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Background: SLK promotes apoptosis and may control cell survival during renal injury or repair.
Results:Mutations in serine and threonine residues in the activation segment of SLK reduced kinase activity.
Conclusion: Phosphorylation of SLK plays a key role in activation and signaling.
Significance:Understanding the regulation of SLK activity is essential for developing novel therapeutic approaches to renal injury.

Expression and activation of the Ste20-like kinase, SLK, is
increased during kidney development and recovery from ische-
mic acute kidney injury. SLK promotes apoptosis, and it may
regulate cell survival during injury or repair. This study
addresses the role of phosphorylation in the regulation of kinase
activity. Wemutated serine and threonine residues in the puta-
tive activation segment of the SLK catalytic domain and
expressed wild type (WT) andmutant proteins in COS-1 or glo-
merular epithelial cells. Compared with SLK WT, the T183A,
S189A, and T183A/S189A mutants showed reduced in vitro
kinase activity. SLKWT, but not mutants, increased activation-
specific phosphorylation of c-Jun N-terminal kinase (JNK) and
p38 kinase. Similarly, SLK WT stimulated activator protein-1
reporter activity, but activation of activator protein-1 by the
three SLKmutants was ineffective. To test if homodimerization
of SLK affects phosphorylation, the cDNA encoding SLK amino
acids 1–373 (which include the catalytic domain) was fusedwith
a cDNA for a modified FK506-binding protein, Fv (Fv-SLK
1–373). After transfection, the addition of AP20187 (an FK506
analog) induced regulated dimerization of Fv-SLK 1–373.
AP20187-stimulated dimerization enhanced the kinase activity
of Fv-SLK 1–373 WT. In contrast, kinase activity of Fv-SLK
1–373 T183A/S189A was weak and was not enhanced after
dimerization. Finally, apoptosis was increased after expression
of Fv-SLK 1–373WT but not T183A/S189A. Thus, phosphory-
lation of Thr-183 and Ser-189 plays a key role in the activation
and signaling of SLK and could represent a target for novel ther-
apeutic approaches to renal injury.

Protein kinases form a diverse and important gene family
in eukaryotes (1). They are involved in the regulation of
many cellular processes, and their dysregulation can result in
diseases (2, 3). The catalytic activity of protein kinases is
tightly regulated, often via the activation segment, which
may be phosphorylated by other kinases to facilitate catalytic
activity (4). Typically, a kinase will phosphorylate the activa-

tion segment of a downstream kinase, allowing the down-
stream kinase to further propagate a signal (4). When
unphosphorylated, the activation segment is largely unstruc-
tured. Phosphorylation of the activation segment at the pri-
mary phosphorylation site stabilizes the kinase in a confor-
mation suitable for substrate binding. Kinases may also have
secondary phosphorylation sites in their activation segment,
which may enhance activity. Secondary phosphorylation may
also aid in the recruitment of substrate by changing the confor-
mation of a kinase to facilitate substrate binding. Once a kinase
is stabilized and activated, the catalytic domain identifies a spe-
cific substrate and phosphorylates the substrate via its active
site. This process can be facilitated by increasing the local con-
centration of a kinase relative to its substrate and may include
dimerization of the kinase (4).
A subset of kinases can also autoactivate via self-phospho-

rylation of their activation segment by their catalytic
domains (5). This form of activation requires that the acti-
vation segment contain a consensus sequence that can be
recognized by the catalytic domain. In some kinases activa-
tion segment dimerization is a mechanism for kinase auto-
phosphorylation of non-consensus sites (5). This allows the
catalytic domain of one dimerization partner to phosphoryl-
ate the activation domain of the other partner even if the
activation domain does not correspond to the substrate con-
sensus sequence of the catalytic domain. Activation segment
domain exchange is a mechanism proposed for the in trans
activation of kinases that do not require a consensus
sequence to be present in the activation segment of their
binding partner. In this model dimerization is induced in an
adjacent homodimerization domain. As such, the kinases are
ideally positioned, so that a transient activation of one cata-
lytic site leads to the phosphorylation of the activation seg-
ment of the binding partner. This in turn leads to the activa-
tion of the binding partner and the phosphorylation of the
original kinase in its activation segment; the final result is the
activation of two kinases, which can then phosphorylate
downstream targets with or without prior dissociation (5).
SLK is a serine/threonine protein kinase related to yeast

Ste20 (6, 7) and is classified as a group V germinal center kinase
(6, 8). SLK is expressed ubiquitously in various tissues (9). In the
kidney SLK is found in tubular and glomerular epithelial cells
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(GECs; podocytes)2 (10). Subcellularly, SLK is localized in the
cytosol, nucleus, microtubules, and centrosomes (11, 12). The
regulation and functions of SLK have received considerable
attention in recent years. Downstream signaling by SLK
involves mitogen-activated protein kinase pathways. We dem-
onstrated that in kidney epithelial cells, overexpression of SLK
activated the p38 mitogen-activated protein kinase pathway.
SLK can also activate the c-Jun N-terminal kinase (JNK) and
increase the transactivation of p53 (13, 14). Exposure of cul-
tured kidney epithelial cells to chemical anoxia and re-exposure
to glucose (which recapitulates ischemia-reperfusion in vivo)
stimulated SLK activity (10). Overexpression of SLK in cultured
GECs (which we have used to model the increased expression
observed in the in vivo circumstances) resulted in a modest
proapoptotic effect, and in the setting of ischemia reperfusion,
SLK overexpression markedly exacerbated cell death (10, 13,
14). These effects were mediated via p38, p53, and caspases.
Overexpression of SLK also induced apoptosis in other cell
lines (15, 16). In addition, SLK may play a role in cell cycle
progression (17). Together, the studies suggest that SLK may
regulate cell survival during development, injury, or repair. In
fibroblasts, SLK regulates cytoskeletal remodeling. SLK was
found to be associatedwith themicrotubular network, and acti-
vation of SLK via focal adhesion kinase and extracellular signal-
regulated kinase pathways destabilized the actin network. This
process affected focal adhesion turnover, cell adhesion, spread-
ing, andmotility. SLK can also increase stress fiber disassembly
(11, 12), whereas SLK depletion disrupts radial microtubule
arrays in a variety of cell types (18).
The SLK protein consists of �1204 or 1235 amino acids and

contains an N-terminal catalytic domain (amino acids 34–292)
and an extensive C-terminal “regulatory” domain that contains
coiled-coils (15, 19, 20). The regulation of SLK activity is com-
plex andmultifactorial. Activitymay be regulated by changes in
expression (10). SLK mRNA is unstable and contains adenine-
and uridine-rich elements in the 3�-untranslated region that
appear to regulate mRNA stability (21). The C-terminal region
containing coiled-coil domains was recently shown to facilitate
dimerization of the protein (22). Activation may also be regu-
lated by phosphorylation, and phosphorylation or dephosphor-
ylation of SLK were associated with changes in SLK activity in
some but not all earlier studies (14–16, 23–25). The activation
loop of SLK contains at least two potential phosphorylation
sites, Thr-183 and Ser-189, and based on the crystal structure of
the SLK catalytic domain, it was proposed that activation may
involve homodimerization of SLK catalytic domains and phos-
phorylation of Thr-183 and Ser-189 (25). Phosphorylation
would occur as one SLKmolecule enters into close contact with
the catalytic domain of the other and vice versa. It should, how-
ever, be noted that the kinase domain of SLK recognizes an
amino acid sequence that is not in the activation segment of
SLK (25). Nevertheless, the SLK catalytic domain is able to form
dimers in vitro and to phosphorylate its partner activation seg-

ment at Thr-183 and Ser-189. Phosphorylation may facilitate
the formation of a hydrogen bondnetwork, and a bond between
Lys-63 andGlu-79might be sufficient to lock an SLKmonomer
in an active conformation, suitable for substrate binding (25). It
has also been noted that Thr-193 in SLK is highly conserved in
the evolutionarily related kinases, DAPK3 (death-associated
protein kinase-3) andCHK2 (checkpoint kinase-2), where it is a
known phosphorylation site, possibly playing a regulatory role
(25).
We selected amino acids Lys-63, Glu-79, Thr-183, Ser-189,

and Thr-193 in SLK for further study. These amino acids were
mutated to test their functional role in the activation of SLK.
We demonstrate that mutations in amino acids in the activa-
tion segment (Thr-183, Ser-189, and Thr-193) reduce activity;
moreover, mutations in amino acids that may form a bond in
the catalytic domain, which sustains catalytic activity (Lys-63,
Glu-E79), also result in a kinase with reduced activity.

EXPERIMENTAL PROCEDURES

Plasmid Construction—Missense mutations in full-length,
wild type, hemagglutinin antigen epitope-tagged (HA)-SLK
(SLKWT) (14)were generated using polymerase chain reaction
(PCR)-basedmutagenesis. All PCRprimers are listed inTable 1.
For the T183A mutation, the PCR reactions included full-
length SLK forward and T183A reverse primers (T183A Reac-
tion 1) and T183A forward/full-length SLK reverse primers
(T183A Reaction 2). Full-length HA-SLK WT in pcDNA 3.1
(Invitrogen) was used as the template. Products of T183A reac-
tions 1 and 2 were combined in a third PCR reaction using
primers full-length SLK forward and full-length SLK reverse
(Reaction 3) to generate a 1674-base pair SLK T183A cDNA.
The PCR reaction included Pwo polymerase, 10 mM dNTP,
PCR primers, and template DNA. Incubation was for 4 min at
94 °C; 1 min at 94 °C, 1 min at 60 °C, 2 min at 72 °C (35 cycles);
final elongation for 10 min at 72 °C. By analogy, the full-length
HA-SLK S189A mutant was generated using the primers full-
length SLK forward/S189A reverse (S189A Reaction 1) and
S189A forward/full-length SLK reverse (S189A Reaction 2).
Products of S189AReaction 1 and 2 then underwent PCR using

2 The abbreviations used are: GEC, glomerular epithelial cell; AP-1, activator
protein-1; FKBP, FK506-binding protein; MBP, myelin basic protein; OSR1,
oxidative stress-responsive-1; DAPK3, death-associated protein kinase-3;
CHK2, checkpoint kinase-2.

TABLE 1
PCR primers
Full-length SLK forward, CGACGGAGCCTTTGGGAAA
Full-length SLK reverse, TCCTTAGTACCACCAGCCTCAGGAC
T183A forward, AAACACGAGGGCAATTCAAAGAAGAGAT
T183A reverse, ATCTCTTCTTTGAATTGCCCTCGTGTTT
S189A forward, AGATGCCTTTATTGGTACACCATATTGGAT
S189A reverse, GTGTACCAATAAAGGCATCTCTTCTTTGAATT
T183E forward, AAACACGAGGAAAATTCAAAGAAGAGAT
T183E reverse, ATCTCTTCTTTGAATTTCCCTCGTGTTT
T183D forward, AAACACGAGGATAATTCAAAGAAGAGAT
T183D reverse, ATCTCTTCTTTGAATATCCCTCGTGTTT
S189E forward, AGATGAATTTATTGGTACACCATATTGGAT
S189E reverse, GTGTACCAATAAATTCATCTCTTCTTTGAATT
S189D forward, AGATGACTTTATTGGTACACCATATTGGAT
S189D reverse, GTGTACCAATAAAGTCATCTCTTCTTTGAATT
T193A forward, CTTTATTGGTGCACCATATTGGATGG
T193A reverse, AATATGGTGCACCAATAAAGGAATCTC
K63R forward, CTGCTGCAAGAGTGATTGACAC
K63R reverse, CAATCACTCTTGCAGCAGCTAAA
E79A forward, AGATTACATGGTAGCGATTGACATATTAGC
E79A reverse, GCTAATATGTCAATCGCTACCATGTAATCT
Primer 1, CCGGAATTCGCCGCCGCCATGTCCTTCTTCAATTTCCGTAAGA
-XbaI Primer 1, TAGAAGGCATCCAGAAGCTTGACTATAT
-XbaI Primer 2, TAGTCAAGCTTCTGGATGCCTTCTAT
Primer 2, CTAGCTAGTCTAGAGAGTTTATCTTCAGAGTTACTACGTTCTG
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Reaction 3 primers to generate the complete S189A cDNA. To
generate the full-length HA-SLK T183A/S189A mutant, a
cDNA containing the S189A mutation was employed as tem-
plate for PCR reactions using theT183AReaction 1 and 2 prim-
ers. These products were then incubated with the Reaction 3
primers to form the complete T183A/S189A cDNA.
PCR products were blunt end-ligated into the pPCR-Script

Amp SK(�) cloning vector (PCR-Script Amp Cloning kit,
Stratagene, La Jolla, CA). The vector containing the cDNA
insert was digested with SalI and Bsp1407I restriction enzymes,
and the SalI/Bsp14071 fragment was ligated into the pcDNA
3.1-HA-SLK, replacing the analogous WT fragment. All PCR
products were verified by DNA sequencing.
For studies of homodimerization, theN-terminal domains of

SLKWTandSLKmutants (amino acids 1–373)were fusedwith
twomodified FK506-binding protein (FKBP) domains (Fv-SLK
1–373) (22, 26–28). A silentmutation that removed an internal
XbaI site in the catalytic domain of SLK and the SLK T183A/
S189A mutant was created by PCR using Primer 1/-XbaI
Primer 1 (-XbaI Reaction 1) and Primer 2/-XbaI Primer 2
(-XbaI Reaction 2). The SLK(-XbaI) and T183A/S189A(-XbaI)
SLK cDNA was produced by PCR by combining the products
from -XbaI reaction 1 and 2 and using Primer 1 and Primer 2.
To create Fv-SLK 1–373 T193A, SLK(-XbaI) was used as tem-
plate for PCRs with Primer 1 and T193A reverse (T193A Reac-
tion 1) and T193A forward and Primer 2 (T193A Reaction 2)
before being combined into the complete catalytic domainwith
Primer 1 and Primer 2 (T193A Reaction 3). Similarly, SLK
mutants T183D, T183E, S189D, S189E, K63R, and E79A were
produced using three reactions (Table 1). PCR products were
blunt end-ligated into pPCR-Script Amp SK(�). The vector
was digested with EcoRI and XbaI, and the WT or mutant
cDNAs encoding the SLK kinase domains were subcloned into
pC4M-Fv2E upstream of two modified FKBP domains and an
HA tag (Ariad Pharmaceuticals, Cambridge, MA) (the myris-
toylation sequence was deleted from the pC4M-Fv2E vector).
All PCR products were verified by DNA sequencing.
For studies of heterodimerization, SLK 1–373 WT and

T183A/S189A cDNAs (described above) were subcloned into
pC4M-F2E (without the myristoylation sequence) upstream of
two unmodified FKBP domains and an HA tag (Ariad Pharma-
ceuticals). Also, SLK 1–373 WT, K63R and T183A/S189A
cDNAs were subcloned into pC4M-RHE, upstream of a single
FRB and anHA tag (Ariad Pharmaceuticals). FRB is a 93-amino
acid portion of the FKBP-12-rapamycin-associated protein
(FRAP or mTOR), which is sufficient for binding the complex
of FKBP-rapamycin (29).
Cell Culture and Transfection—COS-1 monkey kidney cells

and A431 human epidermoid carcinoma cells (which overex-
press the epidermal growth factor receptor) were cultured in
DMEMsupplementedwith 10% fetal bovine serum (Wisent, St.
Bruno, QC, Canada). Rat GECs were characterized previously
and were cultured in K1 medium (30). Experiments were con-
ducted between passages 30 and 55. For transfection, cells were
trypsinized and counted using a hemocytometer. 7.5� 105 cells
were passaged into 100-mmplates and incubated for 24 h. Cells
were transiently transfected with 4.5 �l of Lipofectamine 2000
(Invitrogen) and 1.5 �g of plasmid DNA according to the pro-

cedure provided by the manufacturer. Transfected cells were
rinsed with PBS and lysed with 150 �l of lysis buffer containing
1% Triton X-100, 125 mM NaCl, 10 mM Tris, pH 7.5, 1 mM

EGTA, 2 mM Na3VO4, 5 mM Na4P3O7, 25 mM NaF, 20 �M leu-
peptin, 10 �M pepstatin, 50 �M bestatin, 15 �M E64, 0.8 �M

aprotinin, 1 mM 4-(2-aminoethyl)benzenesulfonyl fluoride.
Based on transfection of green fluorescent protein, the trans-
fection efficiency in COS-1 cells was �60%, whereas transfec-
tion efficiency in GECs was �10% (22).
Immunoblotting—After the addition of Laemmli buffer to

samples, proteins were separated by SDS-PAGE and were then
electrophoretically transferred to a nitrocellulose membrane.
Membranes were blocked with 5% BSA and incubated with
primary antibody followed by horseradish peroxidase-conju-
gated secondary antibody. Then membranes were developed
with ECL (GEHealthcare). Primary antibodies includedmouse
anti-HA,mouse anti-phosphotyrosine (PY20) (Santa Cruz Bio-
technology, SantaCruz, CA) and rabbit anti-p38 (Sigma) aswell
as rabbit anti-phospho-p38 (Thr-180/Tyr-182), rabbit anti-
JNK, rabbit anti-phospho-JNK (Thr-183/Tyr-185), and rabbit
anti-phosphoprotein kinase A (PKA) substrate, which recog-
nizes the sequence RRXpS/T (all from Cell Signaling Technol-
ogy, Danvers, MA). Secondary antibodies included sheep anti-
mouse IgG and goat anti-rabbit IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA). The ECL signals were quanti-
fied by scanning densitometry using NIH ImageJ software (10).
Results were normalized for loading controls.
Immune Complex Kinase Assay—Cell lysates were immuno-

precipitated with anti-HA antibody overnight at 4 °C or non-
immune mouse IgG (control) and were then incubated with
protein A-agarose for 1 h at 4 °C. After washing 3 times with
lysis buffer and 4 times with kinase buffer (20 mM Hepes, pH
7.2, 20 mM �-glycerophosphate, 10 mM MgCl2, 1 mM dithio-
threitol, 0.5 mM Na3VO4), samples were incubated with 0.5
mg/ml bovine brain myelin basic protein (MBP; Sigma) and 20
�M [�-32P]ATP (2.5 �Ci) for 5 min at 30 °C. After the addition
of Laemmli buffer, samples were subjected to SDS-PAGE and
autoradiography. Bandswere quantified by scanning densitom-
etry using NIH ImageJ software (10).
Dual Luciferase Reporter Assays—GECs were plated and co-

transfected after 24 h with the cDNA of interest, pRL-TK
(renilla luciferase), and activator protein-1 (AP-1) firefly lucif-
erase reporter (31). pRL-TK serves as an internal control that
quantifies transfection efficiency, whereas firefly luciferase
serves as the principal reporter (13). Cell lysates were assayed
using the Dual-Luciferase Reporter Assay System (Promega,
Madison, WI). Luciferase activity was measured in a Berthold
Lumat LB 9507 luminometer.
Measurement of Apoptosis—Cells were stained with Hoechst

H33342 dye (1 �g/ml) for 10 min at 37 °C without fixation.
After washing with PBS, cells were stained with propidium
iodide (5 �g/ml). Images were acquired using a Zeiss AxioOb-
server fluorescence microscope with visual output connected
to an AxioCam digital camera, and the cells were then counted
manually. Cell nuclei, which showed chromosomal condensa-
tion butwhich had an intact plasmamembrane impermeable to
propidium iodide, were counted separately from propidium
iodide-stained cells (10, 13). In this assay, nuclei of apoptotic
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cells (which show chromatin condensation and/or fragmenta-
tion) stain brightly with H33342, but these cells do not stain
with propidium iodide because apoptotic cells usually possess
intact plasma membranes. However, in cell culture propidium
iodide-positive cells are generally “late apoptotic,” as apoptotic
cells are not phagocytosed and may proceed to necrosis. All
other Hoechst H33342-stained cells were designated as
“normal.”
Statistics—Densitometric quantification of immunoblots

and autoradiograms was normalized to SLK WT, which was
considered 1 arbitrary unit. One-way analysis of variance was
used to determine significant differences among groups.Where
significant differences were found, individual comparisons
were made between groups using the t statistic and adjusting
the critical value according to the Bonferroni method. Results
are presented as the mean � S.E.

RESULTS

Activation Segment Mutations Inhibit SLK Kinase Activity—
To understand the role of the activation segment of SLK in
regulating catalytic activity, we focused on the role of serine and
threonine residues that are highly conserved among SLK and
other protein kinase catalytic domains. Such serines and thre-
onines can serve as substrates for other kinases, activating the
kinase catalytic site upon being phosphorylated. Mutations to
alanine permit the silencing of these sites without disturbing
the three-dimensional architecture of the protein. In an in vitro
model, which employed isolated catalytic domains of SLK, Thr-
183 and Ser-189 were identified as phosphorylation sites (25).
Mutations, including T183A, S189A, and T183A/S189A, were
introduced into the HA-tagged full-length cDNA of SLK via
PCR (Fig. 1A). COS-1 cells were transiently transfectedwith the
full-length SLKWTormutant plasmids, and expression of SLK
was confirmed with SDS-PAGE and immunoblotting of cell
lysates (Fig. 1C). To determine the effect of the T183A, S189A,
and T183A/S189A mutations on the kinase activity of SLK,
lysates of cells expressingHA-SLKWTormutants were immu-
noprecipitated with anti-HA antibody, and the immune com-
plexes were incubated with [�-32P]ATP and MBP. Compared
with SLK WT, SLK T183A tended to reduce MBP phosphory-
lation, whereas the S189Amutation as well as the doublemuta-
tion appeared to be more severe, completely abolishing cata-
lytic activity (Fig. 1B andD). In parallel, the phosphorylation of
SLK was also reduced by the mutations (Fig. 1, B and D).
Expression of Activation Segment SLK Mutants Affects Acti-

vation of JNK, p38, and AP-1—Having demonstrated that
mutations in Thr-183 and Ser-189 impaired kinase activity, the
next stepwas to examine the effect of thesemutations ondown-
stream signaling by SLK. Overexpression of SLK has previously
been shown to activate stress kinase pathways, including apo-
ptosis signal-regulating kinase-1 and p38 (14) as well as JNK
(13). These kinase pathways are typically anti-proliferative and
proapoptotic. To determine whether the activation segment
point mutations affected downstream signaling, SLK WT,
T183A, S189A, and T183A/S189A mutants were overex-
pressed in GECs, a well differentiated kidney epithelial cell line.
Phospho-specific antibodies were used to monitor activation-
specific changes in JNK (Fig. 2) and p38 (Fig. 3). SLK WT sig-

nificantly increased phospho-JNK compared with control. In
contrast, SLK activation domainmutantsT183A, S189A, and in
particular T183A/S189A showed a reduced ability to stimulate
JNK phosphorylation (Fig. 2, A and B). Similarly, SLK WT sig-
nificantly increased p38 phosphorylation compared with con-
trol, but theT183A/S189Adoublemutant failed to increase p38
phosphorylation above base line (Fig. 3, A and B). SLK T183A
and SLK S189A were able to stimulate p38 phosphorylation. In
these experiments the expression of JNK and p38 remained
constant (Figs. 2A and 3A, respectively).
To further confirm the functional role of Thr-183 and Ser-

189, we examined the effect of SLK on the activation of AP-1.
AP-1 is a transcription factor that lies downstreamof pathways,
including JNK and p38, and controls a number of cellular pro-
cesses, such as differentiation, proliferation, and apoptosis (32).
AP-1 activity wasmonitored using an AP-1-luciferase reporter.
SLK WT and to a lesser extent SLK T183A stimulated AP-1
reporter activity, whereas S189A and T183A/S189A were inef-
fective (Fig. 3C). Together these results confirm that SLK sig-
nals via JNK and p38 and demonstrate a critical role for activa-
tion segment phosphorylation.

FIGURE 1. T183A, S189A, and T183A/S189A mutations in the SLK activa-
tion domain inhibit catalytic activity and SLK phosphorylation. A, full-
length HA-SLK (1204 amino acids) is shown. The kinase domain (amino acids
34 –292), position of mutations, and coiled-coil (CC) domain are indicated.
B, COS-1 cells were transiently transfected with WT or mutant full-length HA-
SLK. After 48 h lysates were immunoprecipitated with anti-HA antibody (�) or
nonimmune IgG (control; �). Kinase activity was monitored by the incorpo-
ration of 32P into MBP (representative autoradiogram). C, lysates immuno-
blotted with anti-HA antibody show equal protein expression. D, normalized
densitometry of MBP (left) and HA-SLK phosphorylation (right). *, p � 0.0006
versus SLK WT; **, p � 0.0003 versus control immunoprecipitation with non-
immune IgG, n 	 5. In both graphs, the densitometry of SLK WT was set to 1.0
arbitrary unit.
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Homodimerization of SLK Increases Kinase Activity of SLK
WT but Not SLK Mutants—The Thr-183 and Ser-189 sites of
SLK are important for catalytic activity, but it has also been
suggested that the two phosphorylation sites play a role in SLK
autoactivation in trans via activation segment domain ex-
change (25). Homodimerization of SLK could allow for the cat-
alytic site of one SLK molecule to phosphorylate the activation
segment of another SLK molecule, which in turn could phos-
phorylate the first SLK molecule, should it not be fully active
already. To determine the effect of homodimerization on SLK
activity, we produced cDNAs consisting of the 373 N-terminal
amino acids of SLK (containing the catalytic domain) fused at
the C terminus with two modified FKBP domains (Fv-SLK
1–373; Fig. 4A) (22). The addition of the FK506 analog,
AP20187, induces regulated dimerization of the Fv domains;
previously, we showed that in the absence of AP20187, Fv-SLK
1–373 is almost exclusively monomeric, whereas AP20187
results in dimerization of �35% of total (22). In addition to the
T183A/S189Amutation, we also examined the role of Thr-193
phosphorylation, as Thr-193 in SLK is highly conserved among

evolutionarily related protein kinases. After transfection of
COS-1 cells, Fv-SLK 1–373 WT (not treated with AP20187)
showed modest kinase activity (as monitored by incorporation
of 32P into MBP), whereas treatment with AP20187 markedly
increased kinase activity compared with untreated (Fig. 4,
B–D). In contrast, Fv-SLK 1–373 T183A/S189A and Fv-SLK
1–373 T193A showed insignificant kinase activity in the pres-
ence or absence of AP20187 (Fig. 4, B–D). By analogy, phos-
phorylation of Fv-SLK 1–373 WT increased from 1.0 unit in
untreated cells to 5.4 � 1.4 units in AP20187-treated cells (p 	
0.0002, n 	 4). Phosphorylation of Fv-SLK 1–373 T183A/
S189A and T193A (untreated or treated) was negligible.
T183A/S189A SLKDoubleMutant Fails to Induce Apoptosis—

Expression of SLK can induce apoptosis and can exacerbate
apoptosis during in vitro ischemia-reperfusion injury (10, 13,
14). To examine the effects of phosphorylation in the SLK acti-
vation segment on cell death, GECs were co-transfected with
Fv-SLK 1–373 WT, Fv-SLK 1–373 T183A/S189A double

FIGURE 2. Mutations in the SLK activation domain reduce JNK phosphor-
ylation. GECs were transiently transfected with full-length HA-SLK WT, acti-
vation domain mutants (T183A, S189A, and T183A/S189A), or control vector.
Lysates were immunoblotted with anti-phospho-JNK (p-JNK) or anti-JNK anti-
bodies after 48 h. (A, representative immunoblot; B, normalized densitometry
of 54- and 46-kDa p-JNK). JNK protein expression was unaffected by SLK
mutations. The Amido Black stain demonstrates protein loading. *, p � 0.05;
**, p � 0.005 versus SLK WT; �, � 0.05 versus vector, n 	 6.

FIGURE 3. Mutations in the SLK activation domain reduce p38 phosphor-
ylation and AP-1 luciferase activity. GECs were transiently transfected with
full-length HA-SLK WT, activation domain mutants (T183A, S189A, and
T183A/S189A), or control vector. Lysates were immunoblotted with anti-
phospho-p38 (p-p38) or anti-p38 antibodies after 48 h. (A, representative
immunoblot; B, normalized densitometry of p-p38). p38 protein expression
was unaffected by SLK mutations. The Amido Black stain demonstrates pro-
tein loading. *, p � 0.02; **, p � 0.003 versus SLK WT; �, p � 0.007 versus vector,
n 	 6. C, normalized AP-1 luciferase reporter assay is shown. GECs were trans-
fected with full-length HA-SLK WT, activation domain mutants, or control
vector plus an AP-1-luciferase reporter. Luciferase activity was measured after
48 h. *, p � 0.006; **, p � 0.002 versus SLK WT; �, p � 0.04 versus vector, n 	 4.
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mutant, or vector andwere incubatedwithAP20187. Then cells
were stained with Hoechst H33342 and propidium iodide (Fig.
5). Hoechst H33342 stains nuclei, and cells showing condensed
nuclei were considered “apoptotic.” Propidium iodide is only
able to enter the cytoplasm of cells with damaged plasmamem-
branes, although in culture, propidium iodide-stained cells are
most likely apoptotic (late apoptotic). Compared with control
(vector), Fv-SLK 1–373 WT-transfected cells showed signifi-
cantly enhanced apoptosis (Fig. 5, A and B). In contrast, cells
transfected with Fv-SLK 1–373 T183A/S189A did not show
significant increases in apoptosis comparedwith control (Fig. 5,
A and B). These results are consistent with previous studies
which showed that the overexpression of SLK WT stimulated
proapoptotic pathways in cultured cells (10), and the results
implicate a functionally important role forThr-183 and Ser-189
phosphorylation.
Phosphomimetic Mutations in SLK Do Not Enhance Kinase

Activity—In these experiments Thr-183 and Ser-189 were
mutated to aspartic and glutamic acid (instead of alanine) to

produce Fv-SLK 1–373 T183D, T183E, S189D, and S189E.
Suchmutations are believed to imitate the negative charge that
would be present when a serine or a threonine is phosphor-
ylated. COS-1 cells were transfected with SLK 1–373 WT or
mutants and were then treated with or without AP20187 to
induce homodimerization. By analogy to the result shown in
Fig. 4B, in these experiments Fv-SLKWTdisplayedminor basal
kinase activity, which was stimulated substantially by AP20187
(Table 2). Surprisingly, instead of increasing kinase activity, the
Fv-SLK 1–373 T183D, T183E, S189D, and S189E mutants
showed negligible kinase activity, and there was no significant
stimulatory effect of AP20187 (Table 2). Because the phospho-
mimetic mutations demonstrated the same effects as T183A/
S189A and T193A mutants (Fig. 4B), the results indicate that
phosphorylation, but not a negative charge-induced conforma-
tional change, is required for kinase activity. Alternatively, the
negative charges at Ser-189 and Thr-183 may be necessary for
kinase activity, but they may not be sufficient.

FIGURE 5. Fv-SLK 1–373 WT, but not the T183A/S189A double mutant,
induces apoptosis. GECs were transiently transfected with Fv-SLK 1–373 WT,
Fv-SLK T183A/S189A, or control vector. After 48 h cells were incubated with
AP20187 (100 nM). Apoptotic cells, i.e. cells with condensed nuclei (Hoechst
H33342 staining; A) and propidium iodide-positive cells (B) were measured
after 3 h. A, *, p � 0.05; **, p � 0.005 versus Fv-SLK 1–373 WT, n 	 4. B, �, p �
0.05 versus Fv-SLK 1–373 WT, n 	 4. C and D, examples of cells transfected with
Fv-SLK 1–373 WT show condensed nuclei (Hoechst H33342 staining; C, two pan-
els, arrowheads) and propidium iodide-stained (red) cells (D). Bar 	 15 �m.

TABLE 2
Kinase activity of Fv-SLK 1–373 T183D, T183E, S189D, and S189E
The experimental protocol was analogous to the one described in the legend to Fig.
4. Kinase activity was monitored by the incorporation of 32P into MBP. The densi-
tometry of MBP is presented.

Untreated AP20187

WT 1.00 2.72 � 0.81a
T183D 0.10 � 0.05 0.16 � 0.09
T183E 0.08 � 0.03 0.12 � 0.04
WT 1.00 6.79 � 3.39b
S189D 0.33 � 0.14 1.60 � 0.84
S189E 0.25 � 0.12 1.38 � 0.49

a p � 0.002, AP20187 versus untreated (WT), n 	 4.
b p � 0.01 AP20187, versus untreated (WT), n 	 4.

FIGURE 4. Homodimerization increases the kinase activity of Fv-SLK
1–373 WT but not SLK T183A/S189A and T193A mutants. A, HA-Fv-SLK
1–373 is shown. The positions of mutations in the kinase domain are indi-
cated. B, COS-1 cells were transiently transfected with HA-Fv-SLK 1–373 WT or
mutants. AP20187 (100 nM) was added as indicated at 45 h. Then after 3 h
lysates were immunoprecipitated with anti-HA antibody (�), or nonimmune
IgG (control; �). Kinase activity was monitored by the incorporation of 32P
into MBP (representative autoradiogram). C, lysates immunoblotted with
anti-HA antibody show equal protein expression. D, normalized densitometry
of MBP is shown. **, p � 0.0001 AP20187 versus untreated (WT), n 	 4.
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Analysis of Phosphorylation at Ser-189—The amino acid
sequence around Ser-189 in SLK (RRDSF) is a putative phos-
phorylationmotif for PKA (33). The same amino acid sequence
is not present anywhere else in SLK. Using an antibody that
recognizes the sequence RRXpS/T (“anti-phospho-PKA sub-
strate antibody”), phosphorylation of Fv-SLK 1–373 WT was
demonstrated (Fig. 6, A–C). Compared with cells that were
transfected with vector (Fig. 6A, lanes 9–12), phosphorylation
was weak under basal conditions (i.e. in monomeric Fv-SLK
1–373) and increased after dimerization with AP20187 (Fig. 6,
A, lanes 1–4,B, andC, lanes 3 and 4). Lys-63 is theATP binding
site in SLK, and the K63R mutation abolishes kinase activity
(see below) (15). There was no detectable phosphorylation of
Ser-189 after transfection with Fv-SLK 1–373 K63R (Fig. 6A,
lanes 5–8, and B). We also examined the effect of the T183D
and S189E mutations on Ser-189 phosphorylation. In the Fv-
SLK 1–373 T183Dmutant, there was slight basal phosphoryla-
tion of the Fv-SLK 1–373 monomer, and there was a small
increase in Ser-189 phosphorylation after the addition of
AP20187 to induce dimerization (Fig. 6C, lanes 5 and 6). As
expected, phosphorylation of Ser-189 was not detectable in the
Fv-SLK 1–373 S189E mutant (Fig. 6C, lanes 1 and 2). These

results demonstrate that Ser-189 phosphorylation is associated
with dimerization of Fv-SLK 1–373 WT, and the �4-fold
increase in Ser-189 phosphorylation (Fig. 6B) correlates with
kinase activity, as monitored by 32P incorporation into MBP
(Fig. 4D).
Because Ser-189 is within a putative PKA phosphorylation

site, we also examined if activation of PKA could result in Ser-
189 phosphorylation. In these experiments cells were trans-
fectedwith full-lengthHA-SLKWTandwere thenuntreated or
incubated with either forskolin�3-isobutyl-1-methylxanthine
or 8-bromo-cAMP (a cell-permeant analog of cAMP). Treat-
ment with forskolin � 3-isobutyl-1-methylxanthine or 8-
bromo-cAMP increased Ser-189 phosphorylation by �20%
compared with untreated (Fig. 6, D and E). These experiments
indicate that Ser-189 can be phosphorylated by PKA, but the
effect is small. In contrast to PKA, treatment of cells with epi-
dermal growth factor (negative control) (15) did not result in
Ser-189 phosphorylation (Fig. 6D). However, the same concen-
tration of epidermal growth factor stimulated tyrosine phos-
phorylation of the epidermal growth factor receptor (Fig. 6G) as
well as phosphorylation of extracellular signal-regulated kinase
(data not shown).

FIGURE 6. Homodimerization of Fv-SLK 1–373 WT and activation of PKA increase phosphorylation of Ser-189. A–C, COS-1 cells were transiently trans-
fected with HA-Fv-SLK 1–373 WT, K63R, S189E, or T183D, or vector (control). AP20187 (100 nM) was added as indicated at 45 h. Then, after 3 h lysates were
immunoblotted with anti-RRXpS/T (phospho-PKA substrate) or anti-HA antibodies. Ser-189 phosphorylation was increased after treatment of Fv-SLK 1–373
WT-expressing cells with AP20187. Phosphorylation was trivial or absent in the Fv-SLK 1–373 K63R and S189E mutant (with and without AP20187). The Fv-SLK
1–373 T183D mutant shows low basal Ser-189 phosphorylation, which was increased modestly with AP20187. In panel A, the anti-HA antibody identifies a
nonspecific band in vector-transfected cells at �72 kDa. B, densitometry of Ser(P)-189 (pS189). *, p � 0.0001 versus WT �, untreated and p � 0.0001 versus K63R,
n 	 3. D and E, COS-1 cells were transfected with full-length HA-SLK WT and then untreated or incubated with forskolin (F; 100 �M) � 3-isobutyl-1-methyl-
xanthine (I; 1 mM), 8-bromo-cAMP (8-Br; 1 mM), or epidermal growth factor (EGF, 100 ng/ml) for 30 min. Lysates were immunoprecipitated with anti-HA antibody
(�) or nonimmune IgG (-) and were immunoblotted with anti-RRXpS/T or anti-HA antibodies. Treatment with forskolin � 3-isobutyl-1-methylxanthine or 8-Br
increased Ser-189 phosphorylation compared with untreated or EGF-treated cells. E, densitometry of Ser(P)-189 is shown. *, p � 0.035; **, p � 0.02 versus
untreated, n 	 5. F, tyrosine phosphorylation of SLK was not detected. COS-1 cells were transfected with HA-SLK 1–373 WT or K63R and were then incubated
with or without AP20187. Lysates were immunoprecipitated with anti-HA antibody (�) or nonimmune IgG (�) and were then immunoblotted with anti-
phosphotyrosine (p-Tyr) or anti-HA antibodies. G, to verify the reactivity of the anti-phosphotyrosine antibody, lysates of A431 cells that had been stimulated
with EGF were immunoprecipitated with anti-EGF receptor (EGFR) antibody (�) or nonimmune serum in control (�) and were then immunoblotted with
anti-phosphotyrosine antibody.
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Analysis of Tyrosine Phosphorylation—The above experi-
ments focused on the role of serine phosphorylation in the acti-
vation of SLK. In the following set of experiments we examined
if activation of SLK may be associated with tyrosine phosphor-
ylation in the catalytic domain, e.g. Tyr-195. Cells were trans-
fected with HA-SLK 1–373 WT or K63R and were then
incubated with or without AP20187. Lysates were immunopre-
cipitated with anti-HA antibody andwere then immunoblotted
with anti-phosphotyrosine antibody. Tyrosine phosphoryla-
tion of the SLK catalytic domain was not detected (Fig. 6F).
K63R and E79AMutations Result in Reduced Kinase Activity—

The studies described above addressed the role of various phos-
phorylation sites in the regulation of the kinase activity of SLK.
However, additional amino acids may also be required for sus-
taining kinase activity together with phosphorylation. Based on
the crystal structure of the SLK catalytic domain, Lys-63 may
form a salt bridge with Glu-79, whichmay lock SLK in an active
conformation after phosphorylation of SLKatThr-183 and Ser-
189 (25). The Fv-SLK 1–373 E79Amutant (Fig. 4A) was gener-
ated to test if Glu-79 is functionally important. Fv-SLK 1–373
WT as well as E79A, K63R, or T183A/S189A mutants were
transfected in COS-1 cells, and the cells were then treated with
or without AP20187. As expected, the K63R mutation abol-
ished kinase activity (with or without AP20187) as monitored
by incorporation of 32P into MBP (Fig. 7, A–C). Kinase activity
(with or without AP20187) was markedly attenuated in the Fv-
SLK 1–373 E79Amutant, demonstrating the functional impor-

tance of Glu-79 (Fig. 7, A–C). Compared with Fv-SLK 1–373
WT (�AP20187), the marked reduction in kinase activity by
the E79Amutation was similar to the reduction by the T183A/
S189A double mutation (Fig. 7, A–C).
Interaction of SLK WT with T183A/S189A Double Mutant—

To further examine potential interactions of the SLK activation
segments, we evaluated kinase activity when both WT and
T183A/S189A double mutant SLK catalytic domains were
expressed together. COS-1 cells were transfected with Fv-SLK
1–373 WT alone (100% amount of plasmid DNA), Fv-SLK
1–373 T183A/S189A alone (100% amount of plasmid DNA),
Fv-SLK 1–373 WT (50% amount of plasmid DNA) together
with Fv-SLK 1–373 T183A/S189A (50% amount of plasmid
DNA), and Fv-SLK 1–373 WT (50% amount of plasmid DNA)
together with control vector (50% amount of plasmid DNA)
(Fig. 8B). Cells were then treated with or without AP20187, and
kinase activity in the cell lysates was monitored by incorpora-
tion of 32P into MBP. Similar to the results shown in Fig. 4,
AP20187-induced dimerization enhanced the activity of
Fv-SLK 1–373 WT compared with untreated (Fig. 8, A, lane 1
versus 3, and C, left-most column). As in Fig. 4, compared with
Fv-SLK 1–373WT (Fig. 8A, lanes 1 and 3), a significant reduc-
tion in activitywas noted in themonomeric Fv-SLK 1–373 dou-
ble mutant, and there was no stimulatory effect of AP20187
(Fig. 8, A, lanes 4 and 5, and C, center column). In cells co-
transfectedwith Fv-SLK 1–373WTand Fv-SLK 1–373T183A/
S189A, one would predict the presence of bothmonomers, and
after the addition of AP20187, one would predict formation of
WT homodimers (25%), mutant homodimers (25%), and WT
and mutant heterodimers (50%). Compared with the T183A/
S189A double mutant alone (Fig. 8A, lanes 4 and 5), slightly
greater MBP phosphorylation was noted when Fv-SLK 1–373
WT was co-expressed with the double mutant, but the stimu-
latory effect of AP20187 onMBP phosphorylation in these cells
was not statistically significant (Fig. 8, A, lanes 6 and 7, and C,
right column). Actually, MBP phosphorylation in the
WT�T183A/S189A mixture (Fig. 8A, lane 6) was comparable
withWTalonewhen the reduced amount of Fv-SLK1–373WT
was transfected (Fig. 8A, lane 8), suggesting that theMBP phos-
phorylation in themixture was solely due to the activity ofWT.
By analogy, immunoblotting with anti-RRXpS/T antibody
showed thatAP20187 stimulated SLKSer-189 phosphorylation
in cells transfected with Fv-SLK 1–373 WT or WT � vector
(Fig. 8D, lanes 1 and 2 and lanes 7 and 8). As expected, Ser-189
phosphorylation was absent in cells transfected with Fv-SLK
1–373 T183A/S189A (Fig. 8D, lanes 3 and 4) and was slight in
the WT�T183A/S189A mixture (Fig. 8D, lanes 5 and 6).
Therefore, Fv-SLK 1–373 WT did not appear to “rescue” the
double mutant upon dimerization.
Heterodimerization of SLK 1–373 WT with T183A/S189A

and K63R Mutants—These experiments examined the phos-
phorylation of Ser-189 after heterodimerization. cDNAs con-
sisting of theN-terminal domains ofWTormutant SLK (amino
acids 1–373) fused at the C terminus with two FKBP domains
(FKBP-SLK 1–373) or a single FRB domain (FRB-SLK 1–373;
Fig. 9A) were produced. The addition of the non-immunosup-
pressive rapamycin analog, AP21967, induces regulated het-
erodimerization of a single or double FKBP domain with the

FIGURE 7. The Fv-SLK 1–373 E79A mutant shows reduced kinase activity,
whereas K63R shows trivial activity. The protocol is analogous to the one in
Fig. 6. The Fv-SLK 1–373 WT lanes in the autoradiogram are overexposed to allow
comparison with E79A, K63R. *, p � 0.0001 versus Fv-SLK 1–373 WT, n 	 6.
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FRB domain (29). The WT and mutant constructs were trans-
fected in COS-1 cells, and after treatment with or without
AP21967, cell lysates were immunoblotted with anti-RRXpS/T
antibody. It should be noted that the FKBP fusion proteins are
larger than the FRB fusion proteins (Fig. 9A), allowing discrim-
ination by SDS-PAGE.
All fusion proteins were expressed in COS-1 cells (Fig. 9B,

lower panel). Although there was some variability in the level of

basal Ser-189 phosphorylation among experiments, basal phos-
pho-Ser-189 (i.e.without AP21967) was detected in FKBP-SLK
1–373 WT (Fig. 9B, upper panel, lanes 1, 3, and 5), FRB-SLK
1–373 WT (Fig. 9B, lanes 1 and 7), and FRB-SLK 1–373 K63R
(Fig. 9B, lane 3). As expected, there was a complete absence of
basal Ser-189 phosphorylation in the FKBP-SLK 1–373T183A/
S189A (Fig. 9B, lane 7) and FRB-SLK 1–373 T183A/S189A
mutants (Fig. 9B, lane 5). Phosphorylation of Ser-189 increased

FIGURE 8. Interaction of Fv-SLK 1–373 WT with Fv-SLK 1–373 T183A/S189A. A–C, kinase activity is shown. COS-1 cells were transfected with Fv-SLK 1–373
WT alone (plasmid DNA 100%), Fv-SLK 1–373 T183A/S189A alone (100%), Fv-SLK 1–373 WT (50%) together with Fv-SLK 1–373 T183A/S189A (50%), and Fv-SLK
1–373 WT (50%) together with control vector (50%) (B). After 45 h cells were treated with (�) or without (�) AP20187 (100 nM). Then, after 3 h lysates were
immunoprecipitated with anti-HA antibody (�) or nonimmune IgG (control; �). Kinase activity was monitored by the incorporation of 32P into MBP (A,
representative autoradiogram). B, lysates were immunoblotted with anti-HA antibody to demonstrate protein expression. C, normalized densitometry of MBP
shows the -fold increase in phosphorylated MBP in AP20187-treated cells compared with untreated. *, p � 0.005 AP20187 versus untreated, n 	 8. D, Ser-189
phosphorylation (pS189) is shown. COS-1 cells were transfected with plasmid DNAs, as shown in panel B (top). Then cells were treated with (�) or without (�)
AP20187, and lysates were immunoblotted with anti-RRXpS/T or anti-HA antibodies.

FIGURE 9. Effects of SLK 1–373 WT dimerization with T183A/S189A and K63R mutants on the phosphorylation of Ser-189). COS-1 cells were transiently
transfected with HA-FKBP-SLK 1–373 WT � HA-FRB-SLK 1–373 WT (lanes 1 and 2), HA-FKBP-SLK 1–373 WT � HA-FRB-SLK 1–373 K63R (lanes 3 and 4),
HA-FKBP-SLK 1–373 WT � HA-FRB-SLK 1–373 T183A/S189E (lanes 5 and 6), or HA-FKBP-SLK 1–373 T183A/S189A � HA-FRB-SLK 1–373 WT (lanes 7 and 8).
AP21967 (100 nM) was added as indicated at 24 h to induce heterodimerization of FKBP- with FRB-SLK proteins. Then, after 24 h lysates were immunoblotted
with anti-RRXpS/T or anti-HA antibodies (A). Ser-189 phosphorylation (pS189) was increased after heterodimerization of HA-FKBP-SLK 1–373 WT and HA-FRB-
SLK 1–373 WT induced by AP21967. C, *, p � 0.02; **, p � 0.015 AP20187 versus untreated, n 	 4. In all other heterodimerizations there were no significant
changes in Ser-189 phosphorylation.
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consistently in both FKBP-SLK1–373WTandFRB-SLK1–373
WT after induction of dimerization by AP21967 (Fig. 9, B, lane
1 versus 2, C, columns 1 versus 2). In contrast, increases in Ser-
189 phosphorylation in SLK WT and K63R after het-
erodimerization of WT with the K63R mutant were not con-
sistent, and the mean differences between AP21967-treated
and untreatedwere not significant (Fig. 9,B, lane 3 versus 4, and
C, column 3 versus 4). Thus, in the WT-K63R heterodimer,
neither partner underwent Ser-189 phosphorylation. TheK63R
mutation, besides blocking kinase activity, may potentially
affect the conformation of the activation segment (25) and pre-
vent its phosphorylation. There was a tendency toward an
increase in Ser-189 phosphorylation in SLK WT after het-
erodimerization ofWTwith the T183A/S189Amutant, but the
increases were not statistically significant (Fig. 9, B, lane 5 ver-
sus 6, and C, column 5 versus 6 as well as Fig. 9, B, lane 7 versus
8, and C, column 7 versus 8). It is conceivable that phosphory-
lation at the Thr-193 site in the T183A/S189A mutant may
have accounted for some inefficient Ser-189 phosphorylation in
SLKWT.
In these experiments the increase in Ser-189 phosphoryla-

tion above the basal level after dimerization of FKBP-SLK
1–373WTwith FRB-SLK 1–373WT (Fig. 9C, columns 1 and 2)
was clearly significant but not as pronounced as in homo-
dimerized Fv-SLK 1–373 WT (Fig. 6B, first two columns).
Therefore, heterodimerization of FKBP with FRB was probably
not as efficient as homodimerization of the two Fv domains. In
this assay basal phosphorylation may be influenced by the type
of dimerization domain, whereas the efficiency of dimerization
is dependent on certain physical factors of the fusion protein
such as proximity of the domains, their relative orientation, and
conformational flexibility/rigidity as well as physical factors of
the dimerizing drug (26, 29).

DISCUSSION

The present study addressed the activation of SLK using full-
length SLK as well as the catalytic domain of SLK coupled to
regulatable dimerization domains. Mutations in Thr-183, Ser-
189, and Thr-193 resulted in significantly reduced catalytic
activity (32P incorporation into MBP) and/or phosphorylation
as monitored by 32P incorporation into SLK and by anti-
RRXpS/T antibody, which recognizes phospho-Ser-189 (Figs.
1, 4, and 6). Phosphorylation of SLK paralleled exogenous
kinase activity and was most likely due to homodimerization
and autophosphorylation. The decreased catalytic activity of
the full-length SLK T183A/S189A mutant (Fig. 1) was also
reflected in impaired JNK and p38 phosphorylation (Figs. 2 and
3). Singlemutations (T183A and S189A)were not as effective in
impairing the ability of SLK to induce JNK or p38 phosphory-
lation (Figs. 2 and 3), whichwas distinct from themore substan-
tial loss of catalytic activity observed in the in vitro kinase assays
(Fig. 1). This discrepancy may be related to the different cell
lines employed in the assays and transfection efficiency.
Activated JNK and p38 phosphorylate downstream targets in

the cytosol or the nucleus, including, AP-1, c-Jun, Bax, p53, and
others (34, 35). AP-1 may control cell differentiation, prolifer-
ation, or apoptosis (32). By analogy to JNK and p38, expression
of full-length SLK stimulated AP-1 reporter activity, and stim-

ulation was weaker after expression of SLKT183A, whereas the
S189A and T183A/S189A mutants were ineffective (Fig. 3).
Previous studies demonstrated that overexpression of SLK
induced proapoptotic mediators and exacerbated cell death
(10, 13, 14). The present study is in keeping with these earlier
results, as it demonstrates that expression of the WT SLK cat-
alytic domain induced apoptosis, whereas the T183A/S189A
double mutant was inactive (Fig. 5). Thus, activation segment
phosphorylation is important for induction of a functional
effect.
The SLK amino acid sequence shows �-helical coiled-coil

structures in the C-terminal domain (19). Proteins with coiled-
coils may dimerize/oligomerize via this structure, and we dem-
onstrated that SLK C-terminal domains can dimerize and that
in cytosolic fractions of cells, full-length SLK exists as a high
molecular mass complex, consistent with a constitutive homo-
dimer or oligomer (22). Such homodimerization or oligomeri-
zation may facilitate activation of SLK by increasing the local
concentration of catalytic domains. To confirm this proposi-
tion, we examined if dimerization facilitates autophosphor-
ylation and activation by employing Fv-SLK 1–373, which
allows for controlled dimerization upon the addition of
AP20187. Monomeric Fv-SLK 1–373WT displayed minor cat-
alytic activity and phosphorylation in an in vitro kinase assay
(Figs. 4 and 7). Overexpression of Fv-SLK 1–373WTmay have
provided a sufficient concentration of the protein to allow tran-
sient dimerization of SLK catalytic domains leading to minor
autoactivation. Nevertheless, the addition of AP20187 greatly
enhanced both autoactivation and catalytic activity of SLKWT,
and the effect was abolished by T183A/S189A and T193A
mutations (Figs. 4, 6, and 7).
To further examine the dimerization and phosphorylation of

the SLK activation segments, we compared the kinase activity
and Ser-189 phosphorylation of SLK 1–373 WT-WT dimers
with WT-T183A/S189A dimers using Fv-Fv homodimeriza-
tion and FKBP-FRB heterodimerization systems. Kinase activ-
ity and phosphorylation of Ser-189 were impaired in the
WT-T183A/S189A dimers, compared with WT-WT (Fig. 8
and 9). In addition, homodimers of SLK 1–373 T183D, T183E,
S189D, and S189Ewere catalytically inactive (Table 2), showing
that the addition of negative charge alone was not sufficient to
mimic serine/threonine phosphorylation and enhance kinase
activity, in keeping with other reports where phosphomimetic
mutations did not mimic the effects of phosphorylation (36,
37). Based on crystallography data, it was proposed that phos-
phorylation leads to the ordering of the activation segments
(25). Thr-183 phosphorylation could stabilize a hydrogen bond
network between activation segment dimers and could pro-
mote Ser-189 phosphorylation (25). In the present study the
T183A mutant appeared to be more active than S189A in cer-
tain assays (Figs. 1 and 3C), suggesting that Ser-189 can be
phosphorylated independently of Thr-183, but in the Fv-SLK
1–373 dimerization experiments phosphomimetic mutations
at either site abolished activity.
Protein kinases can be activated through various mecha-

nisms. Receptor-tyrosine kinases generally undergo ligand-de-
pendent dimerization and trans-phosphorylation (38). An
upstream kinase can potentially recognize the activation seg-
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ment of a kinase as substrate and activate catalytic activity by
phosphorylating the activation segment (25). The addition of a
phosphate group at the activation segment may be coupled to a
conformational change that allows sustained catalytic activity
(25). By crystallography, the catalytic domain of SLK is struc-
turally related to the protein kinase, CHK2 (25). A kinase auto-
activation mechanism involving trans-autophosphorylation
was proposed in part based on the crystallography structure of
CHK2 (5, 39). Thus, the activation segment of one kinase mol-
ecule transiently adopts an active conformation, allowing the
activation segment from a second molecule to bind and be
phosphorylated. Dimerization compensates for the instability
of the non-phosphorylated activation segment by increasing
the local concentrations of the kinase domains. Once recipro-
cally phosphorylated, the dimeric kinase continues to activate
downstream targets. Other kinases that may undergo similar
activation include DAPK3 and oxidative stress-responsive-1
(OSR1), a regulator ofNa�/K�/2Cl� cotransporters (40).Mod-
els developed from crystallography findings, however, have
some limitations, as they are based on the use of isolated cata-
lytic domains studied in vitro. Catalytic domain oligomers show
low affinity interactions, and whereas SLK and DAPK3 formed
dimers in solution (to a minor extent), OSR1 did not (25, 40,
41). CHK2 and OSR1 also require the actions of other protein
kinases and sequences outside of their kinase domains for activ-
ity and activation (5, 40). Alternatively, in intact cells dimeriza-
tion of the SLK catalytic domain is likely constitutive and
dependent on the C-terminal coiled-coil regions (14, 22). In the
developing kidney and renal ischemia-reperfusion injury in
vivo, endogenous SLK expression was increased (10), probably
related to decreased SLKmRNA degradation (21). SLK expres-
sion also increased in neuronal cells during brain development
(9). Up-regulated expressionwould augment the concentration
of SLK protein in the cell and may thereby increase the likeli-
hood of trans-autophosphorylation.
As expected, the Fv-SLK 1–373K63Rmutant did not possess

kinase activity, and in addition activity of SLK was markedly
reduced by the E79A mutation (Fig. 7). Based on the crystal
structure of SLK catalytic domains in vitro, it was proposed that
the activation segments are in an active conformation after
dimerization and activation segment domain exchange (25). A
salt bridge could formbetween the�Chelix glutamate (Glu-79)
and the active site lysine (Lys-63), correctly positioning the �C
helix for catalytic activity and stabilizing the monomer in an
active confirmation. Disruption of this salt bridge would thus
prevent sustained catalytic activity after activation segment
domain exchange. This prediction is supported by our study.
Taken together, our results show that in cells, dimerization of
the activation segment and phosphorylation at residues Thr-
183, Ser-189, and Thr-193 plays a key role in the regulation of
the catalytic activity of SLK. Furthermore, residues Lys-63 and
Glu-79 may be playing a role in sustained catalytic activity by
forming a bond and locking SLK in an active conformation.
Phosphoproteomic analyses of mouse tissues and cell lines

identified constitutive Ser-189 phosphorylation in endogenous
SLK in multiple tissues/cells, whereas phosphorylation of Thr-

183 and Thr-193 was present but was less prevalent (42–45).3
Other serine/threonine phosphorylation sites outside of the
catalytic domain were also noted. Ser-189 in SLK is within a
putative phosphorylation motif for PKA (33), and stimulation
of PKA resulted inweak Ser-189 phosphorylation in the present
study (Fig. 6). In phosphoproteomic analyses of renal collecting
duct cells (43) and synovial fibroblasts,3 agonists that activated
PKA (vasopressin and prostaglandin E2, respectively) either
had no effect or enhanced phosphorylation of Thr-183 and Ser-
189 in endogenous SLK by �10–20%. Whether PKA contrib-
utes to basal or stimulated SLK phosphorylation under patho-
physiological circumstances will require further investigation.
Stimulation of macrophages with lipopolysaccharide did not
enhance Thr-183 and Ser-189 phosphorylation (44). A study in
HeLa cells showed a �2-fold variation in Thr-183 and Ser-189
phosphorylation during the cell cycle (45), in keeping with vari-
ations in SLK activity, reported earlier (23). Although casein
kinase II phosphorylation of positions 347 and 348 of SLK was
shown to negatively regulate kinase activity (24), the functional
relevance of the other putative SLK phosphorylation sites will
require further study.
Defining the regulation of SLK activity is important for

obtaining a better understanding of its functional role in patho-
physiology. Increased endogenous SLK activity has been dem-
onstrated in the developing kidney as well as renal ischemia-
reperfusion injury in vivo and in a cell culture model (10).
Endogenous SLK was also shown to be phosphorylated in the
developing kidney (10) and in renal ischemia-reperfusion injury
models.4 Podocyte-specific overexpression of SLK in mice
resulted in albuminuria and podocyte injury, consistent with
apoptosis (46). These results suggest that SLK may exacerbate
cell damage in glomerular disease and acute kidney injury. SLK
was among several proapoptotic genes up-regulated in the lung
after renal ischemia-reperfusion injury, suggesting a role for
SLK inmediating the adverse distant organ effects of acute kid-
ney injury (47). SLK may modulate vasodilation via RhoA and
the angiotensin II type 2 receptor (48). A potential role for SLK
in cancer cell motility and invasiveness via interaction with
v-Src (24) and ErbB2 (49) as well as cytoskeletal proteins has
been demonstrated. Improved understanding of how SLK is
regulated could unravel the apparent contradiction between
SLK as a protein that may induce apoptosis in normal cell lines
but leads to increased metastasis and a worse outcome in can-
cer cells. The delineation of key phosphorylation sites and
dimer interactions also provides potential novel targets for
design of compounds, which may be useful in the treatment of
acute kidney injury, cancer, and other diseases.
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