but not NFxB, activation

The transcription factors NF-kB and AP-1 represent two
major targets of PKCO in T cells (Baier-Bitterlich et al, 1996;
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Coudronniere et al, 2000; Lin et al, 2000; Sun et al, 2000;
Isakov and Altman, 2002; Pfeifhofer et al, 2003). Therefore,
we wished to determine whether SPAK participates in PKC6-
dependent signaling pathways leading to activation of these
transcription factors. We used an RNAi-based approach to
inhibit SPAK expression in T cells and found that one SPAK-
specific RNAi (RNAi-2) and, to a lesser extent, another RNAi
(RNAi-1), but not the corresponding empty vector, substan-
tially reduced the mRNA and protein expression of SPAK in
transfected Jurkat T cells (Figure 7A). In parallel, RNAi-2
inhibited by ~70% the activation of a cotransfected AP-1
reporter gene induced by a constitutively active PKCOH mutant
(Figure 7B, upper panel), but had no effect on an NF-xB
reporter gene (Figure 7B, lower panel). These results indicate
that SPAK functions downstream of PKCO in a pathway
leading to AP-1, but not NF-kB, activation in T cells. This
specificity was supported by experiments measuring the
effects of a dominant-negative, kinase-inactive SPAK mutant
on CD3/CD28-costimulated AP-1 versus NF-xB activation
(Supplementary Figure 3), or on the ability of SPAK to
synergize with a limiting amount of a cotransfected PKCO-
A/E mutant to activate AP-1, but not NF-kB, reporter gene
(Supplementary Figure 4).

To further elaborate this apparent specificity in the effects
of SPAK and evaluate the role of its S311/S325 residues in AP-
1 activation, we compared wild-type SPAK with its kinase-
inactive mutant, the S2A mutant, or the interaction-deficient
mutant (A2h) with regard to their ability to synergize with
active PKCO in AP-1 activation. PKCO-A/E synergized with
wild-type SPAK to activate AP-1 and, conversely, the kinase-
inactive mutant (K/E) functioned in a dominant-negative
manner to inhibit the PKCO-A/E-induced AP-1 activation
(Figure 7C). Interestingly, the S2A mutant, which displayed
a marked reduction in its phosphorylation (Figure 4E) or
CD3/CD28-costimulated activation (Figure 5D), did not signi-
ficantly enhance reporter activation by PKC6-A/E, further
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Figure 6 Deficient SPAK activation in PKCO ™/~ T cells. Primary T cells purified from wild-type or PKCO~/~ mice were stimulated for the times
as indicated. Endogenous SPAK was immunoprecipitated and assayed for kinase activity as in Figure 5. Lysates from the same cells were
immunoblotted with anti-SPAK or -PKCO antibodies. The numbers under the panels represent the fold increase in SPAK activity compared to
unstimulated cells (= 1) as determined by densitometry. In (A), the time course of PKC6 in vitro autophosphorylation (second panel from top)
or its expression (third panel from top), as well as the activation and expression of Akt in the same cells (two lower panels), were also
determined. (B) This experiment is representative of another, similar experiment.
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Figure 7 SPAK is required for PKCO-A/E-induced AP-1, but not
NF-kB, activation. (A, B) Jurkat E6.1 cells were transfected with
empty vector (left lane) or c-Myc-PKC6-A/E (four right lanes) plus
the indicated pSuper, pSuper-RNAi-1 or pSuper-RNAi-2 vectors, p-
Gal reporter plasmid and AP-1 (B; upper panel) or NF-kB (B; lower
panel) reporter genes. (A) Expression levels of SPAK mRNA (mea-
sured by real-time RT-PCR and expressed as arbitrary units), and
SPAK or PKCO protein (measured by immunoblotting with anti-
SPAK or anti-c-Myc antibodies, respectively). (B) Normalized AP-1
(upper panel) or NF-xB (lower panel) activities in the same cells.
(C) Jurkat-TAg cells were cotransfected with the indicated combina-
tions of empty vector, c-Myc-PKCO-A/E and/or different SPAK
constructs together with AP-1-Luc and B-Gal reporter genes. Cell
extracts were prepared 24h later, and normalized AP-1 activity
(upper panel) or protein expression levels (two lower panels)
were determined. Mean values of duplicate determination+s.e.
are shown. Similar results were obtained in two additional
experiments.
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attesting to the biological relevance of S311 (and S325?) in the
functional interaction between PKC6 and SPAK. The interac-
tion-deficient mutant (A2h) of SPAK also failed to synergize
with PKC6-A/E, indicating that the association of SPAK with
PKCO is essential for its biological activity, that is, AP-1
activation.

Discussion

The central role of PKC6 in mature T-cell activation is clearly
established (Sun et al, 2000; Isakov and Altman, 2002;
Pfeifhofer et al, 2003). This role reflects the fact that several
transcription factors essential for IL-2 induction, that is,
NF-xB, AP-1 and NFAT, are regulated by PKC6. Thus, con-
siderable effort is currently centered on defining the molecu-
lar pathways leading from the early activation of PKC6 in the
immunological synapse (Monks et al, 1997, 1998) to AP-1
and NF-kB activation and identifying the relevant intermedi-
ate components. In general, more progress has been made in
characterizing PKCO signaling pathways involved in NF-«B
activation. Following earlier demonstrations that PKCO regu-
lates IkB degradation (Sun et al, 2000) and IKKf activation
(Coudronniere et al, 2000; Lin et al, 2000), and associates
with the IKK signalsome (Khoshnan et al, 2000), more recent
work has focused on the CARD-domain-containing proteins,
Bcl10 and CARMA-1/CARDI11, as adapters that potentially
link PKC6 to NF-xB activation (Gaide et al, 2002; Pomerantz
et al, 2002; Wang et al, 2002). Interestingly, these two
adapters do not play an apparent role in AP-1 activation
(Pomerantz et al, 2002; Wang et al, 2002; Hara et al, 2003;
Jun et al, 2003). In contrast, less progress was made in
understanding the signaling pathway mediating AP-1 activa-
tion by PKCH. Our earlier work implicated Ras in this path-
way (Baier-Bitterlich et al, 1996). However, the biological
relevance of the documented PKCO-mediated JNK activation
in Jurkat T cells (Avraham et al, 1998; Werlen et al, 1998;
Ghaffari-Tabrizi et al, 1999) for AP-1 activation is question-
able, as JNK activation was reported to be intact in PKC6-
deficient T cells (Sun et al, 2000) and, moreover, JNK1 and
JNK2 are not required for primary T-cell activation (Dong
et al, 2000).

Here, we identify SPAK, a Ste20-related kinase isolated by
several groups (Ushiro et al, 1998; Johnston et al, 2000), as
an immediate target of PKCH in a selective pathway involved
in AP-1 activation. The findings that support this conclusion
include (1) the selective interaction of SPAK with PKCO, but
not PKCa, and the enhancement of this association induced
by TCR/CD28 costimulation; (2) the enhanced in vivo phos-
phorylation of SPAK in cells coexpressing constitutively
active PKCO and, more importantly, the direct in vitro phos-
phorylation of recombinant, kinase-inactive SPAK by purified
PKCO (but not PKCa), which occurs predominantly at Ser-311.
The sequence surrounding this residue (KYGKS*'FRKL)
resembles the pseudosubstrate sequence found in PKCO
(RRGAIKQAK, where the serine residue is replaced by an
isoleucine) in that it also contains the requisite basic residues
surrounding the phosphorylation sites. Although it remains
to be proven that S311 is phosphorylated by PKC6 in intact
T cells in response to CD3/CD28 costimulation, our finding
that mutation of this site reduces both the CD3/CD28-induced
activation of SPAK and its ability to activate AP-1 in T cells does
lend biological significance to this site; (3) the enhancement
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of SPAK activation by CD28 costimulation, similar to what
was found for PKCO (Coudronniere et al, 2000; Villalba et al,
2000; Bi et al, 2001); (4) the requirement of the PKCO-
interacting domain of SPAK (residues 449-547) for its max-
imal TCR/CD28-induced activation and its ability to activate
synergistically AP-1 when combined with PKC6; (5) the
markedly impaired (in terms of both magnitude and dura-
tion) of SPAK activation in PKCO™/~ T cells; and (6) the
synergistic activation of AP-1, but not NF-kB, by SPAK and
PKCO and, conversely, the ability of SPAK-specific RNAi or a
dominant-negative SPAK mutant to inhibit AP-1, but not NF-
kB, activation. This selectivity indicates that SPAK lies down-
stream of PKCH in a signaling pathway leading to AP-1, but
not NF-«xB, activation. Thus, SPAK defines a point at which
the PKCO signaling pathways involved in AP-1 versus NF-xB
activation have diverged.

The ability of PKC6, but not PKCa, to phosphorylate SPAK
in vitro is intriguing as protein kinases tend to be more
promiscuous in vitro, and the consensus phosphorylation
sites for different members of the PKC family are quite
similar, albeit not identical (Nishikawa et al, 1997).
However, a recent study reported that moesin is phosphory-
lated in vitro by PKCO, but not by other PKC isotypes
(Pietromonaco et al, 1998). The residual SPAK activation in
PKCO /™ T cells indicates that a PKC6-independent pathway,
for example, autophosphorylation or transphosphorylation
by some other kinase, may contribute to SPAK activation,
although this level of activation is apparently insufficient for
full AP-1 activation given the impaired receptor-induced AP-1
activation in PKCO-deficient peripheral T cells (Sun et al,
2000). In particular, the shorter duration of SPAK activation
in the absence of PKCH may be relevant as, for example, the
duration (in addition to the magnitude) of ERK activation can
have a major impact on positive selection in the thymus
(Hogquist, 2001).

Our work demonstrates that the 99 COOH-terminal amino
acids of SPAK, corresponding to the SPAK fragment
isolated in the initial yeast two-hybrid screen, are necessary
and sufficient for binding PKCO. Interestingly, this COOH-
terminal fragment was required for activation of SPAK
by TCR/CD28 costimulation in intact cells and for SPAK-
mediated AP-1 activation, suggesting that receptor-mediated
SPAK activation depends on its association with PKC6.
Although in most cases kinases do not stably associate
with their substrate, the association between PKC6 and
SPAK and its apparently important role in proper SPAK
activation is reminiscent of the stable interaction of JNK
with its substrate, c-Jun, which is important for efficient
c-Jun phosphorylation and activation (Kallunki et al, 1996).
The isolated COOH-terminal fragment of SPAK appeared to
bind PKCO more effectively than the other SPAK constructs
containing this region, suggesting that region(s) of
SPAK outside the COOH-terminus may exert a negative
regulatory influence on the interaction with PKC6. Our results
also revealed a weak interaction of the kinase domain of
SPAK with PKC6, consistent with the report of a SPAK-
co-immunoprecipitated unidentified Ser/Thr kinase, which
associated with the catalytic domain of SPAK (Johnston et al,
2000). This interaction could reflect a weak kinase-substrate
interaction between PKCO and SPAK. However, inclusion of
the 61 NH,-terminal residues of SPAK reduced this weak
interaction to a barely detectable level, suggesting that
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these residues may negatively regulate the SPAK-PKCO
interaction.

Taken together, our findings suggest the following scenario
for the regulated activation of SPAK in T cells. In resting
cells, SPAK associates constitutively with PKCO via its
COOH-terminal region. TCR/CD28 costimulation significantly
enhances this association, perhaps by inducing additional
interaction(s) between the two enzymes and/or localizing
the SPAK-PKC6 complex to a compartment, which stabilizes
this interaction, for example, membrane lipid rafts (Bi et al,
2001). When PKC6 is activated by TCR/CD28 costimulation,
it phosphorylates the associated SPAK, allowing its activa-
tion. Full activation of SPAK may involve its autophosphory-
lation at additional site(s), consistent with the report
that SPAK autophosphorylates (Johnston et al, 2000). The
reported association of SPAK with an unknown, SPAK-phos-
phorylating Ser/Thr kinase in mammalian cells (Johnston
et al, 2000) raises the possibility that SPAK, which is ubiqui-
tously expressed (Ushiro et al, 1998; Johnston et al, 2000),
associates with different members of the PKC family (or
with other kinases) in other cell types. However, we
could not detect an interaction between SPAK and PKCua in
T cells.

Little is known about the physiological functions of SPAK,
which belongs to the SPS1 subfamily of STE20 kinases and is
considered to be an upstream MAP4K or MAP3K (Johnston
et al, 2000). SPAK undergoes stress-induced translocation to
the cytoskeleton, and it associates in the brain with protein
complexes that include actin and tubulin, and in vitro with
actin (Tsutsumi et al, 2000). SPAK specifically activates p38
stress-activated protein Kkinase in cotransfection assays
(Johnston et al, 2000), and associates with the cation chloride
cotransporters, KCC3, NKCC1 and NKCC2, which are acti-
vated during osmotic and oxidative stress in order to main-
tain fluid/ion homeostasis (Piechotta et al, 2002). Lastly,
androgen stimulation was found to upregulate SPAK expres-
sion in prostate tissue (Qi et al, 2001). Based on these findings
and the close relationship of SPAK to yeast Ste20 and Spsl
(Ushiro et al, 1998; Johnston et al, 2000), it has been
suggested that SPAK mediates stress-activated signals
(Johnston et al, 2000; Tsutsumi et al, 2000; Piechotta et al,
2002) and regulates the cytoskeleton in response to cellular
stress (Tsutsumi et al, 2000).

The above studies and our results raise the possibility
that in T cells, PKCO may participate in mediating stress
signals. Note that TCR/CD28 costimulation induces
cytoskeletal translocation of PKCO (Bi et al, 2001; Villalba
et al, 2001) as well as the activation of JNK and p38, two
stress-activated protein kinases (Su et al, 1994; Salojin et al,
1999; Schafer et al, 1999; Zhang et al, 1999). It would be
interesting to determine whether SPAK selectively activates
p38 in T cells and whether PKCO plays some role in p38
activation. Although stimulated PKCO /= primary T cells
reportedly display intact phosphorylation of p38 (Sun et al,
2000), it is possible that compensatory p38-activating
mechanisms operate under conditions of chronic PKC6O
deficiency in the respective knockout mice. Studies are
currently in progress to address this potential link and to
determine whether SPAK-mediated AP-1 activation depends
on JNK. These and other studies aimed at identifying the
targets of SPAK in T cells will shed light on the role of this
kinase in T cells.
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Materials and methods

Mice, antibodies and enzymes

PKCO-deficient mice were a kind gift from Dr Dan Littman (Sun et al,
2000). Normal C57BL/6]J mice were obtained from Jackson
Laboratories (Bar Harbor, ME). The anti-human (OKT3) or -mouse
(2C11) CD3 monoclonal antibodies (mAb) and the anti-mouse CD28
mADb (37.51) were affinity purified from culture supernatants of the
corresponding hybridomas as described (Liu et al, 1997). An anti-
human CD28 mAb was obtained from Pharmingen (San Diego, CA),
and the PKCO-specific mAb (clone 27) was from Transduction
Laboratories (Lexington, KY). An anti-PKC mAb (MCS5), which
crossreacts with the three cPKC isotypes (o, f and y), and the anti-c-
Myc mAb (9E10) were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA). The anti-Xpress mAb was from Invitrogen Life
Technologies (Carlsbad, CA). Anti-Akt or phospho-Akt antibodies
were from Cell Signaling Technology (Beverly, MA). Polyclonal
rabbit anti-SPAK antibodies were obtained from Dr L Harrison
(Walter and Eliza Hall Institute of Medical Research, Parkville,
Australia) (Johnston et al, 2000), or generated by immunizing two
rabbits with a purified GST-SPAK fusion protein coupled to keyhole
limpet hemocyanin. Recombinant PKCO was prepared and purified
as described (Liu et al, 1999). Recombinant PKCa was purchased
from Calbiochem (San Diego, CA).

Yeast two-hybrid screening

The yeast pGilda plasmid encoding a kinase-inactive mutant of
human PKCO (PKC6-K/R) fused to the LexA DNA-binding domain
(pBD-PKC6-K/R) has been described (Witte et al, 2000). A human
Jurkat T-cell cDNA library in the pJG4-5 vector, which expresses the
Escherichia coli B42 transactivating domain (pAD) (Ma and
Ptashne, 1987), was obtained from Origen Technologies, Inc.
(Rockville, MD). Library screening by the yeast two-hybrid method
was performed according to the Origen manual. Briefly, the yeast
EGY48 strain of Saccharomyces cerevisiae (MAT, trpl, ura3, his,
leu2:plexApo6-leu2) was first transformed with the lacZ reporter
plasmid, p8op-lacZ, to create EGY48[p8op-lacZ]. The latter yeast
was transformed with the cDNA library (0.1 mg) and denatured
salmon sperm DNA (5mg) using LiCl. Colonies that formed on
leucine-deficient SD-plates containing 2% galactose and 1%
raffinose were removed and grown in fresh SD-plates for 2-4 days,
then transferred to a Whatman filter paper, and tested for activation
of the lacZ reporter gene using the B-galactosidase (B-Gal) colony-
lift filter assay. From an initial screen of ~2 x 107 transformants, 70
colonies that transactivated the LEU2 reporter gene were identified.
Of these, 50 colonies were also positive for -Gal when color was
scored after 1h. Isolated plasmid DNAs from these LEU* /lacZ*
clones were again cotransformed with the PKCO-K/R bait (or with
empty pGilda as a negative control) to eliminate false positives and
confirm two-hybrid interactions.

Cloning of full-length SPAK

Messenger RNA from Jurkat T cells was isolated using the Trizol-
phenol method and reverse transcribed using an oligo(dT) primer
and Superscript II reverse transcriptase (Invitrogen). The cDNAs
were amplified by PCR using the Advantage-GC2 PCR kit from BD
Biosciences Clontech (Palo Alto, CA). Briefly, 5 and 3’ primers
(2 uM each) specific for human SPAK (GenBank accession number
AF099989) were dissolved in 50 pl of Tricine-KOH (40 mM, pH 9.2
at 25°C) containing 1ul of Advantage-GC2 polymerase mix
(Clontech), 0.5M GC-Melt™, 15mM potassium acetate, 3.5mM
magnesium acetate, 5% (v/v) DMSO and 3.75 pg/ml BSA. The PCR
was carried out by incubating the sample at 94°C for 1min,
followed by 35 cycles at 94°C for 30s, 56°C for 4 min and 68°C for
3 min, and soaking in buffer at 15°C. The PCR product was analyzed
on a 1% agarose gel and sequenced.

Expression plasmids

c-Myc-epitope-tagged mammalian expression vectors of wild-type
PKCO or constitutively active PKCO (A/E mutant) were constructed
by PCR using a pair of PKC6-specific primers, of which the 5’ primer
also included a sequence encoding a c-Myc epitope. After
sequencing, the PCR fragments were cloned into the BamHI/Xbal
sites of the mammalian expression vector pEF4/Myc-His C
(Invitrogen), which expresses an additional c-Myc epitope tag
downstream of the ¢cDNA insert. cDNAs corresponding to full-
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length SPAK or fragments thereof (Figure 3A) were generated by
standard PCR and cloned into the EcoRI/Xhol sites of the bacterial
expression vector pGEX-4T-1 (Amersham Pharmacia Biotech,
Piscataway, NJ) or into the EcoRI/Xbal sites of pEF4/His C. A point
mutation inactivating the catalytic activity of SPAK (K94E or K/E)
was generated by site-directed mutagenesis using the QuikChange®
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA) and a wild-
type SPAK-GST fusion construct in pGEX-4T-1 or pEF4-SPAK as
templates. The AP-1, NF-xB and B-Gal reporter plasmids have been
described (Coudronniere et al, 2000; Villalba et al, 2000; Bi et al,
2001).

GST fusion protein purification and binding assay

Bacterial expression vectors were used to transform competent
BL21 E. coli cells, which were grown on LB/ampicillin plates
overnight. IPTG (isopropyl-1-thio-B-D-galactosidase) induction,
recombinant protein immobilization on glutathione-sepharose
beads, binding assays and analysis of bound proteins were
conducted as described (Liu et al, 1997, 1999). When necessary,
the bound proteins were eluted from the beads by adding 50 mM
Tris-HCI (pH 8.0) and 5 mM reduced glutathione.

Cell culture, transfection, labeling and reporter assays
Primary T cells were isolated from the spleens or lymph nodes of
wild-type C57BL/6 mice or PKCO~/~ mice by standard procedures,
and enriched to >85% purity using a mouse T-cell enrichment
column (R&D Systems, Minneapolis, MN). The cells were stimu-
lated for the indicated times with anti-CD3 (10 pg/ml) and/or -CD28
mAbs (2 pg/ml each), which were crosslinked using a goat anti-
Syrian hamster Ig (10 pg/ml), or with PMA (50 ng/ml). Culture and
transfection of human leukemic Jurkat (E6.1), Jurkat-TAg cells or
293T cells, as well as reporter assays, were described (Coudronniere
et al, 2000; Villalba et al, 2000; Bi et al, 2001). Reporter assays were
performed at least three times with similar results. In some
experiments, transfected 293T cells were starved in phosphate-free
medium for 3 h, washed x 3 in serum-free, phosphate-free DMEM,
and then metabolically radiolabeled by overnight incubation in
serum-supplemented phosphate-free DMEM containing 0.3 mCi/ml
32p, (ICN Biochemicals Inc., Costa Mesa, CA). The cells were
washed, lysed and subjected to SDS-PAGE and immunoblotting as
described below.

Immunoprecipitation, immunoblotting and kinase assays
These procedures were performed as described (Coudronniere et al,
2000; Villalba et al, 2000; Bi et al, 2001). MBP (1 pg) or the indicated
recombinant GST-SPAK proteins (1 pg) were used as substrates in
kinase reactions. Titration experiments using different amounts of
recombinant PKCO or PKCo and MBP as substrate were initially
performed in order to determine the amounts of recombinant
enzymes that yielded equivalent phosphorylation of MBP. These
amounts were then used to determine the phosphorylation of
recombinant SPAK. Kinase reactions were analyzed by SDS-PAGE
and autoradiography, and substrate phosphorylation was quanti-
tated using the NIH Image 1.61 densitometry software.

RNAi experiments and real-time RT-PCR

The mammalian RNAi expression vector, pSuper.retro.neo + gfp
(OligoEngine, Seattle, WA) was used for siRNA expression in Jurkat-
TAg cells. Two SPAK gene-specific oligonucleotides, which specify
19-mer sequences corresponding to nucleotides 255-273 (acccagg
caagaacgtgta; RNAi-1) or 334-352 (attcaagccatgagtcagt; RNAi-2)
downstream of the transcription start site of SPAK, were inserted
into the Bglll/Hindlll-digested circular pSuper vector.

Real-time RT-PCR was performed on a GeneAmp 5700 Sequence
Detector (Applied Biosystems, Foster City, CA) using SYBR Green
technology. PCR primers were designed using Primer Express 1.0
software with the manufacturer’s default settings. The SPAK-specific
primers were: aggaggttatcggcagtgga (forward) and tgcatagggctgect
gaac (reverse). Amplification of human ribosomal protein L32-3A
gene was used in the same reaction as an internal control, and the
expression level of SPAK mRNA was normalized to that of L32-3A
mRNA.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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