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IDENTIFICATION OF PHOSPHORYLATION SITES ON HUMAN
DEOXYCYTIDINE KINASE AFTER OVEREXPRESSION
IN EUCARYOTIC CELLS

C.Smal o Laboratory of Physiological Chemistry, Christian de Duve Institute
of Cellular Pathology, Brussels, Belgium

D. Vertommen, L. Bertrand, and M. H. Rider o Hormone and Metabolic Research
Unit, Christian de Duve Institute of Cellular Pathology, Brussels, Belgium

E. Van Den Neste o Laboratory of Physiological Chemistry, Christian de Duve
Institute of Cellular Pathology, Brussels, Belgium and Department of Hematology, Cliniques
Universitaires Saint-Luc, Université Catholique de Louvain, Brussels, Belgium

F. Bontemps o Laboratory of Physiological Chemistry, Christian de Duve Institute
of Cellular Pathology, Brussels, Belgium

o Compelling evidence suggests that deoxycytidine kinase (dCK), a key enzyme in the salvage
of deoxyribonucleosides and in the activation of clinically relevant nucleoside analogues, can
be regulated by reversible phosphorylation. In this study, we show that dCK overexpressed in
HEK-293T cells was labelled after incubation of the cells with [P2Plorthophosphate. Tandem mass
spectrometry allowed the identification of 4 in vivo phosphorylation sites, Thr3, Serl1, Serl5, and
Ser74. These resulls provide the first evidence that dCK is constitutively multiphosphorylated in
intact cells. In addition, site-directed mutagenesis demonstrated that phosphorylation of Ser74, the
major in vivo phosphorylation site, is crucial for dCK activity.

Keywords Deoxycytidine kinase; Protein phosphorylation; Tandem mass spectrometry

INTRODUCTION

Deoxycytidine kinase (dCK) catalyzes the phosphorylation of deoxy-
cytidine, deoxyadenosine, and deoxyguanosine, playing a major role in
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the deoxynucleoside salvage pathway. Moreover, dCK phosphorylates and
activates numerous nucleoside analogues used against leukemias, solid
tumors, and viral infections. Several genotoxic agents, including etoposide,
aphidicolin, UV-light, y-irradiation, and even the nucleoside analogue
CdA, have been shown to induce dCK activation without changing the
level of dCK protein.““” Moreover, treatment of lysates from normal
or leukemic cells with A protein phosphatase lead to a decrease of dCK
activity.!"*! Taken together these results indicated that dCK could be regu-
lated by post-translational modification, most probably by reversible protein
phosphorylation. To verify this hypothesis, eucaryotic cells (HEK 293T,
human embryonic kidney cells), overexpressing dCK as a His-tag fusion
protein, were incubated with [**P]orthophosphate and dCK labelling was
analyzed.

MATERIALS AND METHODS

The coding region of the human dCK cDNA from leukemic lymphocytes
was cloned as previously described.!®! Recombinant dCK with a N-terminal
polyhistidine tag was overexpressed in HEK 293T cells using the jetPEI pro-
cedure according to the manufacturer’s instructions (PolyPlus transfection,
Illkrich, France). Mutations (S74A or S74E) were created by PCR using
specific primers. The complete dCK coding region of all plasmids was se-
quenced on a CEQ2000 sequencer (Beckman Coulter, Fullerton, CA, USA)
to verify the newly introduced mutations and the absence of random muta-
tion. For in vivo labelling experiments, HEK 293T cells overexpressing dCK
were incubated in phosphate-free DMEN containing [**P]orthophosphate
(4 mCi/dish, 670 uCi/ml) for 3.5 hours. Recombinant dCK was purified by
affinity chromatography using an agarose-cobalt resin (Clontech/BD Bio-
sciences, Palo Alto, CA, USA), concentrated by ultrafiltration and subjected
to SDS-PAGE /autoradiography. Bands corresponding to dCK were cut from
the gel, chopped into 1 mm cubes and digested with trypsin. Labelled tryptic
peptides were separated by reverse-phase HPLC and the radioactivity of
each fraction was counted by Cerenkov radiation. Radioactive peaks were
analysed by nanoelectrospray ionization tandem mass spectrometry (nano-
ESI-MS/MS), as described in Woods et al.!®! DCK activity was determined
with 10 uM [5-°H]deoxycytidine as the substrate, as previously described.[*!
Western blotting was performed with monoclonal antibodies against poly-
His (1/2000) in PBS-T (0.1%) and 5% powder milk.

RESULTS

To know whether dCK was constitutively phosphorylated, we in-
cubated HEK-293T cells overexpressing dCK in the presence of
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FIGURE 1 Phosphorylation of dCK in HEK 293T cells. HEK 293T cells, overexpressing dCK, were
incubated with [*?PJorthophosphate for 3.5 hours. dCK was purified from cell extracts by affinity
chromatography, concentrated by ultrafiltration, and subjected to SDS-PAGE after staining the gel with
Colloidal Blue. PolyHis-tagged dCK was detected by immunoblotting under the conditions used for
32P.incorporation. (From Smal et al.[®!)

[*2P]orthophosphate. dCK was purified by affinity chromatography and
subjected to SDS-PAGE and autoradiography (Figure 1). A labelled band
of 34 kDa was detected, corresponding to the major band revealed by
colloidal blue and to the band recognized by the monoclonal anti-polyHis
antibody, indicating that the labelled band was indeed recombinant dCK.
This molecular mass of 34 kDa is somewhat greater than that of 30.5 kDa
established for the subunit of dCK,!”! but corresponds to the calculated
molecular mass of the polyhistidine-tagged recombinant fusion protein.
Radiolabelled dCK, purified by affinity chromatography, was then di-
gested with trypsin, and peptides were separated by reverse-phase HPLC.
Fractions were counted by emission of Cerenkov radiation. Several radioac-
tive peaks were detected, indicating the presence of multiple phosphoryla-
tion sites in the recombinant protein (Figure 2). Except Peak I (the flow-
trough fraction), each radioactive peak was screened for phosphopeptides
by neutral loss of HsPO,4 (98 Da) using nano-ESI-MS/MS, as described in
Woods et al.!%! This technique allowed the identification of 4 phosphory-
lated residues, as indicated in Table 1. In Peak IV, no phosphopeptide was
detected. The relative labelling of the HPLC peaks was calculated in three
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FIGURE 2 HPLC profile of 3*P-peptides obtained by tryptic digestion of dCK from transfected HEK
293T cells. 3?P-dCK, obtained as described in Figure 1, was excised from the gel and digested with trypsin.
Labelled peptides were separated by reverse-phase narrow-bore HPLC in a linear acetonitrile gradient.
Fractions were counted by Cerenkov radiation. (From Smal et al.[81)
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TABLE 1 Phosphorylated dCK Residues Determined by Nano-ESI-MS/MS

Peak Phosphorylated residue % of total *?P-incorporated
I 22.3 £89
I Thr3 10.9 £ 5.7
111 Serll, Serlb 99+£1.7
v ND 10.3 £ 3.7
\Y% Ser74 44.6 + 6.2

Labelled HPLC peaks (Figure 2) were analyzed by nano-ESI-MS/MS. Phos-
phopeptides were identified in MS? mode by loss of 98 Da upon collision-
induced dissociation, and the phosphorylated residue was further identified
by fragmentation in MS® mode. The relative labelling of the HPLC peaks was
calculated in 3 separate experiments. Percentage of total 3P-incorporation
are means = SEM (n = 3). ND: not determined.

separate experiments. Ser74 appeared as the major in vivo phosphorylation
site.

Site-directed mutagenesis experiments were performed to test the im-
portance of Ser74 phosphorylation for dCK activity. HEK 293T cells were
transfected with mutated His-tagged dCK. Ser74 was replaced by alanine
to abolish phosphorylation at this locus (S74A mutant) or by glutamate
to mimic its phosphorylation (S74E mutant). The S74E mutation did not
significantly modify dCK activity (Figure 3), whereas the S74A mutation
markedly decreased activity (by 94.1 & 1.7%), suggesting that phosphory-
lation of Ser74 is crucial for dCK activity. Mutations did not affect the Km of
dCK for deoxycytidine, but only the Vmax (results not shown).

DISCUSSION

This study provides a definitive proof that dCK is a phosphoprotein in
eucaryotic cells. The enzyme contains at least 4 phosphorylation sites, but
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FIGURE 3 Effect of mutation of Ser74 on dCK activity. DCK activity was measured in lysates of HEK293T
cells transfected with vector encoding wild-type dCK (WT) or the S74A or S74E mutants. Activities were
normalized to dCK protein amount assessed by densitometric quantification using anti-polyHis antibody.
The results are means = SEM of three independent experiments. WT dCK activities were set at 100%.
Significance relative to the WT dCK: ***P<0.001. (From Smal et al.[81)
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other phosphorylations sites probably exist as suggested by the labelling of
peaks I and IV in the HPLC profile (Figure 2), in which the phosphorylated
residue was not yet identified. The 3-dimensional structure of human dCK
was recently solved by Sabini et al.[”? The enzyme is homodimeric with a
fold similar to that described for the Drosophila melanogaster deoxynucleoside
kinase. Each monomer consists of ten a-helices surrounding a 5-stranded
parallel B-sheet. The N-terminal extremity of dCK (residues 1-19), which
contains 3 of the 4 phosphorylation sites identified, is flexible and its
structure could not be solved. However, this region predicted to lie outside
the protein core. Ser74 is located in a 15-residue mobile insert. Thus,
the 4 phosphorylation sites we identified are located in flexible loops at
the surface of the protein and would be accessible to protein kinases.
As indicated by site-directed mutagenesis experiments, phosphorylation of
Ser74, the major in vivo phosphorylation site, is critical for the catalytic
activity of dCK, suggesting that agents known to enhance dCK activity in
lymphocytes might act by increasing the phosphorylation of Ser74. This
hypothesis was confirmed in a further study.!®!

Recently, Keszler et al.l9! suggested that activation of dCK, subsequent
to a posttranslational modification, induced a more open conformation of
the enzyme. We propose that phosphorylation of Ser74, which is located
far from the active site of dCK, might induce long-range conformational
changes in dCK and promote such open conformation.

The protein kinases responsible for Ser74 phosphorylation remain to be
identified. It has been reported that PKCo can phosphorylate dCK purified
from leukemic blasts and increase the enzyme activity.!!”) These results
xwxe,howewa;notnqnoducedvﬁdla}unnanreconﬂﬁnantdCKﬂlu

The identification of phosphorylation sites on dCK, and particularly of
Ser74, could have implications for improving the activation of nucleoside
analogues used in anti-cancer and anti-viral chemotherapy, or for the design
of more active dCK mutants for suicide-gene therapy.
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