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MAK (male germ cell-associated protein kinase) and MRK/ICK (MAK-related kinase/intestinal cell kinase)
are human homologs of Ime2p in Saccharomyces cerevisiae and of Mde3 and Pit1 in Schizosaccharomyces pombe
and are similar to human cyclin-dependent kinase 2 (CDK2) and extracellular signal-regulated kinase 2
(ERK2). MAK and MRK require dual phosphorylation in a TDY motif catalyzed by an unidentified human
threonine kinase and tyrosine autophosphorylation. Herein, we establish that human CDK-related kinase
CCRK (cell cycle-related kinase) is an activating T157 kinase for MRK, whereas active CDK7/cyclin H/MAT1
complexes phosphorylate CDK2 but not MRK. Protein phosphatase 5 (PP5) interacts with MRK in a complex
and dephosphorylates MRK at T157 in vitro and in situ. Thus, CCRK and PP5 are yin-yang regulators of T157
phosphorylation. To determine a substrate consensus, we screened a combinatorial peptide library with active
MRK. MRK preferentially phosphorylates R-P-X-S/T-P sites, with the preference for arginine at position �3
(P�3) being more stringent than for prolines at P�2 and P�1. Using the consensus, we identified a putative
phosphorylation site (RPLT1080S) for MRK in human Scythe, an antiapoptotic protein that interacts with
MRK. MRK phosphorylates Scythe at T1080 in vitro as determined by site-directed mutagenesis and mass
spectrometry, supporting the consensus and suggesting Scythe as a physiological substrate for MRK.

Human MAK (male germ cell-associated kinase) (38) and
MRK/ICK (MAK-related kinase/intestinal cell kinase) (2, 55)
are interesting for their similarity to human cyclin-dependent
kinase 2 (CDK2) in the catalytic domain and regulation by dual
phosphorylation within a mitogen-activated protein kinase
(MAPK)-like TDY motif (17). These kinases are also con-
served from yeasts to humans. Saccharomyces cerevisiae has
one closely related kinase, Ime2p (inducer of meiosis) (re-
viewed in reference 23). Ime2p is a meiosis-specific homolog of
human CDK2 (44) required for timing meiotic S phase (10, 16)
and for regulation of exit from pachytene by control of the key
meiotic transcription factor Ndt80 (62).

Schizosaccharomyces pombe encodes two Ime2p-like kinases
that are related to MAK and MRK, Mde3 (Mei4-dependent
expression) and Pit1 (S. pombe Ime two homolog). Mde3 was
discovered as a transcriptional target gene of Mei4 (1), a fork-
head transcription factor that is essential for meiotic prophase
I (24). Cells that lack Mei4� fail to make double-strand breaks
and arrest before the onset of meiosis I (65). Mde3� is not
transcribed in mei4�/mei4� cells, suggesting that Mde3� may
be directly downstream of Mei4� targeting for functions in
meiotic recombination in meiosis I or exit from pachytene.
Cells lacking Mde3� grow vegetatively and produce no viable
progeny (1). Pit1 may have an overlapping function(s) with

Mde3 for meiosis, since deletion of Pit1� causes a similar
meiotic phenotype, and the meiotic phenotype after double
deletion (pit1� mde3�) is more severe (1). Pit1� unlike Mde3�

is also expressed in vegetative cells executing mitotic cell cy-
cles, suggesting that Pit1 evolved to function in mitotic cell
cycles in fission yeast. Remarkably, both MAK and MRK are
most similar to Pit1 not Mde3 in the T-loop (see Fig. 1A).

MAK transcription is induced in prophase I of meiosis of the
male germ cells in the rat testis (34, 38), and the MAK protein
is expressed in prophase I, peaking in late pachytene (28). This
is parallel to the patterns for Mei4 and Mde3 in S. pombe (1).
MRK transcription in the gut is confined to the proliferative
crypts (55), the same localization as the forkhead transcription
factor FOXM1 that is required for mitotic progression (56, 64).
(We will refer to the protein herein as MRK, not ICK [55].)
MRK can be activated by budding yeast CAK (17), paralleling
a genetic requirement of CAK1 for function of IME2 (44).
These few points support speculation that MAK and MRK
evolved from Mde3 and Pit1 and have important roles in reg-
ulation of cell cycle progression in meiosis and/or mitosis.

Functions are yet to be defined for both MAK and MRK. A
MAK knockout mouse is viable and fertile (46). Given that
MAK and MRK are nearly identical in the catalytic domain, a
double knockout of both genes may be required to avoid com-
plementary effects. Meanwhile, very little is known about
their physiologic substrates and regulators. Previously, we
have shown that MRK is activated by dual phosphorylation
of the TDY motif (17). Autophosphorylation on Tyr-159 in
the TDY motif confers basal kinase activity only. Full acti-
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vation of MRK requires additional phosphorylation of Thr-
157 in the TDY motif. Furthermore, we showed that yeast
Cak1p can serve as a T157 kinase, implying that a mamma-
lian CAK (CDK-activating kinase) may emerge as a physi-
ologic MRK activator (17).

Here, we report new biochemical parallels of MRK to what
is known about the yeast homologs. We show that a human
kinase CCRK (cell cycle-related kinase)/p42/PNQLARE (35,
59) that is related to yeast Cak1p, but not CDK7, can phos-
phorylate MRK at the essential Thr-157 in the T-loop. We
performed a yeast two-hybrid screen for MRK interactors and
identified human protein phosphatase 5 (PP5) and human
Scythe (BAT3 [HLA-B-associated transcript 3]). We show that
PP5 can deactivate MRK by dephosphorylation of the activat-
ing phosphorylation site Thr-157 in the T-loop catalyzed by
CCRK, thus establishing CCRK and PP5 as the first human
kinase/phosphatase pair to regulate the T-loop phosphoryla-
tion of MRK. We also establish in vitro that MRK can phos-
phorylate Scythe, an antiapoptotic protein required for apop-
tosis and proliferation during mammalian development (13).
Using a novel, rapid method (25) for determining a phosphor-
ylation consensus, we found that MRK prefers sites in an
R-P-X-S/T-P, with less stringency for the position �1 (P�1)
proline than CDKs or MAP kinases. Using this consensus, we
identified an in vivo site T1080 in the BAG domain of Scythe
as a major MRK phosphorylation site in vitro. The site is
similar to the only identified phosphorylation site for Ime2p in
yeast replication protein A (10). Our findings suggest a hypoth-
esis that MRK and MAK are involved in regulation of the cell
cycle and cell fate, functions that may have evolved from, and
still overlap with, yeast functions.

MATERIALS AND METHODS

Reagents. The human fetal brain cDNA Matchmaker library (Clontech) was
provided by Bert Vogelstein (Howard Hughes Medical Institute, Johns Hopkins
University). Sandra Rossie (Department of Biochemistry, Purdue University)
provided homogeneous PP5 purified from Escherichia coli and Flag-tagged hu-
man PP5(H304Q) plasmid. Full-length PP5, PP5 containing amino acids (aa) 1
to 159 [PP5(1-159)], and PP5(160-499) were PCR amplified and subcloned into
pCDNA3-Flag vector at 5� BamHI and 3� XhoI sites by Guofei Zhou of Richard
Honkanen’s lab (Department of Biochemistry and Molecular Biology, University
of South Alabama). His6-tagged murine MRK(1-296) [His-MRK(1-296)] was
purified from Sf9 cells by Xiaoshan Min of Elizabeth Goldsmith’s lab (Depart-
ment of Biochemistry, University of Texas at Southwestern Medical Center).
Andrew Hubberstey (Department of Biological Sciences, University of Windsor,
Ontario, Canada) provided the pCI-HA-Scythe plasmid (37). Philipp Kaldis
(Mouse Cancer Genetic Program, National Cancer Institute) and David Morgan
(Department of Physiology, University of California at San Francisco) provided
pCDLSR�296-HA-Cdk7, pCDLSR�296-cyclin H, and pCDNA3.1-HA-MAT1
plasmids. Konstantin Galaktionov (Department of Molecular and Human Ge-
netics, Baylor College of Medicine) provided wild-type (WT) pCDNA3.1-Flag-
CCRK and T161A mutant plasmids (35). Didier Trono’s laboratory (National
Center for Competence in Research, Switzerland) provided the pCMV-
dR8.74psPAX2 packaging plasmid and the pMD2G envelope plasmid. Active
Cdk7/cyclin H/MAT1 complex and mouse monoclonal antiphosphotyrosine an-
tibody (clone 4G10) were purchased from Upstate Biotechnology. Rabbit poly-
clonal antibody against cyclin H was purchased from Cell Signaling Technology.
Mouse monoclonal antibody against Cdk7 (clone MO1.1) was purchased from
Sigma-Aldrich. Rabbit polyclonal antibody against CCRK was a kind gift from
Robert Fisher (Memorial Sloan-Kettering Cancer Center) (59). Mouse mono-
clonal antibody against protein phosphatase 5 was purchased from BD Trans-
duction Laboratories. Arachidonic acid, okadaic acid, anti-FLAG M2 affinity gel,
1� FLAG peptide, MISSION TRC (The RNA: Consortium) short hairpin RNA
(shRNA) target set for CCRK, and the nontarget shRNA control vector were all

purchased from Sigma-Aldrich. Hydrogen peroxide was purchased from Fisher
Scientific.

Yeast two-hybrid screen. To identify MRK-interacting proteins, a human fetal
brain cDNA library (Clontech) was amplified and screened with human MRKb.
The human MRKb variant cDNA encodes 292 amino acid residues, with its
residues 1 to 277 being identical to human MRK, overlapping most of the
catalytic domain (aa 1 to 284) of MRK (17). MRKb was cloned into bait vector
pGBKT7 that encodes an N-terminal Myc tag. The bait plasmid pGBKT7-
MRKb was transformed into the yeast host strain AH109. Transformants were
selected on plates lacking Trp. The expression of MRKb in AH109 transformants
was confirmed by Western blotting against the mouse anti-Myc monoclonal
antibody (clone 9E10) (Invitrogen). The yeast MRKb transformants were sub-
sequently transformed with prey cDNA library in a pACT2 vector. The screen for
interaction between bait and prey was performed first with medium stringency on
plates lacking Leu, Trp, and His. Candidates obtained (501 clones) were further
evaluated either for growth under higher stringency on plates lacking Leu, Trp,
His, and Ade or growth under medium stringency on plates containing 5-bromo-
4-chloro-3-indolyl-�-D-galactopyranoside (X-Gal). A total of 20 candidates grew
on plates at higher stringency. A total of 65 candidates regrew on plates at
medium stringency and were visibly blue. Ten candidate clones that were positive
on both rescreens were transformed back into yeast AH109 together with either
pGBKT7-MRKb or pGBKT7-p53 (control) or prey vector pGBKT7 (control).
Four of them were confirmed as real positives in yeast. Blast search at NCBI
revealed that clone 3 is a full-length, in-frame cDNA clone encoding protein
phosphatase 5, and clone 389 is a partial, in-frame cDNA clone encoding human
BAT3, also known as human Scythe or BAG-6 (Bcl2-athanogene 6).

Cell culture and transient transfection. HEK293T cells were maintained at
37°C and 5% CO2 in Dulbecco’s modified Eagle’s medium with a high level of
glucose supplemented with 10% fetal bovine serum. At about 30% to 40%
confluence, HEK293T cells in 10-cm dishes were transfected by using a calcium
phosphate protocol (17).

GST pull-down binding assay. Glutathione S-transferase (GST)-MRK (10 to
12 �g) or control GST (1 to 2 �g) was cotransfected with 6 to 8 �g of either
Flag-tagged PP5 (Flag-PP5), or Flag-tagged CCRK (Flag-CCRK), or hemagglu-
tinin (HA)-tagged Scythe (HA-Scythe) in HEK293T cells. Forty-eight hours
after transfection, cells were harvested in ice-cold phosphate-buffered saline and
lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% NP-40, 2 mM
EGTA, and supplemented with complete protease inhibitors [Roche], 1 mM
Na3VO4, 1 �M microcystin LR, and 5 mM �-glycerophosphate). The cell lysate
was cleared by centrifugation. A portion of the cell lysate was saved for Western
blotting to indicate protein signal input. The rest of the cell lysate was incubated
with glutathione-Sepharose beads (Amersham Biosciences) for 2 h at 4°C to
absorb GST fusion proteins. The beads were washed extensively with lysis buffer
followed by phosphate-buffered saline buffer. The beads were boiled in sodium
dodecyl sulfate (SDS) sample buffer (0.5 M Tris, ph 6.8, 10% SDS, 10% glycerol,
0.1% bromphenol blue) for 5 min to elute binding proteins. The lysate and bead
eluates were subjected to Western blotting against the following antibodies: 0.2
�g/ml anti-GST (Santa Cruz B-14), 0.1 �g/ml anti-Flag M2 (Sigma), 0.1 �g/ml
anti-HA (Sigma) and 2.0 �g/ml mouse anti-protein phosphatase 5 (BD Trans-
duction Laboratories).

In vivo CCRK/Cdk7 phosphorylation. To test CCRK, GST-MRK (10 �g) was
cotransfected into HEK293T cells with either WT Flag-CCRK or T161A mutant
(6 �g). To test Cdk7 complex, GST-MRK (10 �g) was cotransfected into
HEK293T cells with cyclin H (4 �g), HA-MAT1 (6 �g), and HA-Cdk7 (2, 4, or
8 �g). For a control, GST-MRK was either transfected alone, cotransfected with
only cyclin H and HA-MAT1, or cotransfected with only HA-Cdk7. Glutathione-
Sepharose beads were incubated with cell lysate to pull down GST-MRK fusion
proteins. The beads were extensively washed, boiled in SDS sample buffer, and
subjected to Western blotting against the anti-phosphorylated extracellular sig-
nal-regulated kinase (anti-phospho-ERK) and anti-GST antibodies. To assess
the kinase activity of GST-MRK after coexpression with either WT Flag-CCRK
or T161 mutant, the bead samples were subjected to in vitro kinase assay using
myelin basic protein (MBP) as the substrate (17).

Silencing CCRK gene expression by lentiviral shRNAs. The MISSION TRC
shRNA target set contains four short hairpin sequences targeting human CCRK
mRNA: 5�-TCTTGAGGAGTCGCTGTTGAA-3� (TRCN2215), 5�-AGAACG
ATATTGAACAGCTTT-3� (TRCN2216), 5�-CCCAATATAATCCCAGCTAG
T-3� (TRCN2217), and 5�-TGCCGGACTACAACAAGATCT-3� (TRCN2218).
The nontarget shRNA control vector contains a hairpin insert sequence (5�-CA
ACAAGATGAAGAGCACCAA-3�) that contains 4-base-pair mismatches to
any known human or mouse genes.

To generate lentiviral vector particles, HEK293T cells were cotransfected with
three plasmids (pLKO.1-puro-shRNA, pCMV-dR8.74psPAX2 packaging plas-
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mid, and pMD2G envelope plasmid) using a calcium phosphate protocol. Cell
medium containing viral particles was harvested and used to infect 50% to 60%
confluent HEK293T cells. Forty-eight hours after infection, cells were harvested
and subjected to either analysis of CCRK gene expression by reverse transcrip-
tion-PCR and Western blotting or split for transfection with GST-MRK. Forty-
eight hours after transfection, cells were harvested and analyzed for CCRK gene
expression and TDY motif phosphorylation of GST-MRK.

Purification of Flag-CCRK and in vitro CCRK phosphorylation. WT Flag-
CCRK and T161A mutant were each expressed in 10 10-cm plates of HEK293T
cells (10 �g plasmid DNA per plate). Cell lysates pooled from 10 plates were
incubated with 0.5 ml of anti-FLAG M2 affinity resin at 4°C for 3 to 4 h. After
batch binding, the sample mixture was poured onto a 2-ml affinity column. The
column was extensively washed in cold Tris-buffered saline (TBS) until the
optical density at 280 nm was almost zero, and then the column was eluted with
0.1 mg/ml 1� FLAG peptides in TBS. The eluates were pooled, dialyzed in TBS,
concentrated, and stored frozen.

GST-MRK(1-300) (1 to 2 �g) purified from E. coli was incubated with WT
Flag-CCRK or T161A mutant (2 to 3 �g), 5 �Ci [�-32P]ATP (7,000 Ci/mmol),
and 50 �M ATP in 30 �l kinase buffer (50 mM HEPES, pH 7.5, and 10 mM
MgCl2 supplemented with 5 mM dithiothreitol [DTT], complete protease inhib-
itors [Roche], 1 mM Na3VO4, 1 �M microcystin LR, and 5 mM �-glycerophos-
phate) at 30°C for 30 min. The reaction was terminated by the addition of 30 �l
of 2� SDS sample buffer.

In vitro phosphatase assay. GST-MRK was expressed in HEK293T cells and
purified as described previously (17) using glutathione-Sepharose beads. The
GST-MRK on bead samples was washed in lysis buffer followed by HEPES
buffer (50 mM HEPES, pH 7.5, 1 mM EDTA, 1 mM EGTA, and 5 mM DTT
supplemented with complete protease inhibitors [Roche]) and resuspended in a
final volume of 50 �l HEPES buffer. The reaction was initiated by the addition
of 0.2 to 0.4 �M purified Flag-PP5 enzyme (26) in the presence or absence of 50
�M arachidonic acid, and the mixture was incubated at 30°C for 10 to 20 min.
The phosphatase reaction was terminated by the addition of 50 �l 2� SDS
sample buffer. The sample was boiled for 5 min and subjected to Western
blotting against the anti-phospho-ERK and anti-MRK (17) antibodies. To inhibit
phosphatase activity of Flag-PP5, 1 �M okadaic acid was added to the reaction
mixture.

In vivo PP5 dephosphorylation. GST-MRK (10 �g) was cotransfected with
either full-length Flag-PP5 (2, 4, or 8 �g) or the tetratricopeptide repeat (TPR)
domain only Flag-PP5(1-159) (1.5, 3.0, or 6.0 �g) into HEK293T cells. For a
control, WT and kinase-defective (KD) GST-MRK were transfected alone into
HEK293T cells. The cell lysate was incubated with glutathione-Sepharose beads
to pull down GST-MRK. The beads were extensively washed, boiled in SDS
sample buffer, and subjected to Western blotting against the anti-phospho-ERK
and anti-MRK (17) antibodies. To assess the kinase activity of GST-MRK after
coexpression with either full-length Flag-PP5 or TPR domain only [Flag-PP5(1-
159)], the bead samples were subjected to in vitro kinase assay using MBP as the
substrate (17).

Plasmid construction. The point mutations S362A, T1080A, and S362A
T1080A in full-length Scythe were generated by using a four-primer PCR
method (17) and cloned into pCI-HA vector (37) at 5� XbaI and 3� NotI sites. All
mutations were confirmed by DNA sequencing.

In vitro Scythe phosphorylation. HA-tagged human WT Scythe or mutants
(S362A, T1080A and S362A T1080A) were transfected into HEK293T cells.
Forty-eight hours after transfection, cells were harvested and lysed. To pull down
HA-Scythe, the cell lysate was cleared by centrifugation and subsequently incu-
bated with anti-HA (2 to 3 �g/ml) monoclonal antibody plus protein A-Sepha-
rose beads at 4°C for 3 to 4 h. The beads were extensively washed in lysis buffer
followed by kinase buffer (50 mM HEPES, pH 7.5, and 10 mM MgCl2 supple-
mented with 5 mM DTT and complete protease inhibitors [Roche], 1 mM
Na3VO4, 1 �M microcystin LR, and 5 mM �-glycerophosphate). The bead
samples were incubated with 5 �Ci [�-32P]ATP (7,000 Ci/mmol), 100 �M ATP,
and 1 to 2 �g of affinity-purified His-MRK(1-296) in 50 �l kinase buffer at 30°C
for 15 to 30 min with gentle agitation. The reaction was terminated by the
addition of 50 �l of 2� SDS sample buffer. The reaction sample was heated at
95°C for 5 min and separated on a 10% SDS gel. The gel was dried and exposed
for autoradiographic and PhosphorImager analyses.

Purification of His-MRK(1-296) from Sf9 cells and GST-MRK(1-300) from E.
coli. MRK(1-296) was PCR amplified and subcloned into pFastBac at 5� EcoRI
and 3� SpeI sites. Baculovirus generation and His-tagged fusion protein expres-
sion and purification were performed with Bac-to-Bac baculovirus expression
system (Invitrogen) per the manufacturer’s instructions by Xiaoshan Min in the
laboratory of Elizabeth Goldsmith (University of Texas at Southwestern Medical
Center).

Cloning of MRK(1-300) into pGEX4T-1 and production of GST-MRK(1-300)
fusion protein in E. coli were done essentially as described previously (17). GST
fusion was affinity purified on a column containing glutathione-Sepharose beads
following the manufacturer’s (Pierce) instructions.

Determination of MRK phosphorylation specificity. A combinatorial peptide
library method (25) that provides phosphorylation motifs for serine/threonine
kinases was used to determine MRK phosphorylation specificity. The library
consists of 198 peptides having the general sequence M-A-X-X-X-X-X-S/T-X-
X-X-X-A-G-K-K(biotin), where X is an equimolar mixture of all amino acids
save Ser, Thr, and Cys, and S/T indicates an even mix of Ser and Thr. In a given
peptide, one X position is fixed as one of the 20 unmodified amino acids,
phosphothreonine or phosphotyrosine. Peptides (50 �M) were arrayed in mi-
crotiter plates and phosphorylated by either His-MRK(1-296) purified from Sf9
cells (at 10 �g/ml) or GST-MRK(1-300) purified from E. coli (at 50 �g/ml) in a
solution of 50 mM Tris, pH 7.5, 10 mM MgCl2, 5 mM DTT, 5 mM �-glycero-
phosphate, 0.1 mM Na3VO4, 0.1% Tween 20 with 50 �M [33P]ATP (0.033
�Ci/�l). After incubation for 2 h at 30°C, aliquots were spotted onto a strepta-
vidin membrane, which was washed, dried, and exposed to a phosphor screen as
described previously (25).

Mass spectrometry. On-bead digestion was performed as described previously
(17) to identify the phosphorylation state of the TDY motif in MRK. Peptides
obtained after trypsin digestion were separated by online nanoflow high-pressure
liquid chromatography (HPLC) and analyzed using an LTQ-FT mass spectrom-
eter (Thermo Electron, San Jose, CA). A gradient of 0 to 60% B (70% aceto-
nitrile, 100 mM acetic acid in water) in 40 min was used. A targeted mode, as
previously described (17), was used for the identification of the phosphorylation
state of the TDY motif in MRK.

To identify in vitro and in vivo phosphorylation sites in Scythe, in-gel digestion
with trypsin and chymotrypsin were performed (45). Extracted peptides from
Scythe in-gel digestion were analyzed online, using the HPLC conditions de-
scribed above, in a data-dependent tandem mass spectrometry (MS) mode. One
full MS in the Fourier transform ion cyclotron resonance mass spectrometer was
followed by tandem MS of the 10 most abundant ions in the ion trap (isolation
width of 3 and collision energy of 35%). The relative abundance, reported as a
percentage, of each form of a peptide (mass accuracy within 2 ppm) was calcu-
lated as a ratio to the total abundance of all forms of that peptide. These
percentages were then used to compare the relative amounts of phosphorylation
in the samples.

RESULTS

Human CCRK but not CDK7 CAK phosphorylates MRK at
T157 in vivo. Since we have shown previously that yeast Cak1p
functions as an activating T157 kinase for MRK (17), we first
tested the Cdk7 complex (CDK7/cyclin H/MAT1) that has the
highest CAK activity for CDK2 after biochemical fractionation
and purification from HeLa cells (30). CDK7/cyclin H/MAT1
(Upstate) was active, as it phosphorylated CDK2/cyclin A as a
control, but CDK7/cyclin H/MAT1 (Upstate) did not detect-
ably phosphorylate MRK in vitro (data not shown). Human
p42/PNQLARE, which we will refer to herein by the NCBI
locus name CCRK, was identified bioinformatically as the hu-
man kinase with highest similarity to yeast Cak1p (35). Using
SSEARCH (42) (at fasta.bioch.virginia.edu), the most closely
related kinases to yeast Cak1p in humans are confirmed to be
CCRK first, and then CDK3 followed by CDK7.

To determine whether human CCRK is an activator of MRK,
we coexpressed GST-MRK (17) with wild-type or kinase-defec-
tive FLAG-tagged CCRK (35) in cells. There are three alterna-
tive transcripts of CCRK, and we used the longer isoform (346-aa
isoform [NCBI accession no. NM_001039803]). The two shorter
isoforms (338-aa isoform [accession no. NM_178432] and 326-aa
isoform [accession no. NM_012119]) lack an alternative in-frame
coding exon, thus may lack the protein kinase activity found in the
longer isoform. Transfection of wild-type CCRK but not the ki-
nase-defective form increased phosphorylation of GST-MRK in
the regulatory TDY motif and the kinase activity of GST-MRK
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(Fig. 1B), assessed by cross-reactivity of the dually phosphorylated
pTDpY motif to anti-phospho-ERK (17) and MBP phospho-
transferase activity, respectively. This result establishes that
CCRK can phosphorylate and activate MRK in cells. Increased
phosphorylation of MRK in the TDY motif required the kinase
activity of CCRK, demonstrated in parallel control experiments
using kinase-defective CCRK (Fig. 1B). Since CCRK is Ser/Thr
specific, CCRK most likely phosphorylates T157 in the TDY
motif. The reactivity of GST-MRK to phosphotyrosine antibody
was not significantly altered by coexpression with the wild-type
and kinase-defective forms of CCRK (Fig. 1B), suggesting that
CCRK specifically targets T157 in the TDY motif of MRK. T157

aligns with the activation loop threonine of CDK2 that is phos-
phorylated by the CDK7/cyclin H/MAT1 complex (17).

We also coexpressed CDK7/cyclin H/MAT1 with GST-MRK
in cells (Fig. 1C). Western blotting showed that all three com-
ponents were successfully overexpressed, but GST-MRK phos-
phorylation in the TDY motif was not increased; instead phos-
phorylation was slightly decreased with an increasing amount
of overexpressed Cdk7. Given the recent evidence that certain
fractions of Cdk7 and CCRK coexist in the same complex (59),
it is conceivable that overexpressed HA-Cdk7 may behave in a
dominant-negative fashion by sequestering endogenous CCRK
from interacting with GST-MRK. This negative result cannot

FIG. 1. CCRK, but not the Cdk7 complex, increases MRK phosphorylation in the TDY motif in cells. (A) Alignment of the T-loops of MRK,
MAK, and their putative homologs in yeasts, Ime2p, Pit1, and Mde3. Identical amino acids are shown in bold type, and the TDY motif is
underlined. (B and C) GST-MRK was coexpressed with either WT and KD Flag-CCRK (B) or recombinant Cdk7/cyclin H/MAT1 complex (C) in
HEK293T cells. GST fusion proteins were pulled down by glutathione-Sepharose beads and analyzed for MRK phosphorylation in the TDY motif
by Western blotting (immunoblotting [IB]) against the anti-phospho-ERK antibody (anti-pERK). The amounts of recombinant proteins on beads
and in cell lysate were indicated by Western blotting. After coexpression with either WT or KD Flag-CCRK, GST-MRK bead samples were assayed
for kinase activity in vitro using myelin basic protein as the substrate (B). Endo�Exo, endogenous and exogenous.
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totally exclude CDK7 as an activator, but CCRK phosphor-
ylates MRK in vivo, whereas in experiments with the same
design, CDK7/cyclin H/MAT1 does not. Therefore, our data
suggest that CCRK is an upstream activating kinase for
MRK in vivo.

Downregulation of endogenous CCRK gene expression sig-
nificantly decreased recombinant MRK phosphorylation in
the TDY motif. To determine whether endogenous CCRK
is an upstream activating kinase for MRK, four different
MISSION TRC lentiviral shRNAs designed to specifically tar-
get CCRK (Sigma) were tested to downregulate CCRK ex-
pression in HEK293T cells. In contrast to the nontarget con-
trol shRNA, shRNA-2218 was able to significantly reduce the
expression of CCRK at both the message level (reverse tran-
scription-PCR data not shown) and the protein level but had
no detectable effect on the expression of its nonspecific targets,
such as CDK7 and heat shock protein 90 (Hsp90) (Fig. 2A).
Using shRNA-2218, we then tested whether downregulation of
CCRK expression would reduce MRK phosphorylation in the
TDY motif. Since a phospho-MRK antibody specific for en-
dogenous MRK is not available, we examined the TDY phos-
phorylation of recombinant MRK in HEK293T cells by West-
ern blotting against the anti-phospho-ERK antibody (17) and
by mass spectrometry. Knockdown of endogenous CCRK sig-
nificantly impaired the TDY motif phosphorylation of GST-
MRK, assessed by the anti-phospho-ERK signal (Fig. 2B). By
mass spectrometry, we have shown previously that a small
fraction of GST-MRK overexpressed in HEK293T cells is ei-
ther dually phosphorylated or singly tyrosine phosphorylated in
the TDY motif (17). Downregulation of CCRK expression
resulted in a decrease in the abundance of doubly phosphory-

lated GST-MRK but essentially no change in the abundance of
singly tyrosine-phosphorylated GST-MRK (data not shown),
suggesting that CCRK specifically phophorylates T157 in the
TDY motif.

CCRK interacts with MRK and phosphorylates MRK in
vitro. To test whether CCRK has affinity for binding MRK, we
examined association of Flag-CCRK with GST-MRK versus
control GST after purification from lysates with glutathione
beads (Fig. 3A). GST is expressed at a much higher level than
GST-MRK is; nevertheless, no Flag-CCRK was detectable in
washed beads with bound GST, but a portion of Flag-CCRK
was bound by GST-MRK. We conclude that CCRK has a
selective affinity for binding MRK.

To test whether CCRK phosphorylates MRK in vitro, we
purified both wild-type and kinase-defective Flag-tagged
CCRK proteins from HEK293T cells. Since E. coli-expressed
GST-MRK(1-300) is not phosphorylated on Thr-157 in the
T-loop (17), we chose it as the in vitro substrate to test for
phosphorylation by CCRK. The autoradiograph indicated that
wild-type CCRK phosphorylated the MRK substrate to a
greater extent than kinase-defective CCRK did, suggesting
MRK is an in vitro substrate for CCRK (Fig. 3B). This effect
is not due to the difference in the amount of proteins between
the wild type and kinase-defective mutant because a Coomas-
sie blue-stained SDS gel indicated equal loading.

MRK interacts with protein phosphatase 5. We performed
a yeast two-hybrid screen of a human fetal brain cDNA library
using as bait C-terminally truncated MRK, encoded by an
alternatively spliced cDNA (see Materials and Methods for
details). This cDNA encodes almost the entire catalytic do-

FIG. 2. Downregulation of endogenous CCRK expression impairs phosphorylation of GST-MRK in the TDY motif. (A) HEK293T cells were
infected with either four different lentiviral shRNAs targeting the CCRK gene or a nontarget control lentiviral shRNA. Two days after infection,
cells were harvested and lysed. Expression of endogenous CCRK in whole-cell lysate was analyzed by Western blotting (immunoblotting [IB])
against the anti-CCRK antibody. Expression of CDK7 and Hsp90 was analyzed as controls. (B) HEK293T cells that were either uninfected or
infected with nontarget control lentiviral shRNA or CCRK-specific lentiviral shRNA-2218 were transfected with GST-MRK. Two days after
transfection, cells were harvested and lysed. Expression of CCRK and GST-MRK in whole-cell lysate was analyzed by Western blotting against
the anti-CCRK and anti-GST antibodies, respectively. Phosphorylation of GST-MRK in the TDY motif was assessed by Western blotting against
the anti-phospho-ERK antibody (anti-pERK).
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main of murine MRK. We identified a full-length clone for
human PP5 in this screen.

To test for interaction in cells, we either expressed GST-
MRK alone or coexpressed GST-MRK with Flag-PP5 in cells
and then searched for the presence of both Flag-PP5 and
endogenous PP5 copurifying with GST-MRK compared to
GST on glutathione beads. Both Flag-PP5 and endogenous
PP5 interacted, directly or indirectly, with MRK (Fig. 4).

Interaction of MRK and PP5 requires the TPR domain. PP5
has an N-terminal regulatory tetratricopeptide repeat domain
and a C-terminal catalytic domain (63). TPR domains mediate
protein-protein interactions. For example, Rac1-GTP interacts
with the TPR domain of PP5 and was proposed as a physio-
logic regulator of PP5 (18). Therefore, we examined whether
the TPR domain is required for interaction of MRK with PP5.

We compared the abilities of Flag-PP5, Flag-PP5(1-159)
possessing the TPR domain, and Flag-PP5(160-499) lacking
the TPR domain to interact with GST-MRK in cells using a
glutathione bead pull-down assay (Fig. 5). GST was expressed
more robustly than GST-MRK was, even with the much
smaller amount of GST plasmid than of GST-MRK plasmid
used for transfection. Flag-PP5, Flag-PP5(1-159), and Flag-
PP5(160-499) were present in detectable amounts with GST,
due to nonspecific binding to the large amount of GST on
beads. In contrast to Flag-PP5(160-499) lacking the TPR do-
main, Flag-PP5 and Flag-PP5(1-159) were reproducibly copu-
rified in significantly greater amounts with GST-MRK than
with GST. We conclude that the TPR domain is sufficient for
binding with GST-MRK complex. The binding may be direct
or indirect through chaperones because MRK and MAK are
known to interact with Hsp90 and Cdc37 (39) and PP5 is
present in complexes with Hsp90 (11, 66).

The TPR domain and the C terminus constrain PP5 catalytic
activity in its unliganded state by forming the TPR-phos-
phatase domain interface (51, 63). Both Hsp90 and fatty acids,
including arachidonic acid, interact with the TPR domain and
stimulate phosphatase activity by either disrupting or destabi-
lizing the autoinhibitory TPR-phosphatase domain interface
(63). Thus, proteins that are acceptors for the PP5 TPR do-
main or in the same complex are potential regulators and/or

FIG. 3. Recombinant CCRK interacts with recombinant MRK in
cells and phosphorylates recombinant MRK in vitro. (A) GST-MRK
or GST was coexpressed with Flag-CCRK in HEK293T cells. GST
fusion proteins were pulled down by glutathione-Sepharose beads and
analyzed for association with Flag-CCRK by Western blotting (immu-
noblotting [IB]) against the anti-Flag antibody. The amounts of GST,
GST-MRK, and Flag-CCRK in cell lysate were indicated by Western
blotting against the anti-GST and anti-Flag antibodies. The positions
of molecular mass markers (in kilodaltons) are shown to the left of the
blot. (B) GST-MRK(1-300) purified from E. coli was assayed for in
vitro phosphorylation by WT or KD Flag-CCRK purified from
HEK293T cells. MRK phosphorylation (autoradiograph) and the
amounts of substrates and kinases (Coomassie blue-stained gels) are
shown.

FIG. 4. Recombinant MRK interacts with both recombinant and endogenous PP5 in cells. GST-MRK or GST was expressed alone or
coexpressed with Flag-PP5 in HEK293T cells. GST fusion proteins were purified on glutathione-Sepharose beads and analyzed for association with
recombinant and/or endogenous PP5 by Western blotting (immunoblotting [IB]) against the anti-Flag and anti-PP5 antibodies, respectively. The
amounts of GST fusion proteins on beads and the amounts of Flag-PP5 and endogenous PP5 in cell lysate were indicated by Western blotting.
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substrates. Therefore, we tested whether MRK is a substrate
for PP5.

PP5 dephosphorylates MRK at T157 in vitro and in vivo. A
portion of HEK293T-expressed GST-MRK recovered on glu-
tathione beads is dually phosphorylated on the TDY motif
(17). Dual phosphorylation of the pTDpY form of MRK can
be detected by cross-reactivity to anti-phospho-ERK (17). To
test whether PP5 is a MRK phosphatase in vitro, we incubated
GST-MRK on beads with homogeneous Flag-PP5 purified
from E. coli (26), after washing and equilibrating the beads in
phosphatase assay buffer to remove phosphatase inhibitors
(Fig. 6A). PP5 significantly decreased the Western blot signal
of MRK against the anti-phospho-ERK after 20 min of incu-
bation. This indicates dephosphorylation of MRK at T157,
since PP5 is specific for phosphoserine and phosphothreonine
(9). Activation of PP5 by the addition of arachidonic acid (8,
48) caused nearly complete loss of the anti-phospho-ERK sig-
nal after a shorter incubation period (5 min) under the same
assay conditions. Furthermore, the dephosphorylation of MRK
in the TDY motif by activated PP5 can be prevented by the
PP5 inhibitor okadaic acid.

To test whether PP5 is a phosphatase for MRK in vivo, we
coexpressed GST-MRK with either full-length Flag-PP5 or the
catalytically inactive form Flag-PP5(1-159) in HEK293T cells
(Fig. 6B). Increasing the expression level of the full-length
PP5, but not the catalytically inactive form of PP5, caused a
marked decrease in the TDY motif phosphorylation of MRK
detected by the anti-phospho-ERK antibody. This decrease in
the anti-phospho-ERK signal is not due to a decrease in the
amount of GST-MRK because the anti-MRK blotting indi-
cated a constant expression level of MRK. Similar to the TPR
domain-only form of PP5 [Flag-PP5(1 to 159)], the full-length
PP5 containing a catalytic inactive mutation (H308Q) also
failed to alter the TDY motif phosphorylation of GST-MRK
compared to wild-type PP5 (data not shown). It is also worth
pointing out that overexpression of an increasing amount of
PP5(1-159) seems to cause an increase in the reactivity of
GST-MRK against the anti-phospho-ERK. This effect may
be explained by the dominant-negative effect of the TPR
domain-only form of PP5 because the TPR domain is suffi-
cient to interact with GST-MRK (Fig. 5), thus capable of
preventing GST-MRK from interacting with and being de-
phosphorylated by endogenous PP5. Dephosphorylation of
MRK in the TDY motif by PP5, but not the catalytically
inactive form of PP5, significantly decreased the kinase ac-
tivity of MRK, assessed by MBP phosphotransferase activity
in vitro (Fig. 6C). We have both in vitro and in vivo evidence
that PP5 can dephosphorylate MRK in the essential phos-
phothreonine residue within the TDY motif, thus down-
regulating MRK kinase activity.

Hydrogen peroxide activates PP5 and induces MRK dephos-
phorylation. Hydrogen peroxide treatment is a cellular stress
that induces activation of ASK1 (apoptosis signal-regulating
kinase 1), a MAPK kinase kinase that functions upstream of
MEK4 and MEK6 to activate Jun N-terminal protein kinase
and p38 MAPKs (19, 40). Concurrently, a competing negative-
feedback pathway that specifically affects the MEK4-Jun ki-
nase module and that is mediated by PP5-dependent dephos-
phorylation of ASK1 is activated (40, 68). Hydrogen peroxide
is also a DNA-damaging agent that activates ATM (ataxia-
telangiectasia mutated)- or ATR (ATM- and Rad3-related)-
dependent checkpoints (5).

With this motivation, we examined the effect of hydrogen
peroxide treatment of cells expressing GST-MRK (Fig. 7). The
lowest concentration tested (0.1 mM final concentration) suf-
ficed to induce significant dephosphorylation of GST-MRK
within the TDY motif (Fig. 7A). The hydrogen peroxide effect
was concentration dependent, with 5.0 mM near maximal. At
higher concentrations, the abundance of a 50-kDa form of PP5
increased. This 50-kDa form results from a C-terminal cleav-
age that also activates PP5 enzymatic activity (47, 66). The time
course of dephosphorylation was studied after treatment of
cells with a final concentration of 5 mM hydrogen peroxide
(Fig. 7B). Generation of the 50-kDa form was a rapid event, as
rapid as activation of endogenous ERK1 and ERK2 MAP
kinases. The loss of Western blot signal against the anti-phos-
pho-ERK for GST-MRK was due to dephosphorylation be-
cause GST-MRK protein remained constant over this time
course. We conclude that hydrogen peroxide induces dephos-
phorylation of GST-MRK and rapid cleavage of a portion of
endogenous PP5 to an active form. It is worth noting that,

FIG. 5. The TPR domain of PP5 is required for the interaction
between PP5 and MRK. GST-MRK or GST was coexpressed with
Flag-tagged full-length PP5 or PP5(1-159), consisting of only the N-
terminal TPR domain, or PP5(160-499), lacking the TPR domain, in
HEK293T cells. GST fusion proteins were purified on glutathione-
Sepharose beads and analyzed for association with Flag-PP5 as de-
scribed in the legend to Fig. 4. Note that the anti-Flag antibody also
recognized a 30-kDa band in addition to the 37-kDa band of Flag-
PP5(160-499) (middle gel), which is probably a product of proteolysis
or truncation in translation. IB, immunoblotting.
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unlike ASK1 interaction with PP5, which was inducible (40,
68), hydrogen peroxide treatment does not enhance PP5 bind-
ing to MRK complexes, instead it induces generation of the
active form(s) of PP5 that is capable of dephosphorylating
MRK. The correlation of a steady decrease in the anti-phos-
pho-ERK signal for MRK with a steady increase in the amount
of the active form of PP5 bound to MRK provided a strong
argument that endogenous PP5 is a MRK phosphatase (Fig.

7A), although we cannot exclude the possibility that another
phosphatase would bind to MRK in response to hydrogen
peroxide treatment and contributes to MRK dephosphoryla-
tion in the TDY motif.

Taking all these data together, we have demonstrated that
CCRK phosphorylates MRK at T157 and PP5 dephosphory-
lates phospho-T157, making CCRK and PP5 the first human
kinase/phosphatase pair targeting the T-loop of MRK.

FIG. 6. PP5 dephosphorylates MRK in the TDY motif in vitro and in vivo. (A) GST-MRK purified on glutathione-Sepharose beads from
HEK293T cells was incubated with purified Flag-PP5 protein in the absence (	) or presence (�) of 50 �M arachidonic acid (AA) in vitro. For
a control, 1 �M okadaic acid (OK) was added to inhibit PP5 phosphatase activity. After the reaction, the GST-MRK bead samples were analyzed
for MRK phosphorylation in the TDY motif by Western blotting (immunoblotting [IB]) against the anti-phospho-ERK antibody (anti-pERK). The
amount of GST-MRK on beads was indicated by Western blotting against the anti-MRK antibody. (B) GST-MRK was coexpressed with either the
full-length Flag-PP5 or the catalytic inactive form Flag-PP5(1-159) in HEK293T cells. GST fusion proteins were purified on glutathione-Sepharose
beads and analyzed for MRK phosphorylation in the TDY motif as described above for panel A. The amounts of GST-MRK, Flag-PP5, and
Flag-PP5(1-159) in cell lysate were indicated by Western blotting against the anti-MRK and anti-Flag antibodies. KD GST-MRK was used as a
negative control for TDY motif phosphorylation. (C) GST-MRK was coexpressed with either the full-length Flag-PP5 or the catalytic inactive form
Flag-PP5(1-159) in HEK293T cells. GST fusion proteins were analyzed for MRK phosphorylation in the TDY motif as described above for panel
B and for MRK kinase activity in vitro using MBP as the substrate.
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Identification of a MRK phosphorylation consensus. So far,
no physiological substrate for MRK has been identified. Pro-
tein kinases recognize specific amino acid sequences surround-
ing the site of phosphorylation (50), and knowledge of this
sequence specificity can be useful for identifying protein sub-
strates (41). To define a phosphorylation consensus for MRK,
we used a recently described positional scanning peptide array
method (25). For the active kinase, we used purified His-
tagged MRK(1-296) produced in Sf9 cells, as well as purified
GST-MRK(1-300) produced from E. coli (Fig. 8A). Sf9-puri-
fied His-MRK(1-296) reacted very strongly to the anti-phos-
pho-ERK compared to E. coli-purified GST-MRK(1-300), sug-
gesting that His-MRK(1-296) expressed in Sf9 cells is much
more active. Mass spectrometry studies (Fig. 8B) revealed that
a high proportion (about 70%) of Sf9 cell-generated MRK(1-
296) was dually phosphorylated at the activating TDY site,
compared to E. coli-generated MRK(1-300) that is only singly
tyrosine phosphorylated and not detectably dually phosphory-

lated at the TDY site (17). Note that a higher-mobility band
reactive to the anti-phospho-ERK antibody was also present in
the His-MRK(1-296) sample (Fig. 8A, right gel, lane 1), but its
corresponding protein band was not readily detected on the
Coomassie blue-stained gel (Fig. 8A, left gel, lane 1). We
speculate that this band may be an endogenous protein from
Sf9 cells that copurified with His-MRK(1-296) fusion protein.
The reactivity of this higher-mobility band to the anti-phospho-
ERK antibody was much lower than that of His-MRK(1-296),
suggesting that it is much less active than His-MRK(1-296) and
most likely has no significant contribution to the kinase activity
of the purified His-MRK(1-296) sample.

His-MRK(1-296) from insect cells phosphorylated peptides
in an R-P-X-S/T-P consensus (Fig. 9A). A preference for pro-
line at P�1 was observed and was expected, given the similarity
of MRK to CDK2 and ERK2 (17). The strongest selection was
for arginine at P	3 and proline at P	2. Alanine, threonine,
and serine were also selected at P�1 but less well. These data

FIG. 7. Activation of endogenous PP5 by H2O2-induced oxidative stress causes dephosphorylation in the TDY motif of MRK. HEK293T cells
transfected with GST-MRK were treated either with an increasing concentration of H2O2 (0 to 5 mM) for 45 min (A) or with 5 mM H2O2 for an
increasing length of time (0 to 45 min) (B) before harvesting. GST fusion proteins were pulled down by glutathione-Sepharose beads and analyzed
for MRK phosphorylation in the TDY motif by Western blotting (immunoblotting [IB]) against the anti-phospho-ERK antibody (pERK). The
amounts of GST-MRK on beads were indicated by Western blotting against the anti-GST antibody. The amounts of endogenous full-length PP5
(55 kDa) and the C-terminally truncated form of PP5 (50 kDa) in cell lysate and on beads were indicated by the anti-PP5 antibody. For comparison,
the TEY motif phosphorylation of ERK1 and ERK2 under oxidative stress was also analyzed by the anti-phospho-ERK antibody (B).
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suggest that MRK may not always require the P�1 proline.
Human Dyrk1A, which is also related to MAPKs and CDKs
but is only 31% identical to MRK in its catalytic domain, has
been reported to phosphorylate a similar consensus sequence
(21). Because other kinases could copurify with MRK from
insect cells, we confirmed this result using GST-MRK(1-300)
obtained by expression in E. coli (17). Though E. coli-ex-
pressed MRK as anticipated had much less activity on the
peptide substrates, the essential features of the motif observed
with the baculovirus-expressed protein were clearly reproduc-
ible (Fig. 9B).

MRK interacts with and phosphorylates the antiapoptotic
protein Scythe. From the yeast two-hybrid screen, we also
isolated the cDNA encoding a large fragment of human Scythe
(accession no. NM_004639) that includes the nuclear localiza-
tion sequence and the BAG domain of Scythe, but not the
N-terminal ubiquitin-like (UBL) domain. The BAG domain
was named for a region at the C terminus of Bcl2-athanogene
1 (BAG-1) that interacts with Hsc70 (reviewed in reference
14). Scythe is a nuclear protein (37), is prominent in develop-
ing germ cells in the testis (57), and is essential for develop-
ment (13). Gene deletion of Scythe in mice causes embryonic

FIG. 8. His-MRK(1-296) purified from Sf9 cells is highly active and is predominantly doubly phosphorylated in the TDY motif. His-MRK(1-
296) was expressed in Sf9 cells and affinity purified. The purity was indicated on a Coomassie blue-stained SDS gel (A), and the state of the TDY
motif phosphorylation was analyzed by Western blotting (immunoblotting [IB]) against the anti-phospho-ERK antibody (pERK) (A) and by mass
spectrometry (B). The positions of molecular mass markers (M) are indicated (in kilodaltons) to the left of the gel. (B) Comparison of selected
ion chromatograms from MS targeted analysis of tryptic peptides containing the TDY motif is shown. The peak area of each form of the TDY
motif phosphorylation was calculated to indicate relative abundance. The control is GST-MRK(1-300) purified from E. coli that is weakly reactive
to the anti-phospho-ERK antibody (A) and not detectably doubly phosphorylated in the TDY motif by mass spectrometry (17).
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FIG. 9. Determination of MRK phosphorylation specificity. Using
a combinatorial peptide library method (25), we analyzed MRK phos-
phorylation specificity using purified His-MRK(1-296) protein from
Sf9 cells (A) and purified GST-MRK(1-300) protein from E. coli (B).
Note that the apparent preferences for peptides with fixed Ser and Thr
residues may reflect phosphorylation at the fixed residue rather than at
the central position and should be interpreted with caution. (C) The
substrate phosphorylation consensus for MRK is R-P-X-S/T-P, with
the preference for arginine at P	3 being more stringent than for
prolines at P	2 and P�1. (D) Sequence preferences for phosphory-
lation by MRK. The amount of radioactivity incorporated into each
peptide mixture was measured by a phosphorimager using Image-
Quant software (Molecular Dynamics). Data are normalized so that the
average value for the 20 natural amino acids within a given position is 1;
thus, values greater than 1 indicate positive selection. Selectivity values are
therefore given relative to the other residues at the same position. Note
that cysteine selections should be treated more qualitatively because ox-
idation is likely to make quantitation of cysteine unreliable. Also note that
the apparent preferences for peptides with fixed Ser and Thr residues may
reflect phosphorylation at the fixed residue rather than at the central
position and should be interpreted with caution. Values for preferred
residues are shaded.
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lethality, and the tissues have disturbed proliferation and apop-
tosis, particularly the lung and kidney tissues (13).

We attempted to confirm this interaction in mammalian cells
by cotransfecting HA-Scythe with either GST-MRK or control

GST in HEK293T cells. GST-MRK, although less well ex-
pressed than GST, was able to pull down a significantly greater
amount of HA-Scythe (Fig. 10A), suggesting that GST-MRK
selectively interacts with HA-Scythe.

To determine whether Scythe is a substrate for MRK, we
tested the ability of active His-MRK(1-296) to phosphorylate
HA-Scythe immunoprecipitated from cells (Fig. 10B). MRK
phosphorylated HA-Scythe and myelin basic protein in vitro.
The phosphorylation of Scythe by MRK at 15 min is robust in
comparison to phosphorylation of myelin basic protein, con-
sidering the amount and concentration of Scythe are much
lower than that of myelin basic protein in these assays. 32P
incorporation of HA-Scythe was increased minimally by dou-
bling the time of incubation, suggesting that phosphorylation
by MRK rapidly plateaus. We conclude that Scythe is an in-
teractor and in vitro substrate for MRK.

Scan for putative phosphorylation sites on Scythe by MRK
consensus. HA-tagged human Scythe is a relatively large pro-
tein. Transcript variant 1 (accession no. NM_004639) used as a
substrate is a 1,132-residue protein, containing 158 total Ser/
Thr residues, including 20 occurring as Ser/Thr-Pro motifs. We
used the working MRK consensus to scan the Scythe sequence
for good matches to the consensus. Since RPXS/T was most
strongly selected (Fig. 9), we focused on these motifs present in
Scythe. There are just two: RPXS362HYTT and RPXT1080SPES,
with T1080 being a stronger candidate than S362 because Ser
appears to be more preferable than His at the P�1 position
(Fig. 9D).

T1080 is an in vitro MRK phosphorylation site. S362 and
T1080 in HA-Scythe were singly and doubly mutated to alanine
for comparison to wild-type Scythe as kinase assay substrates
(Fig. 11A). Coomassie blue-stained SDS gel confirmed that
approximately equal amounts of each substrate were recovered
on beads. Mutant S362A was not appreciably less phosphory-
lated by MRK than the wild-type. T1080A mutation caused a
reproducible, significant decrease in 32P incorporation (about
80% decrease analyzed by phosphorimager [quantitation data
not shown]). The T1080A S362A double mutation did not
cause a further decrease in 32P incorporation compared to the
effect of a single T1080A mutation (data not shown). We
conclude that T1080 is a MRK phosphorylation site, support-
ing the phosphorylation consensus used to select T1080 as the
strongest candidate.

T1080 is an in vivo phosphorylation site. We examined mass
spectra for evidence of sites in HA-Scythe that become phos-
phorylated in HEK293T cells. After an in-gel trypsin digestion
and analyses, we found two major sites (Ser973 and Thr1080)
and one minor site (Ser1117) of phosphorylation (mass accu-
racy within 2 ppm). Ser973 in peptide ENAS*PAPGTTAEE
AMSR was 
15% phosphorylated (indicated by an asterisk).
Thr1080 in peptide AAGARPLT*SPESLSR was 
30% phos-
phorylated (Fig. 11B). Ser1117 in peptide LQEDPNYS*PQR
was minimally phosphorylated (�1%). Theoretical digestion pre-
dicts that Ser362 exists in a proline-rich 89-residue peptide se-
quence. We did not observe this peptide in our in-gel trypsin
analyses; thus, we pursued in-gel chymotrypsin digestion as an
alternative. In the reverse-phase HPLC analyses, phosphorylation
of S362 in peptide HVVRPMSHY, was not detected, suggesting
that the phosphorylation, if present, is �1%.

FIG. 10. Recombinant MRK interacts with recombinant Scythe in
cells and phosphorylates recombinant Scythe in vitro. (A) GST-MRK
or GST was coexpressed with Flag-Scythe in HEK293T cells. GST
fusion proteins were pulled down by glutathione-Sepharose beads and
analyzed for association with Flag-Scythe by Western blotting (immu-
noblotting [IB]) against the anti-Flag antibody. The amounts of GST,
GST-MRK and Flag-Scythe in cell lysate were indicated by Western
blotting. The positions of molecular mass markers (in kilodaltons) are
indicated to the left of the blot. (B) Flag-Scythe immunoprecipitated
from HEK293T cells was assayed for phosphorylation by MRK in vitro
using purified His-MRK(1-296) (top panel). MBP served as a positive-
control substrate for MRK kinase activity (bottom panel).
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FIG. 11. Thr-1080 is an in vivo phosphorylation site located within the BAG domain of Scythe that can be phosphorylated by MRK in vitro.
(A) In vitro kinase assay of two point mutations (S362A and T1080A) on Scythe by MRK. hScythe, human Scythe. (B) Tandem mass spectrometry
(MS/MS) of the phosphorylated form of the RPLT1080SP tryptic peptide that is derived from in-gel digestion of affinity-purified Flag-Scythe (see
Materials and Methods). (C) Summary of mass spectrometry analyses of the relative phosphorylation level of Scythe on several sites (shown in bold
type with an asterisk) with and without MRK treatment in vitro. The in vitro kinase assay was done as described above for panel A, except that
only nonradiolabeled ATP was used.
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T1080 phosphorylation in vitro by MRK is stoichiometric.
To determine whether phosphorylation of HA-Scythe in vitro
by His-MRK(1-296) caused a significant change in the stoichi-
ometry of T1080 phosphorylation, we performed site analyses
by mass spectrometry (Fig. 11C). The stoichiometry of phos-
phorylation of T1080 was estimated from ion currents as de-
scribed in Materials and Methods. T1080 was 
30% phosphor-
ylated omitting His-MRK(1-296) in the kinase assay with ATP/
Mg. Incubation with His-MRK(1-296) and ATP/Mg increased
stoichiometry at T1080 to 
90%. In comparison to T1080, the
stoichiometry at S973 is merely increased by about 5%, and no
change was detected at Ser1117 and Ser362 sites. We conclude
that His-MRK(1-296) phosphorylates T1080 in vitro with spec-
ificity and selectivity. These experiments also establish that
MRK can phosphorylate sites that lack a P�1 proline in an
otherwise favorable sequence context. Further studies are re-
quired to test whether T1080 is an in vivo phosphorylation site
for MRK.

T1080 is within the BAG domain of Scythe that interacts
with Hsc70 (32, 53). Six human proteins, including Scythe/
BAG-6, have C-terminal BAG domains, function as adapter
molecules, and are generally antiapoptotic (reviewed in refer-
ence 14). The T1080 motif is conserved in rodent and human
Scythe, but this segment is not highly conserved in Xenopus
laevis or Danio rerio. Whether T1080 plays a key role in BAG
domain-mediated interaction with Hsc70 and apoptosis awaits
further studies.

DISCUSSION

In summary, we have identified CCRK and PP5 as a human
kinase and phosphatase pair for the critical activation site,
T157, in the T-loop of MRK. The phosphorylation consensus
determined for MRK is RPX-S/T-P with the stringency for
proline at P�1 less striking than for the proline at P	2. Using
this consensus, we searched for phosphorylation sites in an in
vitro substrate for MRK, the antiapoptotic protein Scythe.
MRK phosphorylates Scythe in vitro stoichiometrically at
Thr1080, within GARPLT1080SPES. This MRK phosphoryla-
tion site is similar to the only identified Ime2 phosphorylation
site Ser27 (shown underlined) in a RPGSGER motif in yeast
replication protein A2 (10).

CCRK is the leading candidate for the in vivo T157 kinase
for MRK. The cellular localization of CCRK is consistent with
an activator of MRK and MAK. CCRK is predominantly nu-
clear (35), like MRK (17) and MAK (61). CCRK is also widely
expressed (35, 59) and very abundant in the testis (59) where
MAK is most abundant. CCRK may support a role for MRK
and MAK in regulation of proliferation and/or apoptosis.
CCRK was identified in a large-scale small interfering RNA
(siRNA) screen for suppressors of apoptosis (36). A specific
chemical inhibitor of CDK family members (RGB-286147)
inhibits CCRK and promotes apoptosis in the absence of cell
cycle progression (6). This is intriguing because it supports
structural similarity of CCRK to other CDKs (35), but the
target(s) for RGB-286147 that promotes apoptosis is unknown.
Clones of HeLa cells that stably express a CCRK siRNA es-
tablish a positive correlation between clonal growth and resid-
ual CCRK expression (35). Recently, the role of CCRK both as
a CAK and as a cell cycle regulator was investigated in

HCT116 and U2OS cells transfected with two different siRNAs
(59). Both CCRK siRNAs significantly inhibit proliferation
(59). Fluorescence-activated cell sorting analyses of DNA con-
tent showed no prominent arrest in G1, S, or G2/M fraction but
did show an increase in the sub-G1 fraction, which is usually
indicative of apoptosis (59). Thus, we hypothesize that some of
the phenotypic effects of silencing CCRK may channel through
MRK and/or MAK. Since MRK and MAK have nearly iden-
tical catalytic domains, defining the functions of MRK and
MAK will probably require knocking out or silencing both
genes in animals and cultured cells.

CCRK is most closely related to yeast Cak1p. CAK1 regu-
lates both mitotic and meiotic cell cycles by control of two
different downstream effectors. In the mitotic cycle of the bud-
ding yeast S. cerevisiae, Cak1p is an activating kinase phos-
phorylating Cdc28 on threonine 169 (15, 31, 54). Cak1p is also
required to activate Ime2p during meiosis through a mechanism
that requires threonine 242 and tyrosine 244 in Ime2p’s activation
loop (43, 44). Thus, an intriguing question arises as to whether
CCRK has a similar dual role in vertebrates. There are two
divergent reports about the intrinsic CAK activity of CCRK with
CDK2 (35, 59). The reasons are unclear, requiring resolution as
to whether CCRK is an activating kinase for CDKs. Our data
implicate both MRK and MAK as physiologic downstream tar-
gets of CCRK, implying that CCRK is capable of multiple func-
tions through different downstream effectors.

The physiologic regulators of PP5 and its substrates are
incompletely defined, but reports implicate PP5 in cell cycle
checkpoints, DNA damage response, and proliferation. Inhi-
bition of PP5 expression causes a marked antiproliferative
effect by activation of the p53-dependent G1 checkpoint (69).
PP5 is required for both ATM and ATR checkpoint signaling
(3, 67), operant in S and G2/M. Inhibition of PP5 also causes
premature mitosis after hydroxyurea treatment (67). Hydrogen
peroxide treatment is a stress that can produce apoptosis (12)
or G2/M arrest (7). Hydrogen peroxide treatment induces ac-
tivation of PP5 to negatively regulate ASK1 and inhibit apop-
tosis (40). PP5 interacts with DNA-dependent protein kinase
catalytic subunit (DNA-PKc) and dephosphorylates two func-
tional sites in DNA-PKc for DNA repair of double-strand
breaks (58). Similar to ASK1 and DNA-PKc, PP5 can deacti-
vate MRK by dephosphorylation of an essential phosphothreo-
nine residue within the T-loop. We have also shown that hy-
drogen peroxide treatment induces activation of endogenous
PP5 to negatively regulate MRK phosphorylation in the T-
loop, although via a different mechanism than that proposed
for ASK1. Finding MRK as a new downstream target of PP5
allows us to speculate that PP5 may inactivate MRK to medi-
ate some branch of checkpoint signaling in response to stress
and DNA damage.

We emphasize that despite demonstrated success in using
the consensus data to identify a site in Scythe, this is a working
consensus. Although T1080 proved to be a major phosphory-
lation site for MRK in vitro, mutating T1080 alone did not
completely abolish in vitro phosphorylation of Scythe by MRK,
indicating that additional minor phosphorylation sites exist
that may not conform strictly to the working consensus. Due to
limited coverage of Ser/Thr sites by mass spectrometry, we
were unable to define additional phosphorylation sites without
ambiguity. With that caveat, the consensus we obtained for
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MRK has similarities to ERK1 (49) and ERK2 (25) and
CDK2/cyclin A (22, 49). ERK2 and other MAP kinases have a
P-X-S/T-P consensus sequence that is found in many physio-
logic sites of phosphorylation, such as T188 in C/EBP� (20),
but only the P�1 proline residue appears to be absolutely
required in substrates. MAP kinase specificity for substrates is
also determined by highly specific docking interactions (52).
The strongest preferences defined for CDK2/cyclin A in de-
tailed studies are for P�1 proline and for a basic residue (K/R)
at P�3 (22, 49). We did not observe a preference for basic
residues at the P�3 position for MRK, under the conditions of
our studies. The similarity of the MRK consensus to Dyrk1a
(21) was surprising, since MRK is phylogenetically closer to
CDK2 and ERK2 (29) within the CMGC subgroup. Though
MRK has clear preferences at three positions near the phos-
phorylation site, only arginine at P	3 position appears to be
very stringent and neither of the proline residues at P	2 and
P�1 positions appears to be an absolute requirement for phos-
phorylation, as suggested by a lack of P�1 proline in the major
MRK phosphorylation site in Scythe. We obtained the same
consensus with E. coli-purified MRK protein as well as the
Sf9-purified His-MRK protein, indicating that active MRK and
not a contaminating kinase phosphorylated R-P-X-S/T-P in the
array.

Given that MRK and MAK are essentially identical in the
catalytic domain, we expect human Scythe to be a MAK sub-
strate in vitro as well. Scythe is an alias for BAT3 (4). BAT3 is
especially enriched in testis and abundant in the male germ
cells (57). This pattern is strikingly similar to MAK (28, 34, 38).
Both Scythe and MAK mRNAs increase dramatically in the
mouse testis 
14 to 20 days after birth. These correlations
suggest that MAK and Scythe monitor or function in a general
process that is in great demand in spermatogenesis, such as
DNA repair, which is a normal part of meiosis.

Scythe is considered an antiapoptotic protein (13, 33), but
the evidence for Scythe as a direct player in apoptotic signaling
has caveats (37). Of several apoptotic stimuli tested, thapsigar-
gin- and menadione-induced cell death was enhanced by
Scythe depletion and rescued by Scythe transfection (13).
Thapsigargin treatment negates the ability of caffeine (an
ATM inhibitor) to release the G2 delay caused by � radiation
in tumor cells (27). Menadione is a model quinone compound
used to study the effects of oxidative stress because it generates
superoxide in mammalian cells that causes strand breaks in
DNA (60). In addition to the link of PP5 to DNA damage
control, the link of Scythe to apoptosis induced by DNA dam-
age further motivated us to speculate that MRK and/or MAK
may play a key role in cell cycle checkpoint control and apop-
tosis in response to stress conditions, such as DNA damage.
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