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2 Unité de Chimie Organique, URA 2128CNRS, Institut Pasteur, Paris, France

3 Rega Institute for Medical Research, Leuven, Belgium

Recent concerns on the use of variola virus, the caus-

ative agent of smallpox, as a biological weapon have

prompted new interest in the development of small

molecule therapeutics [1]. Moreover, monkeypox, a

reemerging disease due to monkeypox virus infection

in humans, is spreading in Africa, indicating that

smallpox, although eradicated by the World Health

Organization vaccination campaign in the 1970s, could

again become a serious threat. Smallpox is transmitted

by person-to-person contact and through inhalation

of virus-containing saliva droplets. It causes skin

rash, respiratory and sometimes fatal hemorrhagic
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Anti-poxvirus therapies are currently limited to cidofovir [(S)-1-(3-hydroxy-

2-phosphonylmethoxypropyl)cytosine], but drug-resistant strains have

already been characterized. In the aim of finding a new target, the thymidy-

late (TMP) kinase from vaccinia virus, the prototype of Orthopoxvirus, has

been overexpressed in Escherichia coli after cloning the gene (A48R). Speci-

fic inhibitors and alternative substrates of pox TMP kinase should contrib-

ute to virus replication inhibition. Biochemical characterization of the

enzyme revealed distinct catalytic features when compared to its human

counterpart. Sharing 42% identity with human TMP kinase, the vaccinia

virus enzyme was assumed to adopt the common fold of nucleoside mono-

phosphate kinases. The enzyme was purified to homogeneity and behaves

as a homodimer, like all known TMP kinases. Initial velocity studies

showed that the Km for ATP-Mg2+ and dTMP were 0.15 mm and 20 lm,
respectively. Vaccinia virus TMP kinase was found to phosphorylate

dTMP, dUMP and also dGMP from any purine and pyrimidine nucleoside

triphosphate. 5-Halogenated dUMP such as 5-iodo-2¢-deoxyuridine
5¢-monophosphate (5I-dUMP) and 5-bromo-2¢-deoxyuridine 5¢-monophos-

phate (5Br-dUMP) were also efficient alternative substrates. Using

thymidine-5¢-(4-N¢-methylanthraniloyl-aminobutyl)phosphoramidate as a

fluorescent probe of the dTMP binding site, we detected an ADP-induced

conformational change enhancing the binding affinity of dTMP and ana-

logues. Several thymidine and dTMP derivatives were found to bind the

enzyme with micromolar affinities. The present study provides the basis for

the design of specific inhibitors or substrates for poxvirus TMP kinase.
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complications with a mortality rate up to 25% for the

severe form of the disease. The only efficient molecule

against poxvirus infections is now cidofovir [(S)-1-(3-

hydroxy-2-phosphonylmethoxypropyl)cytosine] [2,3],

an acyclic phosphonate of cytosine also used in therap-

ies for cytomegalovirus disease. Preferential interaction

of the active form (cidofovir diphosphate) with viral

DNA polymerases induces DNA chain termination

and prevents viral replication [4], but viral strains

resistant to cidofovir have already been described [5].

Vaccinia virus, the prototype member of the Orthopox-

virus family, is most often used as a surrogate virus for

variola virus. Unlike most other DNA viruses, poxvi-

ruses replicate in the cytoplasm of infected cells and

their genomes encode many proteins including their

own DNA and RNA polymerases. They also express

several enzymes involved in nucleic acid metabolism, a

feature shared with herpes viruses. The vaccinia virus

genes encoding ribonucleotide reductase, thymidine

kinase, thymidylate kinase and dUTPase are tran-

scribed early during the infection cycle to provide a

large amount of DNA precursors [6].

We focus here on vaccinia virus thymidylate kinase

(VVTMP kinase; EC 2.7.4.9), encoded by the A48R

gene [6]. Thymidine 5¢-monophosphate (dTMP) kinase

catalyzes the c-phosphate transfer from ATP to dTMP

in the presence of Mg2+, yielding thymidine 5¢-diphos-
phate (dTDP) and ADP. The vaccinia virus thymidy-

late kinase gene has been cloned and identified by

homology with yeast thymidylate kinase (42% identity)

[7]. The gene has been shown to encode an active

dTMP kinase (23 kDa) and to complement a tempera-

ture-sensitive mutant of Saccharomyces cerevisiae which

is deficient in dTMP kinase activity [8]. The gene was

shown to be nonessential for virus replication in cul-

tured cells [8]. The different vaccinia strains (TianTian,

Copenhagen, Western Reserve, Ankara) present no

difference in the dTMP kinase gene sequence. The

VVTMP kinase sequence showed the highest similarity

with the human enzyme: 86 conserved residues and 48

conservative substitutions among 203 residues, resulting

in 42% identity and 64% similarity, according to the

sib blast network (Fig. 1A). The crystal structure of

several TMP kinases have been solved (yeast, Escheri-

chia coli, human, Mycobacterium tuberculosis) and all

demonstrate the high conservation of the fold, also

shared with the NMP kinase family [9–11]. The model

of VVTMP kinase, built by homology with the human

liganded enzyme and proposed by SwissProt contains

the structural features of the human enzyme: a five par-

allel b-strand core surrounded by nine helices and the

classical motifs: P loop, TMP binding domain, ATP

binding domain and LID domain, a loop closing down

on the substrate in order to allow the phosphate trans-

fer [10] (Fig. 1B,C). All known TMP kinases are dimer-

ic and have similar core structures.

In chemotherapies of viral diseases, thymidine

kinases and TMP kinases are key enzymes in the activa-

tion of nucleoside analogues. Herpes thymidine kinase

has been validated as a therapeutic target, due to its

unique property of phosphorylating acyclovir [12–14].

Acyclovir triphosphate, the active form of acyclovir,

targets the viral DNA polymerase and acts as a chain

terminator after incorporation of acyclovir monophos-

phate in DNA. Several bacterial TMP kinases are the

focus of intense studies, e.g. Mycobacterium tuberculosis

[15–17], Yersinia pestis [18] and Streptococcus pneumo-

niae [19]. Human thymidine and thymidylate kinases

catalyze the phosphorylation of the anti-HIV drugs

3¢-azido-3¢-deoxythymidine (AZT or zidovudine) and

2¢,3¢-dideoxydidehydro-thymidine (d4T or stavudine)

and their 5¢-monophosphates, respectively, eventually

targeting HIV reverse transcriptase in their 5¢-triphos-
phate form [20]. Considering that the herpes virus

nucleoside kinase phosphorylates both thymidine and

dTMP, the poxvirus TMP kinase has been the only

identified viral TMP kinase to date, with the exception

of African swine fever virus, a DNA arbovirus.

We describe here the cloning and expression in

E. coli of the vaccinia virus TMP kinase gene. We

characterized for the first time the specificity of the

vaccinia virus enzyme for natural and substrate ana-

logues using both an enzymatic assay and a competi-

tion fluorometric assay.

Results

Cloning, expression, purification and

physico-chemical properties of vaccinia virus

TMP kinase

The recombinant VVTMP kinase, expressed as a His-

tag fusion in E. coli, was purified in a single step on a

Ni-nitrilotriacetic acid agarose column yielding 30 mg

protein per litre of growth medium. The protein found

was at least 95% pure as shown on SDS ⁄PAGE

(Fig. 2, left). The integrity of the purified VVTMP kin-

ase was confirmed by mass spectrometry (MALDI-

TOF): the measured mass of the protein was

25 258 Da compared to the predicted mass of

25 251 Da for the recombinant VVTMP kinase bear-

ing an extra 19 amino acid sequence including the

6His-tag and a thrombin cleavage site at the N-termi-

nus (result not shown). The absorbance spectrum of

native and urea-denaturated VVTMP kinase are only

slightly different (Fig. 2, right). The concentration of
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the enzyme was determined from the theoretical

absorbance coefficient as 28 127 m
)1Æcm)1 at 278 nm.

The protein was also found to be homogenous by

gel filtration on Superdex 200, eluting as a symmetric

peak with a distribution coefficient KAV of 0.575 corre-

lated with a hydrodynamic radius of 3.2 nm (compared

to 2.85 nm for human TMP kinase in the same condi-

tions) and a molecular mass of 48 000 Da for a glob-

ular protein (result not shown). This indicates the

probable dimeric state of the protein is similar to all

known TMP kinases. No evidence for dissociation was

observed. It is remarkable that the helix 3 sequence

involved in the dimeric area is totally conserved in the

human and vaccinia enzymes.

A

B C

Fig. 1. Sequence and model for the structure of vaccinia virus TMP kinase and the human enzyme. (A) Alignment of the amino acid

sequence of VVTMP kinase with human TMP kinase. Amino acids in red are identical in both sequences; those in blue are conserved. The

secondary structure elements of the human TMP kinase are shown under the alignment, while the P loop and the LID domain are above it.

The motif DRY in b3 strand is oversized. (B) Main chain fold of human TMP kinase (1E2D.pdb) with the same color code as in (A). Figure

prepared using RASMOL (J. Sayle, University of California, Berkeley, USA). (C) Diagram showing the structure of human TMP kinase

(1E2D.pdb), with the main motifs: the LID is in red, the P loop in blue and the adenine loop in black, with ligands, ADP in yellow, dTDP in

magenta and Mg2+ ions in cyan. Figure prepared with PYMOL (W. DeLano, San Francisco, CA, USA).

Vaccinia virus TMP kinase D. Topalis et al.
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Phosphorylation of natural substrates and

analogues

Figure 3 shows the activity of vaccinia virus TMP kin-

ase as a function of natural substrates dTMP and ATP.

dTMP phosphorylation followed a Michaelis–Menten

mechanism, with a maximum reaction rate depending

on the ATP concentration and a KTMP
m of 20 (± 5) lm,

and showed no evidence for cooperativity. The satura-

tion curve for [ATP] indicated a KATP
M of 130 (±30) lm.

The maximum rate led to a specific activity of

5 (±1) lmolÆmin)1Æmg)1 indicating a turnover number

of 2.0 (±0.4) s)1 (mean of five independent experi-

ments). No inhibition by excess substrate was detected

up to 1.5 mm dTMP and 5 mm ATP. Magnesium con-

centration did not influence the activity between 1 and

15 mm. The enzyme was found active between pH ¼
6.5 and 8.5, following a classical bell shaped curve

(result not shown). We used ATP as a phosphate donor

in the assays, because it is the preferred physiological

donor. GTP, UTP and CTP were also efficient phos-

phate donors (Fig. 3C), as reported for human TMP

kinase [21]. The deoxyNTP were found to be slightly

less efficient than the corresponding NTP.

The vaccinia enzyme was found to be highly specific

for thymidylate among the nucleoside 5¢-monophos-

phates tested. Phosphorylation of AMP, dAMP,

GMP, CMP, dCMP, UMP was hardly detectable

(<1% of TMP activity) with the exception of dUMP

and, surprisingly of dGMP (Fig. 3D). dGMP could

serve as a phosphate acceptor with a catalytic effi-

ciency (kcat ⁄KM) of 2400 m
)1.s)1 with KdGMP

M ¼
0.24 (±0.05) mm and kcat ¼ 0.58 (±0.1) s)1 (Fig. 4).
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Fig. 2. Purification of recombinant vaccinia virus TMP kinase. (Left)

SDS ⁄ PAGE of cell extract (1), breakthrough of the Ni-agarose col-

umn (2) and pooled active enzyme at three concentrations (3–5).

M ¼ markers. Stained with Coomassie Blue. (Right) Absorption

spectrum of the native purified enzyme (––) and after 16 h denatur-

ation in 7.5 M urea (ÆÆÆ).

Fig. 3. Steady-state kinetic parameters of

vaccinia virus TMP kinase. (A) Kinetics for

ATP at several dTMP concentrations: (s)

0.04 mM dTMP, (n) 0.2 mM dTMP, (h)

1 mM dTMP. The values of KATP
M obtained

by fitting are 150 (±16), 105 (±12), and

128 (±14) lM, respectively. (B) Kinetics of

dTMP for several ATP concentrations: (n)

0.2 mM ATP (m) 0.5 mM ATP (d) 1 mM

ATP. The K dTMP
M values obtained by fitting

are 17 (±3), 25 (±2) and 21 (±1) lM, respect-

ively. (C) Phosphate donor analysis of

VVTMP kinase. The activity is expressed as

the rate of phosphorylation of 1 mM dTMP

by 1 mM concentrations of several nucleo-

tide triphosphates. (D) Phosphate acceptor

analysis of VVTMP kinase. The rate of phos-

phorylation of 1 mM nucleotide monophos-

phate is recorded in the presence of 1 mM

ATP in standard conditions.
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In addition to the natural substrates, modifications at

the 5 position of the base and the 3¢ position of the

sugar were tested on VVTMP kinase. Replacement of

the methyl group in the pyrimidine ring by a bromine (5-

bromo-2¢-deoxyuridine 5¢-monophosphate; 5Br-dUMP)

decreased the Vm very slightly and increased the KM of

VVTMP kinase, whereas substitution by an iodine

(5-iodo-2¢deoxyuridine 5¢-monophosphate; 5I-dUMP),

which is larger than the Br atom, enhanced these varia-

tions (Fig. 4 and Table 1). Taken altogether, the cata-

lytic efficiencies of 5Br- and 5I-dUMP were about two

to three-fold lower than that of dTMP. However, 5I-

dUMP efficiency was found to be hindered by substrate

inhibition. The reaction rate as a function of 5I-dUMP

concentration (Fig. 4) was found to increase, but did

not reach a plateau (the maximum rate) due to substrate

inhibition at concentrations above 0.1 mm. The

K5I�dUMP
M value was 50 lm and the inhibition constant

K5I�dUMP
I value 0.1 mm (Fig. 4). The inhibition at high

5I-dUMP concentrations could be attributed to unpro-

ductive binding, maybe at the donor site. On the other

hand, removal of the methyl group (dUMP) decreased

the affinity as the KM value was six-fold higher than

that of dTMP as well as the reaction rate (60% decrease

compared to that obtained with dTMP). Similar proper-

ties have been reported for yeast [22] and Mycobacteri-

um enzymes [15].

Figure 3D also shows that the presence of the 2¢-OH

in UMP drastically suppressed the activity, probably

by preventing the binding of the nucleoside monophos-

phate. Removal of the 3¢-OH on the ribose moiety

affected slightly the affinity of 2¢,3¢-dideoxy-2¢,3¢-dide-
hydro-thymidine 5¢-monophosphate (d4TMP) and 2¢,3¢-
dideoxy-3¢-azido thymidine 5¢-monophosphate (AZTMP)

with KM values increased by a factor of two and four,

respectively. However, the maximum rate was reduced

to 20% for d4TMP and 5% for AZTMP, compared to

the activity in the presence of dTMP (Fig. 4 and

Table 1), resulting in catalytic efficiencies comparable to

the human enzyme [23] and far from E. coli TMP kinase

[9]. However AZTMP is still a substrate and not an

inhibitor as observed for Mycobacterium tuberculosis

TMP kinase [15].

Ligand binding by fluorescence competition

assays using 4-N¢-methylanthraniloyl-aminobutyl

(MABA)-nucleotides

N-Methylanthraniloyl (Mant) derivatives of the sub-

strates were used as fluorescent probes for VVTMP

kinase to gain insights into the specificity of the active

site at the dTMP binding site (acceptor site). While

Mant-ATP [24] failed to give a significant fluorescent

signal for the ATP site, MABA-dTDP bound to the

active site with a large increase in fluorescence inten-

sity, as previously reported for MABA-CDP to the

CMP site of Dictyostelium UMP-CMP kinase [25].

Several MABA-derivatives have been synthesized. In

the presence of ADP, all of them (MABA-dTDP,

MABA-dTMP and MABA-dT) bound specifically to

the enzyme with a large fluorescence increase (100–

220%). In the absence of ADP, MABA-dTDP was the

only fluorophore whose binding was displaced by

dTDP. Figure 5A presents the emission fluorescence

spectrum of MABA-dTDP alone (curve 1) or in the

presence of the vaccinia virus enzyme (curve 2). The

enhancement of the MABA-dTDP signal in the pres-

ence of VVTMP kinase (Fig. 5A, curve 2) is nearly

completely abolished by addition of dTDP in excess
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Fig. 4. Reaction of vaccinia virus TMP kinase with alternate sub-

strates. Kinetics for (n) 5Br-dUMP, (d) 5I-dUMP, (s) dUMP, (r)

dGMP, (+) d4TMP and (.) AZTMP, compared to (m) dTMP. The

reaction rate V with 5I-dUMP as a substrate [S] was best fitted

with the following equation:

v ¼ V � ½S�
KM þ ½S� þ ½S�2

KI

:

Table 1. Apparent kinetic parameters for recombinant vaccinia virus

thymidylate kinase with several acceptor substrates (37 �C, 50 mM

Tris ⁄HCl, pH 7.5, 5 mM MgCl2, 50 mM KCl) in the presence of

1 mM ATP.

Substrate

Vaccinia virus TMP kinase

kcat (s)1) KM (lM) kcat ⁄ KM (M)1Æs)1) KI (lM)

dTMP 2.2 ± 0.2 (6) 20 ± 2 105

d4TMP 0.4 ± 0.1 (2) 50 ± 10 8000

AZTMP 0.11 ± 0.03 85 1300

dUMP 1.2 ± 0.3 130 ± 20 9200

5Br-dUMP 1.8 ± 0.3 35 ± 10 5.0 · 104

5I-dUMP 1.9 50 ± 10 3.8 · 104 100

dGMP 0.58 ± 0.10 240 ± 20 2400

Vaccinia virus TMP kinase D. Topalis et al.
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(Fig. 5A, curve 4), demonstrating the specificity of the

binding at the acceptor site. A small unspecific compo-

nent (15%) should be noted, which is probably due to

MABA-dTDP binding elsewhere in the protein with a

weak affinity (Fig. 5A, curves 1 and 4).

Figure 5B shows the binding isotherm of MABA-

dTDP to the enzyme in the presence of ADP, in condi-

tions where the amount of MABA-dTDP is constant.

A Kd ¼ 1.2 lm was calculated with 280% maximum

enhancement of the fluorescent signal assuming a sto-

chiometry of 1 : 1. In the absence of ADP (curve 2),

the affinity of MABA-dTDP to the enzyme in the

same conditions was found to slightly decrease (Kd ¼
2.5 lm) with a lower fluorescence yield (160%)

(curve 2).

Using the competition assay, we measured the binding

affinity for several nucleotide analogues and found

dTDP to be a slightly better competitor than dTMP

(Fig. 5B and Table 2). The bisubstrate analogue P1-

(5¢-adenosyl)P5-(5¢-thymidyl)pentaphosphate (Ap5dT)

binds with a high affinity (KAp5dT
d ¼ 0.85 lm), similar

to Ap5dT binding to human TMP kinase (Kd ¼
0.12 lm) [26]. The phosphonate derivatives used in

antiviral therapies (S)-1-(3-hydroxy-2-phosphonylmeth-

oxypropyl)adenine (PMEA), 9-R-(2-phosphonoylmeth-

oxypropyl)adenine (PMPA) and cidofovir were

found to be unable to compete with MABA-dTDP

in the assay. ATP and GTP also failed to displace

MABA-dTDP, but the presence of ADP favorably

increased the affinity of dTDP and dTMP, by a factor

of two as also observed in MABA-dTDP binding.

The conformation of the complex kinase-ADP is then

more favorable to dTDP binding. Such a substrate-

induced fit has been previously reported for E. coli

CMP kinase, an enzyme belonging to the same family

[27]; in that case CMP was found to increase ADP

affinity. In the present case, the acceptor binding affinity

is found to increase in the presence of ADP (Table 2).

Nucleosides such as thymidine and AZT were also

found to bind to VVTMP kinase in the competition

assay with dissociation constant in the micromolar

range.

Fig. 5. Fluorescence assays with MABA-dTDP bound to VVTMP kinase. (A) Fluorescence emission spectra of MABA-dTDP (2 lM) (excitation

wavelength ¼ 340 nM, excitation slit 2 nm, emission slit 4 nm): (1) MABA-dTDP alone, (2) MABA-dTDP + 15 lM enzyme, (3) MABA-dTDP +

15 lM enzyme + 2 mM ADP, (4) MABA-dTDP + 15 lM enzyme + 2 mM dTDP. (B) Determination by the fluorescence assay of the dissoci-

ation equilibrium constant of MABA-dTDP–enzyme complex. The fluorescent signal of MABA-dTDP (2 lM) was monitored upon stepwise

addition of VVTMP kinase in the presence (1) or in absence (2) of 2 mM ADP (excitation wavelength ¼ 340 nM, emission wavelength ¼
430 nm, excitation slit 2 nm, emission slit 4 nm). In both cases, the signal was fitted to a quadratic equation plus a linear component. The

linear component (unspecific binding, i.e., binding to a large amount of sites with poor affinity) is represented on curve 3 and has been sub-

tracted from curves 1 and 2. (C) Determination of the dissociation constant of ligands to VVTMP kinase using the MABA-dTDP fluorescence

competition assay. MABA-dTDP (2.5 lM) + enzyme (7.5 lM) resulting in 65% fluorophore bound were titrated with (d) dTDP (s) dTMP and

(m) Ap5dT.
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Discussion

We undertook the cloning, expression and study of

vaccinia virus TMP kinase in an attempt to obtain

insights for the design of nucleotide derivatives with

anti-pox properties. As the sequences of pox TMP kin-

ases (vaccinia, variola, cowpox, monkeypox, rabbitpox

and camelpox) are highly conserved, differing by one

or two residues (Ala-Thr) at the same positions (i.e.,

30, 103, 148 and an insertion at 164 in variola

enzyme), the characteristics of VVTMP kinase are

probably valuable for all the pox TMP kinases. The

vaccinia enzyme has several properties common to all

known TMP kinases, in particular to human and

Mycobacterium tuberculosis enzymes [10,11].

VVTMP kinase is presumably a homodimer as the

interface is generated by the stacking of three helices

from each monomer (a2, a3 and a6) which are mostly

conserved in the vaccinia enzyme, in particular the a3
helix (Fig. 1). However some dissociation of the

enzyme into monomers cannot be totally excluded:

herpes simplex virus type I thymidine kinase, also a

dimer, has been observed to dissociate at very low con-

centration [28]. No cooperativity was detected in our

kinetic assays. Like other known TMP kinases, the

vaccinia enzyme is also specific for dTMP with a cata-

lytic efficiency similar to the human enzyme.

Several laboratories have characterized the TMP

kinase from human origin: the enzyme purified from

chronic myelocytic leukemia cells [21] and the recom-

binant enzyme [29] were found almost similar with

KdTMP
M ¼ 12–40 lm, KATP

M ¼ 50–250 lm and kcat ¼
2.4 s)1. The recombinant human dTMP kinase studied

by Lavie and Konrad, presented slightly different para-

meters: KdTMP
M ¼ 5 lm and kcat ¼ 0.7 s)1 [23,30]. The

VVTMP kinase turnover is in the same range (2 s)1)

as well as KdTMP
M (20 lm) and KATP

M (130 lm). The bac-

terial TMP kinases usually present a higher kcat (5 s)1

for the Mycobacterium tuberculosis enzyme and

10.5 s)1 for the enzyme from E. coli, for example) [15].

It is remarkable that, among the human NMP kinase

family, TMP kinase is a rather slow enzyme with a

turnover of about 1 s)1, to be compared to 130 s)1 for

human UMP-CMP kinase [31] and 500 s)1 for adeny-

late kinase [32]. The most interesting specificity feature

for VVTMP kinase concerns the acceptor substrate

dGMP which is not tolerated by human enzyme. The

TMP binding site in the vaccinia enzyme model is

almost identical in human enzyme with the exception

of one residue: His69 in human is replaced by Asn65

in vaccinia enzyme. These polar side chains, with Asn

slightly smaller than His, may participate in different

interactions, adopt a different orientation and stabilize

different ligands. The resolution of the three-dimen-

sional structure of VVTMP kinase will provide an

explanation for its substrate specificity. A few amino

acid substitutions may change an enzyme’s specificity;

for example, a single mutation in the herpes enzyme,

the replacement of the conserved alanine into a tyro-

sine in the binding site of thymidine, shifted the

enzyme specificity towards guanosine [33]. Moreover

three mutations in the deoxynucleoside kinase from

Drosophila converted the enzyme specificity from pre-

dominantly pyrimidine specific into purine specific [34].

The only known kinase that recognizes such structur-

ally dissimilar nucleotides: dGMP and dTMP is bac-

teriophage T4 deoxynucleotide kinase. The structure

of the phage enzyme is similar to the fold of NMP kin-

ases, with a different dimerization mode and no appar-

ent conservation of the active site residues [35]. Herpes

thymidine kinase has also been shown to react with

acyclic guanosine derivatives such as acyclovir and

ganciclovir which are now widely used in antiviral

therapies. It would be worth evaluating guanosine and

guanylate analogues as potential anti-poxvirus com-

pounds.

At the 5 position of the pyrimidine base, the pres-

ence of a halogen group has no real effect on the

enzyme activity, consistent with 5I- and 5Br-dUMP

being as good substrates as dTMP; a characteristic

common to many TMP kinases [15,22]. It has been

shown in yeast auxotrophic for thymidylate that 5Br-

dUMP and 5I-dUMP are extensively incorporated into

the DNA of cells, inducing mutation and lethality [36].

The excellent reactivity of 5I-dUMP with VVTMP kin-

ase, at least at small doses in the absence of the excess

substrate, explains the inhibition of vaccinia virus

DNA synthesis and replication in a cell culture model

Table 2. Dissociation constants (Kd) of various VVTMP kinase–nuc-

leotide complexes at 25 �C in standard buffer (50 mM Tris ⁄HCl,

pH 7.5, 5 mM MgCl2, 50 mM KCl). The values for MABA-dTDP are

from Fig. 5B. The Kd values for the other ligands are calculated

from IC50 values acquired with the MABA-dTDP competition assay

(Fig. 5C).

Nucleotide or nucleoside

Dissociation constant Kd (lM)

–ADP +2 mM ADP

MABA-TDP 2.5 ± 0.5 1.2 ± 0.3

dTDP 2.0 ± 1.0

dTMP 7.3 ± 1.0 0.9 lM

Ap5dT 0.85 ± 0.10

5IdUMP 30 ± 4 1.5 ± 0.2

dGMP 64 ± 4 24 ± 4

dT 2.2 ± 0.2 2.5 ± 2

AZT 4 ± 0.3 1.7+ ⁄ 0.2
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as well as the protective effect on vaccinia virus infec-

tions in severe combined immunodeficiency mice [37].

Several enzymes of the nucleoside and nucleotide kin-

ase family have been shown to recognize l-derivatives

as substrates, including thymidine kinase from herpes.

The human TMP kinase was recently shown to be

involved in the phosphorylation of 1-(2¢-deoxy-2¢-
fluoro-b-l-arabinofuranosyl)-5-methyluracil monophos-

phate (L-FMAUMP) to the diphosphate form, but

the reaction was 70 times less efficient than with the

d-form [29]. The question of the reaction of l-deriva-

tives with VVTMP kinase should be investigated in the

near future.

Competition titration of substrates and analogues

using MABA-dTDP as a probe allowed us to determine

and compare the nucleotide affinities in the absence of

catalysis. The enzyme was found to bind MABA-dTDP

with a high affinity (Kd ¼ 2.5 lm), which is even

increased in the presence of ADP, the other product of

the reaction. We assume that MABA-dTDP and ADP

stabilize the kinase in this conformation ready for the

reverse reaction. Catalysis is, however, prevented by

the presence of the MABA moiety which may prevent

complete closing of the LID domain on top of both

substrates. The exact binding site for the MABA moi-

ety is not known. In contrast with the results reported

by Rudolph et al. on MABA-CDP binding to UMP-

CMP kinase from Dictyostelium [25], MABA-dTDP

was not displaced by ATP. The presence of ADP (in

the donor site) was found to reinforce the interaction

of MABA-dTDP at the acceptor site of VVTMP kin-

ase, reflecting structural differences in the MABA moi-

ety binding mode to the kinases. Another difference

with UMP-CMP kinase is the high affinity found for

nucleotides and analogues with VVTMP kinase (Kd in

the micromolar range).

Our finding that nucleosides such as thymidine and

AZT bind to VVTMP kinase with a better affinity than

the monophosphate opens the search for non-phos-

phorylated inhibitors, able to easily cross the plasma

membrane, for a good bioavailability. The knowledge

of the structure of the vaccinia virus enzyme will help

us to understand the peculiar features of this enzyme

and may allow one to rationalize the search for alter-

native substrates and inhibitors that should also be

studied with the vaccinia virus thymidine kinase.

Experimental procedures

Chemicals

5-Bromodeoxyuridine monophosphate (5Br-dUMP), dTMP,

dTDP, AZTMP were purchased from Sigma Chemicals

(St Louis, MO). 5-Iododeoxyuridine 5¢-monophosphate

(5I-dUMP), d4TMP and Ap5dT were purchased from Jena

Biosciences. Cidofovir, PMEA and PMPA were a gift from

J Neyts (Rega Institute, Leuven, Belgium) and B Canard

(CNRS, Marseille, France).

Synthesis of MABA-dTDP, MABA-dTMP and

MABA-dT

The fluorescent nucleotide analogues (Pb)-MABA-dTDP (1)

and MABA-dTMP (2) (Fig. 6) were synthesized using the

procedure for preparing (Pb)-MABA-CDP [25]. N-Methyl-

isatoic anhydride was treated with 1,4-diaminobutane to

give the fluorescent butyl amine (MABA) (68% yield). The

primary amine of MABA was then condensed to the a-(or
b)-phosphate of dTMP (or dTDP) in a 1 : 1 mixture of

0.1 m Mes ⁄NaOH (pH 6.8) : N,N-dimethylformamide using

1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide as activa-

tor. (Pb)-MABA-dTDP (1) and MABA-dTMP (2) were

purified by reverse-phase HPLC (13% overall yield).

MABA-dT (3) (Fig. 6) was synthesized from thymidine. The

5¢-hydroxyl of 3¢-O-silyl-thymidine was oxidized [38]. The

carboxylic acid was converted to its pentafluorophenyl ester,

condensed with MABA, 3¢-desilylated in the presence of 1 m

N,N,N¢,N¢-tetrabutylammonium fluoride in tetrahydrofuran

(Fig. 6). Compound 3 was isolated from 3¢-O-silyl-thymidine

Fig. 6. Formulae of MABA derivatives: (1) MABA-dTDP, (2) MABA-

dTMP, (3) MABA-dT.
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with a 23% yield. NMR and mass spectroscopic analyses

confirmed the structures of compounds 1–3.

Gene cloning of vaccinia virus thymidylate kinase

Genomic vaccinia virus DNA has been extracted from a

vaccinia virus suspension, strain Copenhagen, kindly

obtained from the Rega Institute (Leuven, Belgium) using

NucleoSpin Blood kit (Macherey Nagel, Hoert, France).

The 615 bp gene expressing VVTMP kinase has been

amplified by PCR using the two following oligonucleotides

as primers: 5¢-GGAATTCCATATGTCTCGTGGGGCA

TTAATCGTTTTTGAAGGATTGGAC-3¢ and 5¢-CCCC
GCTCGAGTTACATCCACAGTTGCCCCACTGGTCCA

GTAACCGT-3¢.
After amplification with KOD hot start DNA poly-

merase (Toyobo, Novagen, Fontenay Sous Bois, France),

the resulting 636 bp DNA fragment encoding the VVTMP

kinase gene and containing a NdeI and XhoI restriction site

(see, respectively, bold and underlined sequence on the

primers), was cloned in the pGEMT easy vector (Promega,

Charbonnieres, France) following the manufacturer’s proto-

col. The resulting plasmid named pGEMT-VVTKA1 was

sequenced on both strands (GENOME EXPRESS, Meylon,

France) in order to check for the absence of unwanted

mutations. A silent nucleotide mutation that did not change

the amino acid sequence of the protein was identified in

codon 283, which appeared to be GCA instead of GCG as

mentioned in a sequence published previously [7]. The

pGEMT-VVTKA1 plasmid was then digested with NdeI

end XhoI (New England Biolabs) and the resulting VVTK

gene was subcloned in the pET28a expression vector (Nov-

agen) previously digested by the same restriction enzymes

and ligated overnight with T4 DNA ligase (New England

Biolabs, Saint Quentin en Yvelines, France). Finally, four

positive clones were selected by PCR screening and appro-

priate restriction analysis.

Recombinant VVTMP kinase expression and

purification

One of the four positive expression vectors, namely

pET28a-VVTK13, was used to transform the E. coli com-

petent strain BL21 Rosetta (DE3) pLysS (Novagen) and

the cells were allowed to grow overnight at 37 �C in LB

medium supplemented with 1% (v ⁄ v) glucose, 50 lgÆmL)1

of kanamycin and 10 lgÆmL)1 of chloramphenicol. This

preculture (5–10 mL) was used to inoculate 1.5 L of the

same LB medium and the bacteria were incubated at

37 �C at 190 r.p.m. until A600 reached 0.8. The culture

was then shifted at 30 �C for 30 min and the expression

of the protein was triggered by adding 0.4 mm of isopro-

pyl thio-b-d-galactoside and incubating for a further 3 h

at 30 �C. One milliliter of the culture was taken before

and after induction, spun down at 6000 g for 10 min and

the bacteria whole cell extracts were analysed by

SDS ⁄PAGE in order to check the overexpression efficiency

of the VVTMP kinase. The culture was centrifuged at

6000 g for 10 min, the bacterial pellet was resuspended in

50 mL of lysis buffer (50 mm Tris ⁄HCl pH ¼ 7.5 containing

300 mm NaCl and 10 mm imidazole) containing 1 mm

dithiotreitol and protease inhibitors EDTA-free (Roche

Applied Science, Meylon, France) and either stored at

)80 �C or directly used for the purification steps. Cells were

broken by sonication and centrifuged for 30 min at 12 000 g

at 4 �C. The supernatant was added onto a 20 mL Ni-nitril-

otriacetic acid column (Qiagen, Courtaboeuf, France) pre-

equilibrated with lysis buffer. The column was washed with

lysis buffer (100 mL). The protein was then eluted by a lin-

ear imidazole gradient (10–250 mm) pH ¼ 7.5. Fractions

containing the enzymatic activity were pooled and dialyzed

against 50 mm Tris ⁄HCl pH ¼ 7.5 containing 20 mm NaCl,

1 mm dithiotreitol and 50% (v ⁄ v) glycerol and then kept at

)20 �C. The protein appeared to be >95% pure as judged

by SDS ⁄PAGE gels (Fig. 2A). No loss in activity was

observed after 3 months at )20 �C. The molar extinction

coefficient was calculated according to [39] and found to be

28 127 m
)1Æcm)1 at 278 nm.

Characterization by mass spectroscopy

Mass spectra were obtained on a Voyager-DE PRO

MALDI-TOF mass spectrometer (Applied Biosystems,

Foster City, CA, USA) equipped with a pulsed nitrogen laser

(337 nm, 3 ns pulse). Operating parameters for reflection

include accelerating voltage (20 kV), grid voltage (75%),

guide wire voltage (0.005%) and 100 laser shots per spec-

trum. The ions of des-Arg1-Bradykinin, Angiotensin I,

Glu1-Fibrinopeptide B, Neurotensine were used for external

calibration. Monoisotopic masses were used with deviation

for mass assignment within ±0.5 Da.

Gel filtration analysis

The homogeneity of the enzyme was also checked by gel fil-

tration on a Superdex 200 (10 ⁄ 300) (Amersham Biosciences,

Saclay, France) in 50 mm sodium phosphate buffer pH ¼
7.5 containing 150 mm NaCl, using ferritin, catalase,

aldolase, bovine albumin, ovalbumin, chymotrypsinogen A

and ribonuclease A as Stokes’ radius markers (6.1 nm,

5.22 nm, 4.81 nm, 3.55 nm, 3.05 nm, 2.09 nm and 1.64 nm,

respectively).

dTMP kinase assays

The forward reaction of VVTMP kinase was followed at

340 nm by measuring ADP formation as described previ-

ously [40]. The final assay mixture contained 50 mm

Tris ⁄HCl pH 7.4, 50 mm KCl, 5 mm MgCl2, 0.2 mm

Vaccinia virus TMP kinase D. Topalis et al.
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NADH, 1 mm dithiothreitol, 1 mm phosphoenolpyruvate,

the auxiliary enzymes: pyruvate kinase (4 U), lactate dehy-

drogenase (4 U) and 1 mm ATP or ATP in varying con-

centrations. The reaction was started at 37 �C by addition

of the enzyme (final concentration 8 lgÆmL)1), and

0.2 mm dTMP (standard conditions) or varying concentra-

tions of dTMP. In order to avoid limitation by the cou-

pled system, the rates were below 0.2 DA340Æmin)1. The

initial rates were calculated on the basis of one ADP gen-

erated during the reaction and expressed in lmolÆmin)1.

Curve-fit was performed using kaleidagraph (Synergy

Software, Reading, PA, USA) for a hyperbolic progress

curve unless indicated.

Fluorescence assays

All fluorescence measurements were performed at 25 �C
with a PTI spectrofluorometer QuantamasterTM (Photon

Technology International, Birmingham, NJ, USA) in

buffer T [50 mm Tris ⁄HCl, pH 7.5 containing 5 mm

MgCl2, 50 mm KCl and 5% (v ⁄ v) glycerol]. Emission

spectra of MABA-dTDP, MABA-dTMP and MABA-dT

were recorded after excitation at 340 nm with a 2 nm slit

(and a 4 nm slit at emission) and corrected for buffer con-

tribution [25]. To determine the affinity of the fluorophore

MABA-dTDP to VVTMP kinase, a solution of 2 lm
MABA-dTDP in 1 mL buffer T was titrated with the kin-

ase. After correction for dilution and standardization of

the fluorescence increase, the equilibrium dissociation con-

stant was obtained by fitting to a quadratic equation with

a 1 : 1 stochiometry using the program kaleidagraph as

described previously [25]. The contribution of a small

unspecific component was subtracted from the titration

data (Fig. 5B, curve 3).

Nucleotide binding was studied in competition experi-

ments where the 1 mL cell contained MABA-dTDP and

VVTMP kinase, 2.5 lm and 7.5 lm, respectively (i.e., 1

and 3 Kd values) so that half of the fluorophore was

enzyme-bound at the start of the experiment, as recom-

mended [41]. Adding increasing amounts of an unlabelled

ligand led to a decrease of the fluorescence (excitation at

340 nm and emission at 430 nm with emission and excita-

tion slit 2 and 4 nm, respectively). The total specific signal

was determined after adding dTDP in excess. After correc-

tion of dilution, the data were plotted and IC50 could be

observed at half-displacement. The IC50 values are related

to the dissociation constants Kd for the ligand and KF
d for

the fluorophore MABA-dTDP, in the following equation

[41,42]:

Kd ¼ IC50K
F
d B=½A Pþ BðP� Aþ B� KF

d Þ�

where B is the initial concentration of bound MABA-

TDP, A is the total concentration of MABA-dTDP, and

P is the total concentration of the kinase (expressed in

monomers).
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Université Pierre et Marie Curie, Paris and the French

Centre National de Recherche Scientifique (FRE 2852).

References

1 Bray M & Buller M (2004) Looking back at smallpox.

Clin Infectious Dis 38, 882–889.

2 De Clercq E (1997) Acyclic nucleoside phosphonates in

the chemotherapy of DNA virus and retrovirus infec-

tions. Intervirology 40, 295–303.

3 Quenelle D, Collins D & Kern E (2003) Efficacy of mul-

tiple- or single-dose cidofovir against vaccinia and cow-

pox virus infections in mice. Antimicrob Agents

Chemother 47, 3275–3280.

4 Magee WC, Hostetler KY & Evans DH (2005) Mechan-

ism of inhibition of vaccinia virus DNA polymerase by

cidofovir diphosphate. Antimicrob Agents Chemother 49,

3152–3162.

5 Smee DF, Sidwell RW, Kefauver D, Bray M & Huggins

JW (2002) Characterisation of wild-type and cidofovir-

resistant strains of camelpox, cowpox, monkeypox and

vaccinia viruses. Antimicrob Agents Chemother 46,

1329–1335.

6 Moss B (1990) Poxviridae and their replication. Virology

(Fields BN, Knipe DM, Chanock FM, Airsch MS, Mel-

nick JL, Monath TR & Roizman B, eds), pp. 2079–

2111. Raven Press, Ltd, New York.

7 Smith GL, De Carlos A & Chan YS (1989) Vaccinia virus

encodes a thymidilate kinase gene: sequence and tran-

scriptional mapping. Nucleic Acids Res 17, 7581–7590.

8 Hughes SJ, Johnston LH, De Carlos A & Smith GL

(1991) Vaccinia virus encodes an active thymidylate

kinase that complements a cdc8 mutant of Saccharo-

myces cerevisiae. J Biol Chem 30, 20103–20109.

9 Lavie A, Ostermann N, Brundiers R, Goody RS,

Reinstein J, Konrad M & Schlichting I (1998)

Structural basis for efficient phosphorylation of 3¢-azido-
thymidine monophosphate by Escherichia coli thymidy-

late kinase. Proc Natl Acad Sci USA 95, 14045–14050.

D. Topalis et al. Vaccinia virus TMP kinase

FEBS Journal 272 (2005) 6254–6265 ª 2005 The Authors Journal compilation ª 2005 FEBS 6263



10 Ostermann N, Schlichting I, Brundiers R, Konrad M,

Reinstein J, Veit T, Goody RS & Lavie A (2000)

Insights into the phosphoryltransfer mechanism of

human thymidylate kinase gained from crystal

structures of enzyme complexes along the reaction coor-

dinate. Structure 8, 629–642.

11 Li de la Sierra I, Munier-Lehmann H, Gilles AM, Barzu

O & Delarue M (2001) X-ray structure of TMP kinase

from Mycobacterium tuberculosis complexed with TMP
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The highly similar TMP kinases of Yersinia pestis and

Escherichia coli differ markedly in their AZTMP phos-

phorylating activity. Eur J Biochem 265, 112–119.

19 Petit CM & Koretke KK (2002) Characterization of

Streptococcus pneumoniae thymidylate kinase: steady-

state kinetics of the forward reaction and isothermal

titration calorimetry. Biochem J 363, 825–831.

20 Balzarini J, Herdewijn P & De Clercq E (1989)

Differential patterns of intracellular metabolism of

2¢,3¢-didehydro-2¢, 3¢-dideoxy-thymidine (d4T) and 3¢-
azido-2¢,3¢-dideoxy-thymidine (AZT), two potent anti-

HIV compounds. J Biol Chem 264, 6127–6133.

21 Lee LS & Cheng YC (1977) Human thymidylate kinase:

purification, characterization, and kinetic behavior of

the thymidylate kinase derived from chronic myelocytic

leukemia. J Biol Chem 252, 5686–5691.

22 Jong AYS & Campbell JL (1984) Characterization of

Saccharomyces cerevisiae thymidylate kinase, the cdc8

gene product. J Biol Chem 259, 14394–14398.

23 Ostermann N, Segura-Pena D, Meier C, Veit T, Mon-

nerjahn C, Konrad M & Lavie A (2003) Structures of

human thymidylate kinase in complex with prodrugs:

implications for the structure-based design of novel

compounds. Biochemistry 42, 2568–2577.

24 Hiratsuka T (1984) Affinity labeling of the myosin

ATPase with ribose-modified fluorescent nucleotides

and vanadate. J Biochem (Tokyo) 96, 147–154.

25 Rudolph MG, Veit TJH & Reinstein J (1999) The novel

fluorescent CDP-analogue (Pb) MABA-CDP is a speci-

fic probe for the NMP binding site of UMP-CMP

kinase. Protein Sci 8, 2697–2704.

26 Bone R, Cheng YC & Wolfenden R (1986) Inhibition

of adenosine and thymidylate kinases by bisubstrates

analogs. J Biol Chem 261, 16410–16413.

27 Bucurenci N, Sakamoto H, Briozzo P, Palibroda N,

Serina L, Sarfati RZ, Labesse G, Briand G, Danchin
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