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Abstract

Nucleoside monophosphate kinases have an important role in the synthesis of nucleotides that are required for cellular metabolism.
These enzymes are also important for the phosphorylation of nucleoside- and nucleotide analogs used in cancer and anti-viral therapy. We
report the cDNA cloning and characterization of a 23 kDa guanylate kinase from Drosophila melanogaster (Dm-GUK). The predicted
amino acid sequence was 58% identical to the human guanylate kinase and the enzyme was shown to phosphorylate GMP and dGMP with
ATP as phosphate donor. The monophosphates of the deoxyguanosine analogs 2’,2’-difluorodeoxyguanosine (dFdG) and 9-B-b-
arabinofuranosylguanine (araG) were also shown to be phosphorylated by the enzyme. We used the enzyme to reconstitute the complete
in vitro three-step phosphorylation pathway for the conversion of dGuo and araG to the corresponding triphosphates.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Nucleoside analogs used in chemotherapy of cancer
require phosphorylation inside the cells to become phar-
macologically active [1]. The deoxyguanosine analog 9-
B-p-arabinofuranosylguanine (araG) is in human cells
initially converted to araG monophosphate by deoxycy-
tidine kinase and deoxyguanosine kinase. Phosphoryla-
tion by guanylate kinase and nucleoside diphosphate
kinase further convert araG to the pharmacologically
active triphosphate form. Several suicide gene therapy
strategies uses nucleoside kinases as the therapeutic gene
to increase the conversion of cytotoxic nucleoside analog
to the triphosphate form, and thereby, enhance their
pharmacological effects [2]. We have previously shown
that the expression of the deoxyribonucleoside kinase of
Drosophila melanogaster (Dm-dNK) in cancer cell lines
increases the cytotoxicity of several anti-cancer nucleo-
side analogs [3]. The Dm-dNK has broad substrate spe-
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cificity and very high catalytic rate that makes it an
attractive suicide gene candidate [3,4]. Although the
naturally occurring deoxyribonucleosides are readily
phosphorylated to the corresponding triphosphate, this
may not be the case for nucleoside analogs. The first
phosphorylation step catalyzed by nucleoside kinases
appears for many nucleoside analogs to be the rate-limit-
ing step in conversion to the triphosphate form. However,
there is evidence that also the conversion to the dipho-
sphate form by nucleoside monophosphate kinases and
the conversion to the triphosphate form by nucleoside
diphosphate kinases may be rate-limiting for certain
nucleoside analogs [5,6]. For further development of
nucleoside kinase-based gene therapy strategies, it may
accordingly also be important to improve the phosphor-
ylation of the nucleoside analog monophosphates and
diphosphates. A combination of two or more nucleoside
and nucleotide kinases activating a chemotherapeutic
nucleoside analog may thus be a strategy to improve
suicide gene therapy.

Thymidylate kinase and UMP—CMP kinase have among
the nucleoside monophosphate kinases been carefully
studied regarding their phosphorylation of nucleoside
analog monophosphates [5,7,8]. The broad substrate spe-
cificity and high catalytic rate of the Dm-dNK made us
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interested in investigating if the family of nucleoside
monophosphate kinases from D. melanogaster had similar
features. We have recently reported the cloning and char-
acterization of the D. melanogaster UMP—CMP kinase [9].
However, this enzyme exhibited similar restricted substrate
specificity as the human enzyme. In the present study, we
have identified and cloned the cDNA of the Drosophila
homologue of human guanylate kinase. We have studied
the basic kinetic properties and substrate specificity of the
enzyme. We also report for the first time an in vitro
reconstitution of the three-step phosphorylation pathway
converting deoxyguanosine and araG enzymatically to
their triphosphate forms.

2. Materials and methods
2.1. Cloning and expression of Dm-GUK cDNA

We search the expressed sequence tag library of the
GenBank database at the National Institute for Biotechnol-
ogy Information with the Basic Local Alignment Search
Tool [10] to identify novel D. melanogaster cDNA clones
that encoded proteins similar to the human and bovine
guanylate kinase [11-13]. The expressed sequence tag
cDNA clones were obtained from Research Genetics
(Huntsville, USA). The open reading frame of the cDNA
sequence was amplified by the polymerase chain reaction
using the primers 5-ATGACCGCCGCCCCCGGGC-
CACGCCC and 3'-AATGTAGAATGATATTAACCTCA.
The PCR product was cloned into the PCR T/TOPO TA
cloning vector (Invitrogen). The DNA sequence of the
plasmid was determined by DNA sequencing using an
ABI310 automated DNA sequencer (Perkin Elmer Life
Sciences).

The protein was expressed in Escherichia coli fused to
an N-terminal polyhistidine tag encoded by the plasmid
vector. The plasmid was transformed into the E. coli strain
BL21(DE3)pLysS and cultured in LB medium supplemen-
ted with 100 pg/ml ampicillin and 34 pg/ml chloramphe-
nicol. Protein expression was induced at ODsg5 = 0.9 with
1 mM isopropyl thio--p-galactoside for 3 h at 37 °C. The
bacteria were harvested by centrifugation at 5000 x g for
10 min and resuspended in 50 mM NaH,PO, pH 7.4 and
300 mM NaCl. The bacteria were lysed by the addition of
1 mg/ml lysozyme and by sonication. The protein extract
was cleared by centrifugation at 12,000 x g for 20 min and
loaded onto a Talon Metal affinity resin column (Clon-
tech). The recombinant protein was eluted in 50 mM
NaH,PO, pH 7.4, 300 mM NacCl and 150 mM imidazole.
The size and purity of the recombinant protein was deter-
mined by SDS—polyacrylamide (SDS—PAGE) gel electro-
phoresis (PhastSystem, Amersham Biotech). The protein
concentration was determined with the Bradford Protein
Assay (Bio-Rad). Bovine serum albumin was used as the
concentration standard.

2.2. Enzyme assays

The enzymatic assays with radiolabeled ATP were
performed in 10 pl containing 50 mM Tris—HCI pH 8.0,
5mM MgCl,, 2.5 nCi/pl [v-32P] ATP (3000 Ci/mmol,
Amersham Biotech) and 1 mM nucleoside monopho-
sphates (Sigma). Indicated amounts of enzymes were
added and the reaction mixtures were incubated 30 min
at 37 °C. The products were separated by thin-layer chro-
matography (TLC) on poly(ethyleneimine)-cellulose F
sheets (Merck). The separation of the reaction products
from ATP required a three-step TLC with different ammo-
nium formate buffers. Chromatography was performed in
0.5, 1.2 and 1.8 M ammonium formate pH 6.5, that were
allowed to rise to 3, 7 and 17 cm on the TLC sheets,
respectively. The TLC sheets were analyzed by autoradio-
graphy using a phosphoimager (BAS 1000; Fuji Photo
Film Co.). HPLC analysis of the reaction mixtures were
performed by ion-pair reversed-phase chromatography on
a 5 pm Hypersil ODS 250 mm x 4.6 mm column. The
1 ml/min mobile phase consisted of 0.1 M triethylamine
phosphate buffer (pH 7.0) with a 95% methanol gradient
(0-100%) The separated nucleotides were detected by
absorbance at 254 nm. Mean values of three samples were
calculated and a Michaelis—Menten function was fitted to
the data points to calculate the kinetic parameters.

The coupled assay using multiple kinases were per-
formed in 50 mM Tris—-HCl pH 8.0, 5mM MgCl,,
10 mM ATP, 5 mM DTT and 5 mM nucleosides. Creatin
phosphate (2 mM) and 2.5 U creatine kinase (Sigma) were
added to the reactions to regenerate the ATP consumed.
Recombinant Dm-dNK was prepared as described [4] and
NDPK was obtained from Sigma. The reaction mixtures
were incubated 30 min at 37 °C and the reaction products
analyzed by HPLC or TLC as described above.

3. Results
3.1. Identification and cDNA cloning of Dm-GUK

We decided to clone and recombinantly express the
Drosophila homologue of the human guanylate kinase
with the aim to determine the kinetic properties and
substrate specificity of the enzyme. D. melanogaster
expressed sequence tag cDNA clones with sequence simi-
larity to the cDNA of human and bovine guanylate kinase
[11-13] was identified in GenBank. The open-reading
frame of one cDNA clone was subcloned and sequenced
(clone ID: LD13007). The ¢cDNA encoded a 204 amino
acid residue open reading frame with a predicted molecular
mass of 23 kDa. Alignment of the predicted amino acid
sequence of the novel enzyme with different mammalian
guanylate kinases showed that the Drosophila enzyme
was ~58% identical to the mammalian enzymes
(Fig. 1). Based on the sequence similarity, the enzyme
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Fig. 1. Alignment of the guanylate kinase from D. melanogaster, human, mouse, rat and bovine origin. Black boxes indicate conserved amino acid residues
compared to the Drosophila enzyme. Gray boxes indicate amino acid residues conserved in at least three of the enzymes.

was named Dm-GUK. Analysis of nucleotide sequences
deposited in FlyBase [14] showed that Dm-GUK gene was
located on chromosome 3L at 67E6-7 (FlyBase gene
CG11811).

The D. melanogaster UMP-CMP kinase encodes a
functional N-terminal mitochondrial import signal
sequence [9]. Mitochondrial import signals are usually
located in the N-terminal part of the protein and form
an amphipathic a-helical structure that contains positively
charged and hydrophobic amino acid residues. Although
the N-terminal region of Dm-GUK contained several posi-
tively charged and hydrophobic amino acid residues, the
presence of multiple proline residues strongly argue
against the formation of an a-helix. Sequence analysis
using the PSORT algorithm for prediction of subcellular
protein localization was not able to identify features
suggestive of a mitochondrial import signal sequence
and the prediction suggests that the protein is located in
the cytosol [15].

3.2. Expression and substrate specificity of Dm-GUK

The Dm-GUK was recombinantly expressed with an N-
terminal poly-histidine tag and purified by one-step metal
affinity chromatography (Fig. 2A). To verify the enzymatic
activity and to determine the substrate specificity of the
recombinant enzyme we tested the naturally occurring
ribo- and deoxyribonucleoside monophosphates as sub-
strates for the recombinant Dm-GUK in a phosphoryl
transfer assay as described in Section 2. Several ribo-
and deoxyribonucleoside monophosphates were tested at
1 mM concentration as substrates for the enzyme (Fig. 2C).
The enzyme phosphorylated GMP and dGMP with similar

relative efficiency using y->P-ATP as phosphate donor. No
phosphorylation of AMP, dAMP, CMP, dCMP, UMP,
dUMP or dTMP were detected. The kinetic properties
of Dm-GUK were determined using dGMP as substrate.
Michaeli-Menten kinetics was found with an apparent
K, of 0.54+0.1mM and a V,,, for the reaction of
1.0 £ 0.2 pmol/mg/min (Fig. 2B).

3.3. Phosphorylation of deoxyguanosine analogs by
Dm-GUK

Deoxyguanosine nucleoside analogs are important che-
motherapeutic agents and we decided to investigate if such
analogs are substrates of the Dm-GUK. The deoxyguano-
sine analogs araG and dFdG are phosphorylated by the
multisubstrate Dm-dNK and we assayed the coupled con-
version of the nucleoside analogs to the diphosphate form
catalyzed sequentially by Dm-dNK and Dm-GUK. Both
araG and dFdG were phosphorylated to their correspond-
ing diphosphates in this assay demonstrating that araGMP
and dFAGMP are substrates for Dm-GUK (Fig. 3).

3.4. In vitro reconstitution of dGTP and araGTP
synthesis

The entire pathway of dGTP synthesis from dGuo was
reconstituted to investigate the role of Dm-GUK in the
salvage pathway of dGTP formation. The Dm-dNK, Dm-
GUK and NDPK were mixed in a single reaction with ATP
as phosphate donor. The ADP generated in this reaction
may lower the efficiency of conversation and we used
creatine kinase/creatine phosphate as an ATP regenerating
system. HPLC analysis demonstrated an almost complete
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Fig. 2. Expression and enzymatic activity of recombinant Dm-GUK. (A) SDS-PAGE gel analysis of purified recombinant Dm-GUK. (B) Michaelis—Menten
kinetic analysis of dGMP phosphorylation. (C) Substrate specificity for NMPs determined by TLC analysis. y->>P-ATP phosphotransferase assay using 1 mM
nucleoside monophosphates as substrates. Control reactions (-) did not contain substrate. The arrows indicate the expected position of the nucleoside

diphosphates (NDP) and triphosphates (NTP).

conversion of dGuo to dGTP in this reaction after 24 h of
incubation (Fig. 4A). dGuo, dGMP and dGDP were present
at <5% after the phosphorylation catalyzed by the
enzymes. We used a similar assay to determine if araG
could be converted to araGTP (Fig. 4B). Although araGTP
was detected, the conversion was less efficient and araG,
araGMP and araGDP were readily detected.

4. Discussion

The present study was initiated to study the nucleoside
monophosphate kinase responsible for the second phos-
phorylation step of dGuo to dGTP in D. melanogaster.
Previous studies of the multisubstrate Dm-dNK has
demonstrated unique catalytic properties of this enzyme
and we wanted to investigate if also other enzymes
involved in the salvage of nucleosides in Drosophila had
properties different from enzymes of other organisms.
However, the analysis of Dm-GUK performed in this study
demonstrated that the properties of the enzyme were
similar to those reported for mammalian guanylate kinases.

Dm-GUK only phosphorylated GMP and dGMP among the
natural ribo- and deoxyribonucleoside monophosphates.
The kinetic constants for Dm-GUK with dGMP as sub-
strate were also found to be similar to those reported for the
mammalian enzymes. The restricted substrate specificity
for both Dm-GUK and the previously studied D. melano-
gaster UMP-CMP kinase suggest that the setup of nucleo-
side monophosphate kinases in Drosophila are similar to
the enzymes present in mammalian cells. Although the
insect cells contain only the single Dm-dNK multisubstrate
deoxyribonucleoside kinase to catalyze the first step in the
deoxyribonucleoside phosphorylation pathway, several
different nucleoside monophosphate kinases are present
in these cells to catalyze the further phosphorylation of the
deoxyribonucleoside monophosphates.

Similar to other nucleoside monophosphate kinases,
Dm-GUK has a K, for its substrates that is much higher
than the physiological concentration of the substrates in
cells. To analyze the efficiency of the enzyme as part of the
salvage pathway of dGuo to dGTP synthesis we recon-
stituted the entire pathway of dGuo phosphorylation to
dGTP. The complete conversion of dGuo to dGTP in the
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Fig. 3. Coupled phosphotransferase assay using Dm-dNK and Dm-GUK for
phosphorylation of guanine nucleoside and nucleoside analogs to dipho-
sphates. (A) TLC analysis of 1 mM dGuo, dCyd, dFdG and araG phosphor-
ylation to the diphosphate form by 0.25 pg Dm-dNK and 1 pg Dm-GUK.
(B) HPLC analysis of the araG phosphotransferase reaction using both
kinases.

experimental setup demonstrated that the kinetic properties
of Dm-GUK did not prevent efficient phosphorylation to
the triphosphate form. We found that the monophosphates
of araG and dFdG can be efficiently phosphorylated by
Dm-GUK. However, when araG was tested in the assay for
conversion from nucleoside to nucleoside triphosphate,
substantial amounts of araG, araGMP and araGDP were
detected. These findings suggest that all of the three
kinases used in the assay including Dm-GUK had problems
to phosphorylate the nucleoside analog as efficiently as the
natural deoxyribonucleoside. Nucleoside monophosphate
kinases are not as thoroughly studied as the nucleoside
kinases regarding their contribution to the phosphorylation
of nucleoside analogs [16]. There are nucleoside monopho-
sphate kinases that are known to be rate limiting in the
activation of certain nucleoside analogs. Human thymidy-
late kinase is one example with a low efficiency of azi-
dothymidine monophosphate phosphorylation that results
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Fig. 4. Coupled phosphotransferase assay using Dm-dNK, Dm-GUK and
NDPK for phosphorylation of dGuo (A) and araG (B) to nucleoside
triphosphates.

in an accumulation of azidothymidine at the monopho-
sphate level [5,17]. Our findings that also the conversion of
the purine nucleoside analog araG to the triphosphate form
may be limited by a nucleoside monophosphate kinase
further emphasizes that also the kinases catalyzing the
phosphorylation of nucleoside analog monophosphates
and diphosphates should be investigated in the develop-
ment of novel nucleoside analog-based therapies.

Acknowledgements

This work was supported by grants from the Swedish
Cancer Society and the Swedish Research Council.

References

[1] Van Rompay AR, Johansson M, Karlsson A. Substrate specificity and
phosphorylation of antiviral and anticancer nucleoside analogues by



992 M. Johansson et al./Biochemical Pharmacology 70 (2005) 987-992

human deoxyribonucleoside kinases and ribonucleoside kinases. Phar-
macol Ther 2003;100:119-39.
[2] Springer CJ, Niculescu-Duvaz I. Prodrug-activating systems in suicide
gene therapy. J Clin Invest 2000;105:1161-7.
[3] Zheng X, Johansson M, Karlsson A. Retroviral transduction of cancer
cell lines with the gene encoding Drosophila melanogaster multisub-
strate deoxyribonucleoside kinase. J Biol Chem 2000;275:39125-9.
Johansson M, Van Rompay AR, Degreve B, Balzarini J, Karlsson A.
Cloning and characterization of the multisubstrate deoxyribonucleo-
side kinase of Drosophila melanogaster. J Biol Chem 1999;274:
23814-9.
Lavie A, Schlichting I, Vetter IR, Konrad M, Reinstein J, Goody RS.
The bottleneck in AZT activation. Nat Med 1997;3:922—4.
Gallois-Montbrun S, Schneider B, Chen Y, Giacomoni-Fernandes V,
Mulard L, Morera S, et al. Improving nucleoside diphosphate kinase
for antiviral nucleotide analogs activation. J Biol Chem 2002;277:
39953-9.
Van Rompay AR, Johansson M, Karlsson A. Phosphorylation of
deoxycytidine analog monophosphates by UMP-CMP kinase: mole-
cular characterization of the human enzyme. Mol Pharmacol 1999;
56:562-9.
Liou JY, Dutschman GE, Lam W, Jiang Z, Cheng YC. Characteriza-
tion of human UMP/CMP kinase and its phosphorylation of p- and L-
form deoxycytidine analogue monophosphates. Cancer Res 2002;
62:1624-31.
Curbo S, Amiri M, Foroogh F, Johansson M, Karlsson A. The
Drosophila melanogaster UMP-CMP kinase cDNA encodes an N-

[4

=

[5

=

[6

=

[7

—

[8

[t}

[9

—

terminal mitochondrial import signal. Biochem Biophys Res Commun
2003;311:440-5.

[10] Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local
alignment search tool. J Mol Biol 1990;215:403-10.

[11] Gaidarov IO, Suslov ON, Abdulaev NG. Enzymes of the cyclic GMP
metabolism in bovine retina. I. Cloning and expression of the gene for
guanylate kinase. FEBS Lett 1993;335:81-4.

[12] Fitzgibbon J, Katsanis N, Wells D, Delhanty J, Vallins W, Hunt DM.
Human guanylate kinase (GUK1): cDNA sequence, expression and
chromosomal localisation. FEBS Lett 1996;385:185-8.

[13] Brady WA, Kokoris MS, Fitzgibbon M, Black ME. Cloning, char-
acterization, and modeling of mouse and human guanylate kinases. J
Biol Chem 1996;271:16734-40.

[14] The FlyBase Consortium. The FlyBase database of the Drosophila
genome projects and community literature. Nucleic Acids Res
2003;31:172-5.

[15] Nakai K, Horton P. PSORT: a program for detecting sorting signals in
proteins and predicting their subcellular localization. Trends Biochem
Sci 1999;24:34-6.

[16] Van Rompay AR, Johansson M, Karlsson A. Phosphorylation of
nucleosides and nucleoside analogs by mammalian nucleoside mono-
phosphate kinases. Pharmacol Ther 2000;87:189-98.

[17] Balzarini J, Herdewijn P, De Clercq E. Differential patterns of
intracellular metabolism of 2’,3’-didehydro-2’,3’-dideoxythymidine
and 3’-azido-2',3’-dideoxythymidine, two potent anti-human
immunodeficiency virus compounds. J Biol Chem 1989;264:
6127-33.



	Phosphorylation of 9-&beta;-d-arabinofuranosylguanine monophosphate �by Drosophila melanogaster guanylate kinase
	Introduction
	Materials and methods
	Cloning and expression of Dm-GUK cDNA
	Enzyme assays

	Results
	Identification and cDNA cloning of Dm-GUK
	Expression and substrate specificity of Dm-GUK
	Phosphorylation of deoxyguanosine analogs by Dm-GUK
	In vitro reconstitution of dGTP and araGTP synthesis

	Discussion
	Acknowledgements
	References


