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The Mycobacterium tuberculosis cmk gene, predicted to encode a CMP kinase (CMK), was cloned and
expressed, and its product was purified to homogeneity. Steady-state kinetics confirmed that M. fuberculosis
CMK is a monomer that preferentially phosphorylates CMP and dCMP by a sequential mechanism. A

plausible role for CMK is discussed.

Nucleoside monophosphate (NMP) kinases are key enzymes
in the metabolism of ribo- and deoxyribonucleoside triphos-
phates, catalyzing the reversible phosphoryl transfer from a
nucleoside triphosphate (usually ATP) to a specific NMP (25).
The resulting nucleoside diphosphates are subsequently phos-
phorylated to generate nucleoside triphosphates, precursors of
nucleic acids. Bacterial CMP kinase (CMK), which is part of
pyrimidine nucleotide interconversion pathways, catalyzes the
transfer of a phosphate group from ATP to either CMP or
dCMP to form CDP or dCDP and ADP, respectively (1). In
Mycobacterium tuberculosis, the causative agent of human tu-
berculosis, a putative cmk (Rv1712) gene has been identified in
the genome of the H37Rv strain by sequence similarity (8).

In addition, it has been proposed that the cmk gene product
is essential for the optimal in vitro growth of M. tuberculosis
based on transposon site hybridization studies (15). However,
this approach is a large-scale screening methodology, and
hence, cmk gene manipulation experiments must be carried
out to firmly support the hypothesis of its essentiality in M.
tuberculosis. The first step should thus be demonstration that
the Rv1712 locus indeed encodes a protein having CMK ac-
tivity in M. tuberculosis. Here, we report heterologous recom-
binant protein expression, purification to homogeneity, N-ter-
minal amino acid sequencing, electrospray ionization-mass
spectrometry (ESI-MS) analysis, and size exclusion chroma-
tography of a functional cmk-encoded M. tuberculosis CMK
(MtCMK). Steady-state kinetics showed that MtCMK prefer-
entially phosphorylates CMP and dCMP, and double-recipro-
cal plots indicated a sequential mechanism for MtCMK with
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ternary complex formation. The availability of the MtCMK
protein in large quantities will allow further functional and
structural efforts to be undertaken in order to provide a frame-
work on which to base the design of chemical compounds that
inhibit the enzyme activity.

A 693-bp fragment consistent with the size expected for the
predicted cmk coding sequence was PCR amplified from M. tu-
berculosis H37Rv genomic DNA (see Fig. S1A in the supplemen-
tal material). For directional cloning, a forward primer (5'-GGC
ATATGAGTCGCCTAAGCGCAGCGGTAGT-3") and a
reverse primer (5'-GTGGATCCTCACCGCACTGCCTCACTT
CGC-3") were designed to contain, respectively, Ndel and
BamHI restriction sites (underlined). The PCR fragment was
purified and ligated into the pET-23a(+) expression vector (No-
vagen), and its sequence was determined by automated DNA
sequencing. The resulting pET-23a(+)::cmk plasmid was intro-
duced into Escherichia coli BL21(DE3) by electroporation and
selected on LB plates containing 50 pg/ml ampicillin. Three liters
of LB broth containing 50 pg/ml ampicillin was inoculated with a
single colony of MtCMK-expressing E. coli and incubated for 9 h
(after cells had reached an optical density at 600 nm of 0.4) at
37°C at 180 rpm. No isopropyl-p-p-thiogalactopyranoside was
added to the culture because this was the best experimental con-
dition we found for expression of recombinant MtCMK in soluble
form in E. coli (see Fig. S1B in the supplemental material). Ap-
proximately 10 g of cells was resuspended in 60 ml of 50 mM
Tris-HCI buffer (pH 7.5) containing 0.2 mg/ml lysozyme and dis-
rupted by sonication on ice (10 times for 10 s at an amplitude of
60% in a Vibra-Cell ultrasonic processor), and debris was re-
moved by centrifugation at 48,000 X g for 30 min. The superna-
tant was incubated with 1% (wt/vol) streptomycin sulfate and
centrifuged at 48,000 X g for 30 min. The resulting supernatant
was purified to homogeneity by a three-step protocol consisting of
an anionic-exchange column, a gel filtration column, and a strong
anionic-exchange resin, yielding 5 mg of recombinant protein per
liter of cell culture (Fig. 1A). The preparation was stored at
—80°C with no apparent loss of activity, and recombinant
MtCMK was stable for up to 30 days at 4°C. Analytical gel filtra-
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FIG. 1. Purification, determination of oligomeric state by gel filtra-
tion, and ESI-MS analysis of MtCMK. (A) Sodium dodecyl sulfate-
polyacrylamide gel electrophoresis analysis of fractions obtained dur-
ing the purification of MtCMK. Lanes: 1, crude extract after dialysis; 2
through 4, MtCMK after elution on Q-Sepharose Fast Flow, Sephacryl
$200, and Mono Q HR columns, respectively; 5, protein molecular size
standards (50, 40, 30, 25, and 20 kDa; Invitrogen). (B) The linear
relationship between the average elution position (K,,) and the loga-
rithm of the molecular masses (log kDa) of protein standards (squares)
allowed the determination of 21 kDa as the molecular mass of native
MtCMK (diamond). (C) ESI-MS analysis revealing a single peak at
23,930.56 Da.

tion chromatography revealed a single peak of approximately 21
kDa (Fig. 1B), indicating that MtCMK is a monomer in solution.
The first 16 N-terminal amino acid residues of MtCMK were
determined by the Edman degradation method, unambiguously
identifying the homogeneous recombinant protein as
MtCMK and confirming removal of the N-terminal methi-
onine. ESI-MS analysis revealed just one peak at the ex-
pected mass for the MtCMK subunit (23,930.56 Da; Fig.
1C), which is in agreement with removal of the N-terminal
methionine (predicted molecular mass including methio-
nine, 24,061.12 Da).
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To prove the correct in silico assignment to the M. fubercu-
losis Rv1712 locus, the biological activity of recombinant
MtCMK was probed by steady-state kinetics. MtCMK activity
was assayed in the forward direction by coupling the ADP
product formation to the pyruvate kinase and lactate dehydro-
genase reactions by following the protocol described by others
(2, 12). The true steady-state kinetic constants (Table 1) and
substrate specificity were determined for CMP, dCMP, and
UMP (see Fig. S2, S3, and S4, respectively, in the supplemental
material). The double-reciprocal plots showed intersecting
patterns for all of the substrates tested, consistent with ternary
complex formation and a sequential mechanism. Double-
reciprocal plots intersect to the left of the y axis and thus rule
out a rapid equilibrium ordered mechanism. Similar intersect-
ing initial velocity patterns have been reported for E. coli (6).
The k.,/K,, ratio is an apparent second-order rate constant
that determines the specificity for competing substrates (9).
Accordingly, the results presented here demonstrate that
MtCMK preferentially phosphorylates CMP and dCMP and
that UMP is a poor substrate.

A promising target for drug development should be essential
for the survival of a pathogen and absent from its host. Alter-
natively, the target may play an important role in adaptation of
the pathogen to a particular physiological state of the host.
There are two major pathways for pyrimidine nucleotide syn-
thesis: the de novo pathway and the salvage pathway. Since de
novo pyrimidine ribonucleotide synthesis requires higher en-
ergy levels, cells use the salvage pathway to reutilize pyrimidine
bases and nucleosides derived from preformed nucleotides
(10).

Hydrophilic agents traverse the mycobacterial cell wall
slowly because of mycobacterial porin inefficiency in the per-
meation of solutes and the low concentration of porins. Li-
pophilic agents are retarded by the lipid bilayer, which is of
unusually low fluidity (17). Internalization of chemical com-
pounds having a negative net charge into cells is hampered by
the net negative charge of the mycobacterial cell wall (4).
Therefore, mono-, di-, or triphosphate nucleosides are not
likely to enter the mycobacterial cell unless there is a transport
system to carry out this process. Notwithstanding, no trans-
porters for bases, nucleosides, or nucleotides of nucleic acids
could be identified in M. tuberculosis (3). It is thus likely that M.
tuberculosis has to recycle bases, nucleosides, and/or nucleo-
tides to survive in the hostile environment offered by host
macrophages. In general, pyrimidine bases and nucleosides,
which are the transportable precursors of nucleotides, are not
available as exogenous nutrients to most bacteria. It has been
estimated that thymidine and uridine, for instance, may be
available to mycobacteria growing in the host at a concentra-
tion range of 0.5 to 5.5 pM (22). It was described that Myco-

TABLE 1. True steady-state kinetic parameters of MtCMK with
three NMPs and ATP as a phosphate donor

Phosphate Mean K,, Mean V., Mean k., kea/K,, ratio
acceptor (kM) = SE (Umg) = SE  (s™') = SE M~Ts™h
CMP 120 £9 131 x4 52*2 1.1 X 10°
dCMP 165 =7 75+2 30+1 0.2 X 10°
UMP 13,854 = 771 32=*1 122+04 0.88 X 10°
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FIG. 2. Multiple sequence alignment of mycobacterial CMKs with the known three-dimensional structure of E. coli CMK (CMK_Eco). The
putative CMK sequences of M. tuberculosis (Mtb), M. bovis (Mbo), M. leprae (Mle), M. avium (Mav), and M. smegmatis (Msm) were aligned with
CMK_Eco by using the default settings of the CLUSTALW program (18). Identical conserved residues are shown in white on a black background
and are also indicated by asterisks below the alignment. Strongly similar and weakly similar residues are identified by colons and periods,
respectively. Strongly similar residues are also shaded in gray. Triangles and circles above the alignment indicate residues that interact with the
pyrimidine ring of CMP (Ser36, Argl10, Asp132, and Argl88 in CMK_Eco) and those that are key in pentose recognition (Ser101, Argl81, and
Aspl85 in CMK_Eco), respectively, as determined by site-directed mutagenesis and crystallographic studies (1, 13). The conserved fingerprint
sequence GXXGXGK (where X stands for any amino acid) of NMP kinases, which forms the phosphate-binding loop (P loop), is indicated at the

N-terminal portion of CMKs (6).

bacterium leprae, the causative agent of leprosy, is able to
incorporate exogenously supplied pyrimidines as bases or
nucleosides, but not as a nucleotide, into its nucleic acids (22).
Besides M. leprae, it was reported that other pathogenic my-
cobacteria (such as Mycobacterium avium and Mycobacterium
microti) cannot take up uridine nucleotides directly, but they
are able to utilize the pyrimidines by hydrolyzing them to
uridine and then taking up the latter (23). Exogenous bases are
usually transported into the cell by specific membrane pro-
teins, such as cytosine, uracil, and xanthine permeases. How-
ever, none of these have been described in the genome of M.
tuberculosis or in those of other relevant pathogenic mycobac-
teria.

Although CMP is not produced in the de novo pathway, it

might accumulate either from CTP during the synthesis of
phospholipids or from the hydrolytic cleavage of mRNA.
Therefore, the physiological role of CMK is also to recycle
CMP to CDP, which is either rapidly phosphorylated by the
unspecific nucleoside diphosphate kinase NdkA to CTP or
reduced to dCDP (6). In bacteria, CDP (as well as ADP, UDP,
or GDP) can also result from the phosphorolytic cleavage of
mRNA by polynucleotide phosphorylase (7, 14). It therefore
seems worthwhile to look for a possible link between these two
CDP-producing enzymes, i.e., CMK and polynucleotide phos-
phorylase. The cmk gene is located in the M. tuberculosis chro-
mosome between engA (probable GTP-binding protein) and
Rv1711 (probable RNA pseudouridylate synthase). The EngA
family is thought to act as a cellular messenger by forming
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interactions with the ribosome, with overexpression of EngA in
E. coli restoring the growth of mutants null for an rRNA
methyltransferase which modifies the 23S rRNA in intact 50S
ribosomal subunits (24). The 16S and 23S rRNAs of E. coli
contain 11 pseudouridines, which are synthesized by seven
pseudouridine synthases (19). Although speculative, the loca-
tion of the cmk gene in the M. tuberculosis chromosome may
support its role in recycling of nucleotides derived from RNA
degradation.

NMP kinases usually exhibit a high degree of sequence iden-
tity at the amino acid level, despite variations observed in their
substrate specificity (11, 13, 20). NMP kinases are composed of
three domains: the CORE, the LID (which closes upon bind-
ing of the phosphate donor ATP), and the NMP-binding do-
main (21). NMP kinases are divided into short and long forms.
The latter group consists of adenylate kinases with an insertion
of around 27 residues in the LID domain (1). Bacterial CMKs
represent a third distinct family of NMP kinases, as they pos-
sess a short LID domain but have an insertion of 40 amino acid
residues in the NMP-binding domain (5). A multiple sequence
alignment of mycobacterial CMKs and E. coli CMK demon-
strates that the P-loop sequence is conserved and that amino
acid residues interacting with the pyrimidine ring and pentose
moiety of CMP are conserved (Fig. 2). These structural differ-
ences could be exploited in the development of novel inhibitors
targeted more specifically toward M. tuberculosis and other
pathogenic mycobacteria. The results presented here provide a
solid foundation to carry out genetic studies (16) to demon-
strate the role, if any, of cmk in M. tuberculosis survival in the
human host.
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