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Mycobacterium tuberculosis thymidylate kinase complexed with the

substrate deoxythymidine monophosphate was crystallized in the

hexagonal space group P6522 or P6122, with unit-cell parameters

a = b = 76.62, c = 134.38 AÊ and one single monomer of 23 kDa in the

asymmetric unit. Cryo-cooled crystals diffract at 1.94 AÊ resolution

using synchrotron radiation.
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1. Introduction

Thymidylate kinase (E.C. 2.7.4.9; ATP:dTMP

phosphotransferase; TMPK) belongs to the

nucleoside monophosphate kinase (NMPK)

family and catalyzes the phosphorylation of

deoxythymidine monophosphate (dTMP) to

deoxythymidine diphosphate (dTDP) using

ATP as the phosphoryl donor in both de novo

and salvage pathways of dTTP synthesis. Being

essential for DNA synthesis and cellular

growth (Anderson, 1973; Neuhard & Nygaard,

1996), this enzyme appeared to be an attractive

target for the development of drugs against

cancer (Jong & Campbell, 1984) and various

viruses (Grif®th, 1995; Darby, 1995). Varia-

bility in the structure and catalytic properties

of TMPKs from various sources opened the

possibility of designing speci®c inhibitors. Such

inhibitors of M. tuberculosis thymidylate

kinase (TMPKmt) might be effective agents in

limiting the spread of tuberculosis.

The three-dimensional structures of the

NMPK family display a similar general

topology. Nevertheless, several conformational

changes can occur depending upon the occu-

pancy of each of the nucleotide-binding sites

(Vonrhein et al., 1995; Lavie et al., 1997;

Briozzo et al., 1998). A high variability in the

local structure and catalytic properties of this

family of proteins was also observed (Brown et

al., 1995; Lavie et al., 1997; Lavie, Konrad et al.,

1998; Lavie, Ostermann et al., 1998; Chenal-

Francisque et al., 1999). The three-dimensional

structures of TMPKs from yeast and Escher-

ichia coli have been solved recently at high

resolution (Lavie et al., 1997; Lavie, Konrad et

al., 1998; Lavie, Ostermann et al., 1998) and

their analysis led the authors to propose a

classi®cation of TMPKs into two types

according to the sequence variability of the

catalytic region containing the phosphate

binding loop (P-loop) and the region which

covers part of the phosphate donor binding site

(LID). The TMPKmt sequence, however,

departs from both types in these two regions

when compared with both yeast and E. coli

enzymes. Moreover, the TMPKmt kinetic

properties show signi®cant differences to the

other two enzymes (Munier-Lehmann et al.,

2000). In order to explain these differences, we

have crystallized the recombinant TMPKmt in

complex with dTMP and report here its preli-

minary X-ray study.

2. Materials and methods

The tmk gene of M. tuberculosis was cloned in

E. coli and the overexpressed protein (a dimer

of 214 amino acids per monomer) was puri®ed

by chromatography on blue-Sepharose and gel

®ltration (Munier-Lehmann et al., 2000). The

purity and the identity of the protein was

controlled by SDS±PAGE and electrospray

ionization mass spectrometry (ESI±MS).

TMPKmt was concentrated to 7±8 mg mlÿ1 in

20 mM Tris±HCl pH 7.4, 1 mM EDTA, 0.5 mM

DTT using a centrifugal ®lter device (Nanosep

10 K, Pall®ltron) at 277 K. This stock solution

was conserved at 253 K for further crystal-

lization experiments.

Crystallization trials were performed at

293 K by hanging-drop vapour diffusion using

24-well culture plates. Each hanging drop was

prepared by mixing 3±5 ml of TMPKmt±dTMP

protein solution (270±392 mM TMPKmt, 2 mM

dTMP, 1 mM DTT, 2 mM EDTA, 15 mM

Tris±HCl pH 7.4) with an equal volume of the

reservoir solution. The drops were equilibrated

against 1 ml reservoir solution.

All data were collected from cryo-cooled

crystals. Single crystals of TMPKmt±dTMP

were transferred using a Hampton Research

loop into a stabilization solution which

contained 25% glycerol. The loops were placed

in a stream of nitrogen at 110 K to cryo-cool

the crystal immediately prior to collecting data

using an Oxford Cryosystems Cryostream or
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were cryo-cooled and stored in liquid

nitrogen for further data collection.

Several heavy-atom derivatives were

screened in order to solve the structure by

MIR methods. TMPKmt±dTMP crystals

were soaked in the stabilization solution

with increased concentration of ammonium

sulfate and heavy-atom reagents.

Diffraction data from the ®rst native and

the mercury-derivative crystals were

processed using the MARXDS package

(Kabsch, 1988a,b). Data from the second

native crystal were processed with the

DENZO/SCALEPACK suite of programs

(Otwinowski & Minor, 1997). The CCP4

package (Collaborative Computational

Project, Number 4, 1994) was used to

calculate observed structure factors and

their intensity distribution (TRUNCATE)

and scale native data to derivative data

(FHSCAL). The Patterson maps were

interpreted with the automated procedure

developed in the program HEAVY (Terwil-

liger & Eisenberg, 1987) and the heavy-atom

position was re®ned with MLPHARE

(CCP4); DM (CCP4) was used for solvent-

¯attening calculations.

3. Results and discussion

The TMPKmt was of high purity. The mass

of the protein in ESI±MS of 22 635.89 �
2.23 Da corresponds to that calculated from

the sequence (22 634.58 Da) within the

estimated error. Crystals of the TMPKmt±

dTMP complex grown using the same

reservoir solution without EDTA and

reducing agent were not stable and

diffracted poorly. Biochemical analysis

showed that in the presence of 2 mM dTMP,

TMPKmt was proteolyzed into two frag-

ments (Fig. 1a), one corresponding to resi-

dues 1±148 (molecular mass of 15 507.98 �
1.17 Da determined by ESI±MS). When

1 mM EDTA and 0.5 mM DTT were

included in buffers used for puri®cation of

the TMPKmt (Fig. 1a) and crystallization

of the TMPKmt±dTMP complex, this

phenomenon was suppressed (Fig. 1b).

The best crystals were obtained with a

reservoir solution consisting of 35% ammo-

nium sulfate, 2% PEG 2000, 0.1 M MES pH

6.0, 2 mM �-mercaptoethanol, 25 mM

magnesium acetate. Suitable TMPKmt±

dTMP bipyramidal crystals appeared after

about one month (Fig. 2) and have typical

dimensions of up to 150 � 150 � 300 mm.

They belong to space group P6522 or P6122,

with unit-cell parameters a = b = 76.62,

c = 134.38 AÊ for the best single-crystal data

set collected thus far. Assuming one

TMPKmt±dTMP monomer per asymmetric

unit, the volume of the asymmetric unit

divided by the protein molecular weight

(Vm) value is 2.48 AÊ 3 Daÿ1 and the solvent

content is 50%, which is near the average

values found for most protein molecules

(Matthews, 1968).

A cryo-cooled TMPKmt±dTMP crystal

diffracted X-rays to 3.6 or 1.9 AÊ using in-

house and synchrotron X-ray radiation,

respectively. Data were collected from two

TMPKmt±dTMP native crystals (Table 1). A

complete data set for a ®rst crystal diffacting

to 3.6 AÊ was obtained using Cu K� radiation

from a rotating-anode generator. Two data

sets for the second crystal were collected at

high (1.9 AÊ ) and low (3.68 AÊ ) resolution

using the ESRF synchrotron-radiation

facility, Grenoble.

Diffraction data from an EtHgPO4 heavy-

atom derivative was obtained (Table 1) at

3 AÊ resolution using synchrotron X-ray

radiation at the LURE laboratory, Orsay.

The isomorphous difference Patterson map

revealed one heavy-atom site. The heavy-

atom position was re®ned at 9±3.8 AÊ reso-

Figure 1
(a) SDS±PAGE (12.5%). Pharmacia molecular-
weight markers are indicated on the right. Lane 1,
TMPKmt after three weeks at room temperature;
lane 2, TMPKmt±dTMP complex under the same
conditions; lane 3, TMPKmt±dTMP complex in
presence of 1 mM EDTA and 0.5 mM DTT. (b) High
Density Phast Gel (SDS, 8±25%). Lane 1, TMPKmt
protein solution used for crystallization; lane 2,
washed crystals of the TMPKmt±dTMP complex;
lane 3, Biorad molecular-weight markers (molecular
weights are indicated on the right).

Table 1
Data-collection conditions and statistics for the different diffraction data sets.

Nat Nat1 EtHgPO4

X-ray source (wavelength in AÊ ) In-house (1.5418) ESRF ID14-3 (0.94) LURE (1.28)
Detector MAR imaging plate MARCCD MAR imaging plate
Crystal-to-detector distance (mm) 250 120 (250)² 200
Total rotation scan³ (�) 71 80 (80)²§ 82
Exposure time (s) 1800 5 (1)² 420
Space group P6522 or P6122 P6522 or P6122 P6522 or P6122
Unit-cell parameters

a, b (AÊ ) 74.92 76.62 76.84
c (AÊ ) 131.28 134.38 134.98

Resolution (AÊ ) 20±3.6 40±1.9 12±3.0
Total number of re¯ections 21067 184620 22643
Number of unique re¯ections 2799 18761 4571
Multiplicity 7.5 (7.9) 9.5 (7.1) 5.0 (4.8)
Completeness (%) 99.9 (99.9) 100 (99.9) 90.7 (91.2)
Rmerge} 0.131 (0.202) 0.052 (0.374) 0.094 (0.120)
I/�(I) 22.0 (14.0) 37.4 (6.95) 26.1 (19.5)
Riso²² Ð Ð 0.173

² Values for the low-resolution pass are in parentheses. ³ All collections were carried out with an oscillation angle of

1� . § With three passages per oscillation angle. } Rmerge =
P

h

P
i jIhi ÿ hIhij=

P
h

P
i Ihi , where Ihi is the ith observation of the

re¯ection h, while hIhi is the mean intensity of re¯ection h. ²² Riso =
P jFPH ÿ FPj=

P
FP , where FPH and FP are the derivative

and the native structure-factor amplitudes, respectively.

Figure 2
A typical crystal of the TMPKmt±dTMP complex,
measuring 0.3 mm in the longest dimension.
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lution with a phasing power of 1.1 and an

RCullis value of 0.86 for acentric re¯ections.

The values of the mean ®gure of merit

(FOM) was 0.23 before and 0.59 after phase

improvement through solvent ¯attening. A

search for additional isomorphous heavy-

atom derivatives is under way.
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