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The emergence of drug-resistant strains of Mycobacterium tuberculosis, the causative agent of tuberculo-
sis, has exacerbated the treatment and control of this disease. Cytidine deaminase (CDA) is a pyrimidine
salvage pathway enzyme that recycles cytidine and 20-deoxycytidine for uridine and 20-deoxyuridine
synthesis, respectively. A probable M. tuberculosis CDA-coding sequence (cdd, Rv3315c) was cloned,
sequenced, expressed in Escherichia coli BL21(DE3), and purified to homogeneity. Mass spectrometry,
N-terminal amino acid sequencing, gel filtration chromatography, and metal analysis of M. tuberculosis
CDA (MtCDA) were carried out. These results and multiple sequence alignment demonstrate that MtCDA
is a homotetrameric Zn2+-dependent metalloenzyme. Steady-state kinetic measurements yielded the fol-
lowing parameters: Km = 1004 lM and kcat = 4.8 s�1 for cytidine, and Km = 1059 lM and kcat = 3.5 s�1 for
20-deoxycytidine. The pH dependence of kcat and kcat/KM for cytidine indicate that protonation of a single
ionizable group with apparent pKa value of 4.3 abolishes activity, and protonation of a group with pKa

value of 4.7 reduces binding. MtCDA was crystallized and crystal diffracted at 2.0 Å resolution. Analysis
of the crystallographic structure indicated the presence of a Zn2+ coordinated by three conserved cyste-
ines and the structure exhibits the canonical cytidine deaminase fold.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Human tuberculosis (TB)1, caused primarily by Mycobacterium
tuberculosis; is an infectious disease that remains a major challenge
to public health systems worldwide. Over 9 million people develop
TB and 2 million die annually (Dye et al., 1999). Based on TB skin
tests, the World Health Organization estimates that one-third of
the world’s population is currently infected with M. tuberculosis in
a latent form and, therefore, at risk of developing active disease
(WHO, 2006). The emergence of multidrug-resistant strains (MDR,
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resistant to at least isoniazid and rifampicin) and extensively drug-
resistant strains (XDR, resistant to first- and second-line anti-TB
drugs) of M. tuberculosis have exacerbated the treatment and control
of TB. Approximately 0.5 million cases of MDR-TB emerged in 2006,
and new cases of XDR-TB have been notified in 45 countries in all
five continents (Centers for Disease Control and Prevention (CDC),
2006; Jain and Mondal, 2008). M. tuberculosis has been considered
the world’s most successful pathogen and this is largely due to the
ability of the bacillum to persist in host tissues, where drugs that
are rapidly bactericidal in vitro require prolonged administration to
achieve comparable in vivo effects (Hingley-Wilson et al., 2003).
More effective and less toxic anti-TB drugs acting on novel mycobac-
terial targets are needed to shorten the duration of current therapy,
to improve the treatment of MDR- and XDR-TB cases, and to provide
an efficient alternative to eliminate latent M. tuberculosis infection.

Pyrimidine nucleotides are essential for DNA replication and
RNA transcription, as well as many other cellular functions, such
as phospholipid biosynthesis and regulation of enzyme activity
by uridylylation. There are two major pathways for pyrimidine
nucleotide synthesis: the de novo and the salvage pathway. While
the de novo pathway demands higher energy levels for pyrimidine
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biosynthesis from simple precursors, cells use the salvage pathway
to reutilize pyrimidine bases and nucleosides derived from pre-
formed nucleotides (Shambaugh, 1979). In addition, the pyrimi-
dine salvage pathway enzymes enable organisms to acquire
exogenously supplied pyrimidine bases and nucleosides, which
may not be synthesized by certain species (Wheeler, 1990; Hyde,
2007). Although M. tuberculosis pyrimidine salvage pathway ap-
pears to be similar to that of Escherichia coli and even mammalian
cells, it is expected that M. tuberculosis will exhibit unique regula-
tory properties in correlation with its pathogenicity and slow
growth (Mizrahi et al., 2005).

A promising target for the rational drug design should be essen-
tial for survival of a pathogen and absent from its host. Alterna-
tively, a promising target may play an important role in
adaptation of the pathogen to a particular physiological state of
the host. Since no transporters for bases, nucleosides or nucleo-
tides of nucleic acids could be identified in M. tuberculosis (Braibant
et al., 2000), it is thus likely that M. tuberculosis has to recycle
bases, nucleosides, and/or nucleotides to survive in the hostile
environment offered by the host macrophages. In general, pyrimi-
dine bases and nucleosides, which are the transportable precursors
of the nucleotides, are not available as exogenous nutrients to most
bacteria (Wheeler, 1990). Accordingly, an understanding of the
mode of action and role of M. tuberculosis pyrimidine salvage path-
way enzymes could unveil new targets for the rational design of
potent and selective antitubercular agents capable of, hopefully,
preventing progression and reactivation of the disease.

Cytidine deaminase (CDA; EC 3.5.4.5), an evolutionarily con-
served enzyme of the pyrimidine salvage pathway, catalyzes the
hydrolytic deamination of cytidine and 20-deoxycytidine to form,
respectively, uridine and 20-deoxyuridine (Carter, 1995). The
hydrolytic deamination of cytidine nucleosides catalyzed by CDA
has been characterized in different organisms, including E. coli
(Ashley and Bartlett, 1984; Cohen and Wolfenden, 1971), Bacillus
subtilis (Song and Neuhard, 1989), Sacharomyces cerevisiae (Itapa
et al., 1970), and human liver (Wentworth and Wolfenden,
1975). The CDA protein family tends to be multi-subunit com-
plexes. E. coli CDA occurs as a homodimer with the two active sites
per dimer that are formed across the subunit interface (Betts et al.,
1994). On the other hand, human CDA is a homotetramer with sub-
unit molecular mass of 16.2 kDa (Vita et al., 1989), whereas B. sub-
tilis CDA is a homotetramer with subunit molecular mass of
14.9 kDa (Song and Neuhard, 1989). Crystal structure of human
CDA in complex with a tight-binding diazepinone inhibitor shows
that each active-site is made up of residues from three of four hu-
man CDA subunits, and all three contribute directly to recognition
of the inhibitor (Chung et al., 2005). In M. tuberculosis, a putative
cdd (Rv3315c) gene has been identified in the genome of the
H37Rv strain by sequence similarity (Cole et al., 1998). However,
the first step to try to understand the role of this gene product
should be demonstration that the Rv3315c locus encodes a protein
having CDA activity in M. tuberculosis as predicted by in silico
analysis, and provide structural and functional analyses of the
cdd-encoded protein.

In the present work, we report cloning, heterologous recombinant
protein expression in E. coli, purification to homogeneity, N-terminal
amino acid sequencing, electrospray ionization mass spectrometry
analysis, and size exclusion chromatography of functional cdd-en-
coded M. tuberculosis CDA (MtCDA). We also report measurements
of metal concentrations by inductively coupled plasma atomic
emission spectrometry (ICP-AES), determination of steady-state ki-
netic parameters, pH-rate profiles, and X-ray crystallographic analy-
sis of MtCDA using synchrotron radiation. These results provide a
solid foundation on which to base gene replacement experiments
aiming at understanding the role of MtCDA, if any, in survival and/
or latency of the bacillus, and rational drug design.
2. Materials and methods

2.1. Bacterial strains, media, and growth conditions

Escherichia coli DH10B and BL21(DE3) (Novagen) strains were
grown at 37 �C in Luria–Bertani (LB; Difco) medium at 180 rpm
containing 50 lg/mL ampicillin.

2.2. PCR amplification, cloning, and DNA sequencing of the cdd coding
sequence

Based on the published genome sequence from M. tuberculosis
H37Rv (Cole et al., 1998), two oligonucleotide primers, CDD1 (50-
gc cat atg cct gat gtc gat tgg aat atg ctg-30) and CDD2 (50-ga aag
ctt tca ccg gcg ttc ccg ggg gag-30), complementary to the 50 N-ter-
minal and the 30 C-terminal ends of the probable cdd (Rv3315c)
gene, were synthesized to contain, respectively, NdeI and HindIII
restriction sites (bold). These primers were used to amplify the
cdd coding sequence (402 bp) from M. tuberculosis H37Rv genomic
DNA. Using standard PCR conditions (an initial denaturation step at
98 �C for 5 min, 35 cycles of denaturation at 98 �C for 30 s, anneal-
ing at 55 �C for 55 s, and extension at 72 �C for 2 min, and a final
extension step for 10 min at 72 �C) and Pfu DNA polymerase for
high-fidelity amplification (Stratagene), the amplified product
was purified by electrophoresis on a low-melting agarose gel, di-
gested with NdeI and HindIII (New England Biolabs), and ligated
into the pET-23a(+) expression vector (Novagen). Nucleotide se-
quence of the M. tuberculosis cdd gene was determined by auto-
mated DNA sequencing to confirm the identity, integrity, and
absence of PCR-introduced mutations in the cloned gene.

2.3. Expression of recombinant MtCDA in E. coli

The recombinant plasmid pET-23a(+)::cdd was transformed
into electrocompetent E. coli BL21(DE3) cells and selected on LB
agar plates containing 50 lg/mL ampicillin (Sambrook and Russell,
2001). A single colony was used to inoculate 50 mL of LB medium
in 250 mL flasks, and grown as mentioned above. As cell cultures
reached an OD600 value of 0.4–0.6, the cells were either induced
with 1 mM isopropyl-b-D-thiogalactopyranoside (IPTG) or not in-
duced; and the cells collected at 3, 6, 9, 12, 24, and 48 h post-
induction. The same procedure was employed for E. coli BL21(DE3)
cells transformed with the pET-23a(+) vector only, which was used
as experimental control. Cells were harvested at the indicated time
points by centrifugation at 20,800g for 5 min at 4 �C, and the super-
natant discarded. Cell pellets were suspended in 600 lL Tris–HCl
50 mM pH 7.5 (buffer A), disrupted by sonication at 4 �C (two
pulses of 10 s each at an amplitude value of 21%) and cell debris
was separated by centrifugation at 48,000g for 30 min at 4 �C.
The soluble extract fractions were analyzed by sodium dodecyl sul-
fate–polyacrylamide gel electrophoresis (SDS–PAGE) Laemmli,
1970.

2.4. Purification of recombinant MtCDA

Single colonies were used to inoculate 700 mL of LB medium in
2 L flasks, and grown for 6 h past an OD600 of 0.4–0.6, without addi-
tion of IPTG, which was the optimized protocol for MtCDA expres-
sion as discussed below. All subsequent steps were performed at
4 �C, unless stated otherwise. Cells were harvested by centrifuga-
tion at 10,879g for 30 min. The resulting cell paste (10 g) was sus-
pended in buffer A (5 mL/g), cells were disrupted by sonication (15
pulses of 10 s each at an amplitude value of 60%) and centrifuged at
23,500g for 30 min. Nucleic acid precipitation present in the super-
natant was carried out by addition of streptomycin sulfate 1% (final
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concentration), stirring the mixture for 30 min, and centrifugation
at 48,000g for 30 min. The supernatant containing soluble CDA was
dialyzed against buffer A (3 � 1 L; 3 h each) using a dialysis tubing
with a molecular weight cut off (MWCO) of 3.5 kDa and centri-
fuged at 48,000g for 30 min. The supernatant was loaded on a Q Se-
pharose Fast Flow column (GE Healthcare) pre-equilibrated with
buffer A. The column was washed with 10 column volumes of buf-
fer A and the adsorbed material was eluted with a linear gradient
(0–100%) of 15 column volumes of 50 mM Tris–HCl pH 7.5 contain-
ing 500 mM NaCl (buffer B), and the target protein was eluted with
approximately 0.9% of buffer B. The fractions containing the target
protein were pooled and concentrated using an AMICON ultrafil-
tration membrane (MWCO = 30 kDa) and loaded on a Sephacryl
S-200 column (GE Healthcare) pre-equilibrated with buffer A.
The column was washed with 1.5 column volumes of buffer A at
0.25 mL/min flow-rate. The fractions containing the target protein
were pooled, incubated with ammonium sulfate to a final concen-
tration of 1 M, stirred for 30 min, and clarified by centrifugation at
23,500g for 30 min. The supernatant was loaded on a Butyl-Se-
pharose High Performance column (GE Healthcare) pre-equili-
brated with 50 mM Tris–HCl pH 7.5 containing 1 M (NH4)2SO4

(buffer C). The column was washed with seven column volumes
of buffer C and the adsorbed material was eluted with a linear gra-
dient (0–100%) of 20 column volumes of buffer A, and the target
protein eluted with approximately 44% of buffer C. All fractions
were analyzed by SDS–PAGE and assayed for enzyme activity in
the forward direction. The fractions containing homogeneous
MtCDA were pooled and stored at �80 �C. Protein concentration
was determined by the method of Bradford (1976) using the Bio-
Rad protein assay kit (Bio-Rad) and bovine serum albumin as a
standard.

2.5. Determination of MtCDA molecular mass

The molecular mass of native M. tuberculosis CDA recombinant
protein was determined by gel filtration chromatography using a
Superdex 200 (HR 10/30) (GE Healthcare) pre-equilibrated with
50 mM Tris–HCl pH 7.5 containing 200 mM NaCl at a flow-rate of
0.4 mL/min. The LMW and HMW Gel Filtration Calibration Kit
(GE Healthcare) was used for protein molecular mass standards
in the calibration curve, measuring the elution volumes (Ve) of sev-
eral standards (ferritin, catalase, aldolase, albumin, ovalbumin,
chymotrypsinogen A, and Ribonuclease A), calculating their corre-
sponding partition coefficients (Kav), and plotting these values ver-
sus the logarithm of their molecular masses. Kav values were
determined as Kav = (Ve � Vo)/(Vt � Vo), where Ve and Vt are the elu-
tion volume of a sample and total bed volume of the column,
respectively, and Vo is the void volume, which was determined
by loading blue dextran 2000 (GE Healthcare) to the column.
Protein elution was monitored at 215, 254, and 280 nm.

2.6. Mass spectrometry analysis

Recombinat MtCDA was analyzed by MALDI-TOF/TOF on an ABI
4700 Proteomics Analyzer (Applied Biosystems, Framingham, MA,
USA), an Ultraflex II (Bruker Daltonics, Germany) and a Q-TOF Ul-
tima API (Micromass, UK) as described elsewhere (Brand et al.,
2006).

2.7. N-terminal amino acid sequencing

N-terminal amino acid residues of recombinant homogeneous
MtCDA were determined by automated Edman degradation
sequencing using a PPSQ 23 protein peptide sequencer (Shimadzu
Co., Japan) (Brand et al., 2006).
2.8. Inductively coupled plasma atomic emission spectroscopy (ICP-
AES) analysis of metals

Analysis of Co2+, Cd2+, Cu2+, Fe2+, Mn2+, Ni2+, Zn2+, and Mg2+ con-
centrations were carried out by ICP-AES (Spectro Ciros CCD). All
measurements were in duplicate. Recombinant homogeneous
MtCDA was extensively dialyzed against 50 mM Tris–HCl pH 7.5
and concentrated by ultrafiltration to a protein concentration of
6 mg/mL.

2.9. MtCDA activity assay and determination of steady-state kinetic
parameters

MtCDA enzyme activity assays were performed for all purifica-
tion steps following the direct spectrophotometric assay described
by Cohen and Wolfenden (1971). In short, the time-dependent
decrease in absorbance at 282 nm upon conversion of cytidine
(ecytidine = 3.6 M�1 cm�1) or 20-deoxycytidine (e20-deoxycytidine =
6.4 M�1 cm�1) to, respectively, uridine or deoxyuridine, was contin-
uously monitored by a UV-2550 UV/visible spectrophotometer (Shi-
madzu). Determination of steady-state kinetic parameters for
cytidine and 20-deoxycytidine were determined as a function of sub-
strate concentrations ranging from 50 to 1100 lM. The enzymatic
assays were monitored using 0.5 cm pathlength quartz cuvettes, in
50 mM Tris–HCl buffer pH 7.5 at 25 �C, and initiated with addition
of 4.11 lM of homogeneous recombinant MtCDA. One unit of en-
zyme activity (U) is defined as the amount of enzyme required to
deaminate 1 lmol of either cytidine or 20-deoxycytidine per min.

2.10. pH profiles

The dependence of the kinetic parameters on pH was studied
using cytidine as the variable substrate in a buffer mixture of
MES-HEPES-CHES over the following pH values: 4.0, 4.5, 5.0, 6.0,
7.5, 9.0, 10.0, and 11.0 (Cook and Cleland, 2007). Profiles were gen-
erated by plotting the either the log kcat or log kcat/KM versus the pH
values, and data fitted to Eq. (1), where y is the apparent kinetic
parameter, C is the pH-independent plateau value of y, H is the
hydrogen ion concentration, and Ka is the apparent acid dissocia-
tion constant for ionizing groups. It should be pointed out that data
fitting employed the pH range of 4.0–6.0 for log kcat versus pH plot
and of 4–11 for log kcat/KM versus the pH plot.

log y ¼ log
C

1þ Hþ
Ka

 !
ð1Þ
2.11. Crystallization and X-ray data collection

MtCDA was concentrated to 12 mg/mL in sample buffer (20 mM
Tris–HCl pH 7.5). Crystals of MtCDA were obtained using the va-
por-diffusion hanging-drop method at 273 K using 24-well tis-
sue-culture plates. Crystallization conditions were established
using screening kits from Hampton Research (Crystal screens I
and II) (Jancarik and Kim, 1991). Each hanging-drop was prepared
by mixing 2 lL protein solution and 2 lL reservoir solution and
placed over 400 lL reservoir solution. The X-ray diffraction data
for MtCDA crystal was collected at a wavelength of 1.437 Å using
synchrotron radiation source (Station MX-1, LNLS, Campinas, Bra-
zil) and a CCD detector (MAR CCD). The cryoprotectant contained
30% glycerol. The crystal was flash-frozen at 104 K in a cold nitro-
gen stream generated and maintained with Oxford Cryosystem.
The oscillation range employed was 1.0�, the crystal-to-detector
distance was 80 mm and the exposure time 1 min. A data set con-
tained 180 frames was collected and processed to 1.99 Å resolution
using the program MOSFLM and scaled with SCALA (CCP4, 1994).



Fig. 1. SDS–PAGE (15%) analysis of total soluble protein as a function of growth
time. Lane 1, MW Bench marker (Invitrogen); Lane 2, 4, 6, and 8, E. coli BL21(DE3)
[pET-23a(+)::cdd]; lanes 3, 5, 7, and 9, E. coli BL21(DE3) [pET-23a(+)] (control). The
times of cell growth were 3 h (lanes 2 and 3), 6 h (lanes 4 and 5), 9 h (lanes 6 and 7),
and 12 h (lanes 8 and 9).

Fig. 2. SDS–PAGE (15%) analysis of pooled fractions of the chromatographic steps of
MtCDA protein purification protocol. Lane 1, MW Bench marker (Invitrogen); lane 2,
crude extract (190.5 lg); lane 3, QSepharose Fast Flow (207.4 lg); lane 4, Sephacryl
S-200 (17.5 lg); lane 5, Butyl HP (11.6 lg). The values given between parentheses
are for the amount of total protein loaded on each lane.
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2.12. Molecular replacement and crystallographic refinement

The crystal structure of MtCDA was determined by standard
molecular replacement methods using the program AMoRe
(CCP4, 1994), using as search model the atomic coordinates of
CDA from Mus musculus (PDB access code: 2FR5). All waters and li-
gands were removed from the search model and one monomer in
the molecular replacement was employed, since analysis of the
Matthews coefficient was consistent with one monomer per asym-
metric unit in the MtCDA crystal. Further refinement continued
with alternate cycles of positional restrained refinement and water
molecules addition using the program REFMAC (CCP4, 1994).
3. Results and discussion

3.1. cdd amplification, cloning, and sequencing

PCR amplification of a probable MtCDA coding sequence (cdd,
Rv3315c) Cole et al., 1998 from M. tuberculosis H37Rv genomic
DNA yielded a product with the expected size (402 bp), which
was ligated into the pET-23a(+) expression vector. Nucleotide se-
quence analysis of M. tuberculosis cdd coding sequence confirmed
both identity and integrity of the cloned product, showing that
no mutations were introduced by the PCR amplification steps.
3.2. MtCDA expression and purification

SDS–PAGE analysis of E. coli BL21(DE3) cells harboring the re-
combinant pET-23a(+)::cdd plasmid and grown in the absence of
IPTG showed expression in the soluble fraction of a recombinant
protein with an apparent molecular mass of 14 kDa, in agreement
with the expected size of 14,072 Da for MtCDA (Fig. 1). The pET
system makes use of the powerful T7 RNA polymerase, under con-
trol of IPTG-inducible lacUV5 promoter, to transcribe the respective
Table 1
MtCDA protein purification protocol starting from 10 g of cells obtained from 2.8 L of cell

Purification step Total protein (mg) Total enzyme activity (U) Speci

Crude extract 819.15 1923.35 2.35
1376.36 1.68

Q Sepharose FF 207.4 1151.95 5.55
799.16 3.85

Sephacryl S-200 84.14 363.76 4.32
259.49 3.08

Butyl HP 34.98 190.17 5.44
131.13 3.75
cloned target genes (Kelley et al., 1995). Expression of cdd gene
product showed that high levels of protein production can be ob-
tained in stationary phase for cells growing in the absence of indu-
cer as has been previously reported (Oliveira et al., 2001; Silva
et al., 2003; Rizzi et al., 2005). It has been suggested that this phe-
nomenon is due to derepression of lac operon when cells approach
stationary phase in complex medium and that require cyclic-AMP,
acetate, and low pH to achieve high-level expression in the absence
of IPTG induction, which may be part of a general cellular response
to nutrition limitation (Grossman et al., 1998). However, more re-
cently, it has been shown that unintended induction in the pET sys-
tem is due to the presence of as little as 0.0001% of lactose in the
medium (Studier, 2005).

The anion exchange chromatographic step resulted in 2.4-fold
protein purification (Table 1), with removal of some contaminants
with apparent subunit molecular mass values larger than 20 kDa
(Fig. 2). The gel filtration chromatography resulted in 1.8-fold pro-
tein purification, with removal of a number of contaminants
(Fig. 2). This decrease in the purification-fold might have been af-
fected by the contaminants purified during this chromatographic
step, for instance removal of MtCDA activators, or simply due to
uncertainties in protein concentration determination that are
inherent to every method. The third purification step (hydrophobic
interaction) yielded approximately 10% (Table 1) of homogeneous
MtCDA in solution (Fig. 2). This 2.3-fold purification protocol
yielded approximately 35 mg (Table 1) of homogeneous M. tuber-
culosis CDA from 10 g of cells.
culture.

fic activity (U mg�1) Substrate Purification fold Yield (%)

Cytidine 1 100
20-deoxycitidine 1 100
Cytidine 2.4 60
20-deoxycitidine 2.3 58
Cytidine 1.8 19
20-deoxycitidine 1.8 19
Cytidine 2.3 10
20-deoxycitidine 2.2 10
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3.3. MtCDA molecular mass determination

The subunit molecular mass of MtCDA was determined to be
13,938.55 Da by electrospray ionization mass spectrometry (ESI-
MS), indicating removal of the N-terminal methionine residue
(theoretical molecular mass 14,075.15 Da). These results provide
evidence that confirms the identity and purity of the recombinant
MtCDA. The protein native molecular mass determined by gel fil-
tration chromatography showed a single peak with elution volume
consistent with a molecular mass of 52.99 kDa, suggesting that the
recombinant MtCDA protein is a tetramer in solution.
Fig. 3. Multiple sequence alignment of M. tuberculosis CDA (CDA_Mtu) with homotetram
potential mycobacterial CDAs: M. bovis (Mbo), M. marinum (Mma), M. avium (Mav), M. s
1999). Identical conserved residues are shown in white on a black background and are a
residues are identified by colons and periods, respectively. Strongly similar residues are a
active-site residues involved in the presumptive ribose binding loop and zinc coordinat

Fig. 4. Determination of steady-state kinetic parameters. Substrate saturation
3.4. N-terminal amino acid sequencing and metal analysis by ICP-AES

The Edman degradation method identified the first 30 N-termi-
nal amino acid residues of recombinant MtCDA as PDVDWNMLR
GNATQAAAGAYLPYSRFAVGA. This result unequivocally demon-
strates that the homogeneous recombinant protein is MtCDA and
confirms the removal of the N-terminal methionine. Protein N-ter-
minal methionine excision is a common type of co-/post-transla-
tional modification process that occurs in the cytoplasm of many
organisms and in two organelles (i.e. mitochondria and plastids)
displaying protein synthesis. Methionine aminopeptidase
eric B. subtilis CDA (CDA_Bsu), whose crystal structure was determined, and other
megmatis (Msm), and M. leprae (Mle) using the program CLUSTAL W (Carlow et al.,
lso indicated by asterisks below the alignment. Strongly similar and weakly similar
lso shaded in gray. Circles and triangles above the alignment indicate, respectively,

ion.

curves for (A) cytidine and (B) 20-deoxycytidine as the variable substrate.



Table 2
X-ray data collection and refinement statistics.

PDB access code: 3ijf

Data collection
Space group C222
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catalyzed cleavage of initiator methionine is usually directed by
the penultimate amino acid residues with the smallest side chain
radii of gyration (Gly, Ala, Ser, Thr, Pro, Val, and Cys) (Hirel et al.,
1989), which is in agreement with removal of the N-terminal
methionine from MtCDA.

Metal concentration analysis by ICP-AES yielded the following
results: Co2+, <0.01 mg/L; Cd2+, <0.01 mg/L; Cu2+, 0.17 ± 0.01 mg/
L; Fe2+, 0.12 ± 0.01 mg/L; Mn2+, <0.01 mg/L; Ni2+, <0.01 mg/L;
Mg2+, <0.01 mg/L; and Zn2+, 28.3 ± 0.2 mg/L. These results indicate
the presence of one mol of Zn2+ (431 lM) per mol of MtCDA
enzyme subunit (430.5 lM).

3.5. Sequence alignment

Sequence alignment of CDAs from M. tuberculosis H37Rv,
M. bovis AF2122, M. leprae ML2174, M. marinum MMAR_1204, M
avium 4296, M. smegmatis, and B. subtilis was carried out using
CLUSTAL W (Thompson et al., 1994). The identity between the
CDA sequences was 21.58% and almost all of the residues that
are conserved among the CDAs from the seven organisms analyzed
(Fig. 3) are involved in interactions that are important for the sub-
strate, zinc ion binding and tetrameric interactions. The relation-
ships between the conserved residues and their functional roles
have been reported for CDAs from other organisms (Song and Neu-
hard, 1989; Carlow et al., 1999; Johansson et al., 2002, 2004). The
residues Phe27, Asn45, Glu47, Ala57, and Phe128 (M. tuberculosis
numbering) mediate substrate binding and are conserved in all
sequences (Fig 3). Residues Cys56, Glu58, Cys89, and Cys92 are
Fig. 5. Dependence of kinetic parameters on pH for MtCDA-catalyzed deamination
of cytidine. (A) pH dependence of log kcat on pH, (B) pH dependence of log kcat/KM.
Data fitting as described in Section 2.
reported as probable zinc ligands for B. subtillis and E. coli CDAs,
and were absolutely conserved in all sequences analyzed here
(Betts et al., 1994; Johansson et al., 2002, 2004). The zinc ligand
is coordinated to three cysteines in tetrameric B. subtillis CDA (Car-
low et al., 1999), which is in agreement with the three conserved
cysteine residues (Cys56, Cys89, and Cys92) and the tetrameric
oligomeric state of MtCDA reported here. In M. tuberculosis Ser25,
Arg93, Gln94, Glu98, and Leu125 are related to tetrameric interac-
tions as was borne out by the structural analysis of MtCDA
described below.
3.6. MtCDA kinetics

The activity of MtCDA was linearly dependent on recombinant
protein concentration for cytidine and 20-deoxycytidine at a con-
stant concentration value of 333.6 lM (data not shown), demon-
strating that true initial velocities are being measured. Substrate
saturation curves were hyperbolic (Fig. 4) and thus fitted to the
Michaelis–Menten equation, yielding the following steady-state
kinetic parameters: KM = 1004 (±53) lM and kcat = 4.8 ± (0.1) s�1
Cell dimensions
a, b, c (Å) 63.71, 75.34, 55.11
abc (�) 90.0, 90.0, 90.0

Resolution (Å) 55.13–1.99 (2.10–1.99)*

Rsym (%) 8.6(33.2)
I/rI) 7.3(2.1)
Completeness (%) 97.0(92.2)
Multiplicity 2.3(2.1)
Number of observations read 49387
Number of unique reflections 9123

Refinement
Resolution (Å) 18.24–1.99
Number of reflections 8621
Rfactor/Rfree (%) 20.0/23.5

No. atoms
Protein 893
Ligand/ion 1
Water 71

B-factors
Protein (Å2) 16.48
Zn2+ (Å2) 16.66
Water (Å2) 27.85

R.m.s. deviations
Bond lengths (Å) 0.019
Bond angles (�) 1.985

Ramachandran plot
Residues in most favored regions (%) 87.0
Residues in additional allowed regions (%) 11.0
Residues in generously allowed regions (%) 2.0
Residues in disallowed regions (%) 0.0

Molprobity output scores
Bad rotamers (%) 12.0
Ramachandran outliers (%) 1.7
Ramachandran favored (%) 95.9

Rsym ¼
P
jIt�hIt ijP
jIt j

, where Ii is the scaled intensity of the ith measurement and <Ii> is

the mean intensity for that reflection.

Rfactor ¼
P
jjFobs j�jFcalc jjP
jFobs j

, where Fcalc and Fobs are the calculated and observed structure

factor amplitudes, respectively.
Rfreee = as for Rfactor, but for 5% of the total reflections chosen at random and omitted
from refinement.
* Values in parentheses are for highest-resolution shell.



Fig. 6. Structure of cytidine deaminase from Mycobacterium tuberculosis. The Zn-
binding pocket is indicated by an ellipsis, in which the main residues involved in
the coordination of Zn+2 can be seen. This figure and Figs. 7A–D and 8A and B were
generated using VMD (Humphrey et al., 1996).
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for cytidine, and KM = 1059 (±64) lM, and kcat = 3.5 (±0.1) s�1 for
20-deoxycytidine. The MtCDA KM values are larger than E. coli
CDA (220 lM for cytidine and 58 lM for 20-deoxycytidine). In
addition, the kcat value for M. tuberculosis CDA was lower than
the ones reported for E. coli and human liver CDAs (136.6 and
65 s�1, respectively) (Ashley and Bartlett, 1984). The specificity
constant values (kcat/KM) for both substrates are quite similar
(4.8 � 103 M�1 s�1 for cytidine and 3.3 � 103 M�1 s�1 for 20-deox-
ycytidine), which indicates that MtCDA has no preference for any
of these two substrates free in solution. On the other hand, the
E. coli CDA has been shown to be more specific for 20-deoxycyti-
dine than cytidine (Ashley and Bartlett, 1984; Trimble and Maley,
1971). Interestingly, the average concentration of cytidine, which
represents a compilation of published data on mammalian cells
and fluids, has been found to be 4.7 (±2.7) lM Traut, 1994. This
value is approximately 200-fold lower than the MtCDA KM value
for cytidine, which would suggest that this enzyme activity is low
in the physiological milieu of the host. However, it has been
pointed out that the average concentration of bases and nucleo-
sides in plasma and other extracellular fluids is generally in a
concentration range that is usually lower than corresponding
intracellular concentrations (Traut, 1994).

To assess the role of acid/base chemistry in the MtCDA enzymatic
reaction, the pH dependence of kcat and kcat/KM for cytidine was stud-
ied. The pH-rate profiles of the kinetic parameters using cytidine as
substrate are shown in Fig. 5. It should be pointed out that data fit-
ting employed the pH range of 4.0–6.0 for logkcat versus pH plot
and of 4–11 for logkcat/KM versus pH plot. The pH-rate profile for kcat

was quite complex. It showed a decrease at low pHs with a slope of 1
(Fig. 5A), demonstrating that protonation of a group with apparent
pKa value of 4.3 (±1.0) abolishes MtCDA activity for cytidine as sub-
strate. Moreover, pH-rate profile for kcat indicates that a group with
apparent pKa value of 8–9 increases even further the catalytic rate
when deprotonated that could be ascribed to either of the three con-
served cysteines (Cys56, Cys89, or Cys92) that are coordinated to a
zinc atom. Even though pH dependence profiles exhibiting three
pKa values have been described (Cook and Cleland, 2007), measure-
ments of enzyme activity at pH values larger than 11 would be re-
quired for MtCDA. However, most enzymes and proteins undergo
denaturative changes in conformation when exposed to pH values
above 10–12 (Englard and Seifter, 1990). At any rate, it is preliminary
to invoke more complex models at this point and further experimen-
tal results should be provided. Notwithstanding, the kcat/KM pH-rate
profile showed a decrease at low pH values with a slope of 1 (Fig. 5B),
suggesting that protonation of a single ionizable group, exhibiting
an apparent pKa value of 4.7 (±0.7), reduces cytidine binding. The
pKa values of 4.3 for kcat and of 4.7 for kcat/KM lie in the normal pK
range for the b-carboxyl of aspartate and c-carboxyl of glutamate
amino acid residues. A glutamic acid residue has been shown to be
conserved in dimeric and tetrameric CDAs from different organisms
and was correlated with substrate binding (Carlow et al., 1999;
Trimble and Maley, 1971). The pH-rate profiles of E. coli and B. sub-
tillis indicated a decrease at low pHs, with pKa values of 4.7 and
5.4, respectively, which also display a single protonated group (Car-
low et al., 1999). It is thus tempting to suggest that either the con-
served Glu47 or Glu58 residue of MtCDA (Fig. 3) plays an
important role in substrate binding and/or catalysis. Site-directed
mutagenesis, equilibrium binding, and measurements of steady-
state kinetic parameters of mutant protein will be carried out to
ascertain whether Glu47 or Glu58 plays any role in substrate bind-
ing and/or catalysis.

3.7. Structure analysis

The MtCDA crystal structure was determined by molecular
replacement methodology and refined to 2.0 Å resolution using
synchrotron radiation source. Data collection and refinement sta-
tistics for this structure are given in Table 2. The structure of
MtCDA is compact and exhibits the canonical cytidine deaminase
fold (Fig. 6). This structure is composed of five b-strands (Ala28–
Val35, Arg39–Asn45, Arg72–Gly81, Leu104–Asp107, and Pro112–
Leu115) and five helices (Trp6–Ala18, Ser50–Thr54, Cys56–Thr68,
Cys89-Gly100, Leu115-Leu119). The MtCDA monomer comprises
a single domain and its secondary structural elements are arranged
in a three-layer core (a/b/a) with a mixed b-sheet of five strands
(order: 21345). This five-stranded b-sheet presents the last two
strands forming a beta-wing in a highly flexible region.

There is one MtCDA monomer in the asymmetric unit; however,
analysis of the crystal packing indicated the presence of intermo-
lecular interactions forming a tetramer in the cell unit, consistent
with the tetrameric oligomeric state determined by gel filtration
chromatography of native MtCDA protein. There are 21 structures
of CDAs deposited in the PDB (November, 2009), 17 are homotetra-
mers and four homodimers. Among these 21 structures, we did not
count the present MtCDA that has been deposited in the PDB (3IJF).
Fig. 7A and B show two views of the canonical homotetrameric
structure observed for CDAs from S. cerevisiae (1R5T), B. subtilis
(1UX1, 1UWZ, 1UX0, 1JTK), Mus musculus (1ZAB, 2FR5, 2FR6), Bacil-
lus anthracis (2D30), Burkholderia pseudomallei (3DMO), human
(1MQ0), and Aspergillus terreus (1WN5, 1WN6, 2Z3G, 2Z3H, 2Z3I,
2Z3J). Fig. 7C and D show the MtCDA homotetrameric structure.
Each monomer in the MtCDA tetrameric structure was generated
by successive application of twofold rotation axes against the
atomic coordinates of the content of the asymmetric unit. Struc-
ture comparison with other CDA structures indicates that the
homotetrameric structure of MtCDA is different from the homotet-
rameric structures of previously deposited CDAs in at least two
aspects. Previously solved CDAs present a more compact homotetr-
amer, with a radius of gyration of 28 Å against 30 Å observed for



Fig. 7. Homotetramers of CDAs. (A) Canonical tetrameric structure. (B) Fig. 7A rotated 90�. (C) MtCDA tetrameric structure. (D) Fig. 7C rotated 90�. Chains A–D are colored in
blue, red, gray and orange, respectively. Two-fold rotation axes employed to generate the crystallographic tetramer (MtCDA) are indicated in Fig. 7C.
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MtCDA. In addition, the canonical tetramer presents N-terminal
helices pointing towards the solvent. N-termini of chains A and B
are 70 Å away from the equivalent termini of chains C and D,
respectively (Fig. 7A and B). MtCDA presents N-terminal helices
of chain A and B pointing towards N-terminal helices of chain C
and D, respectively (Fig. 7C and D), and the N-termini are only
9 Å apart from each other (A–C and B–D).

An analysis of the of the intermolecular contacts using NCONT
indicated participation of the residues Gly19, Tyr21, Tyr 24, Ser25,
Val46, Glu47, Asn48, Val49, Ser50, Tyr51, Gly52, Leu53, Thr54,
Leu55, Cys56, Cys59, Ala60, Val62, Cys63, His66, Ser67, Cys89,
Arg93, Gln94, Val95, Glu98, His99, Phe123, and Leu125 in intermo-
lecular contacts. In protein structures the interfaces frequently hide
non-polar side chains, and polar groups originating from both main
chain and the side chains. In the MtCDA tetramer most of the con-
tacts are of hydrophobic nature. The residues Ser25, Arg93, Gln94,
Glu98, and Leu124 have been previously identified as participating
in intermolecular contacts in CDA structures (Carlow et al., 1999).
The tetrameric CDAs contain two highly conserved tyrosine resi-
dues not found in any of the dimeric CDA sequences (Carlow
et al., 1999), which correspond to the two highly conserved tyrosine
residues (Tyr24 and Tyr51) identified in MtCDA sequence (Fig. 3),
and is in agreement with the gel filtration and structural results
here reported. Most of the residues involved in the intermolecular
contacts (Fig. 3) are conserved in the CDA structures, for instance,
the strong hydrogen bonds involving residues: Asp121:O-
Arg93NH2 (2.9 Å), Pro120:O-Arg93:NH1(2.8 Å) and Gly90:N-
Gln94:OE1(2.6 Å), which suggest the importance of these residues
in the stabilization of the tetrameric structure. These common
intermolecular contacts are observed in the interface of chains A–
B and C–D. On the other hand, when we analyze the interfaces A–
C and B–D the canonical CDA tetramers show intermolecular con-
tacts involving Tyr26–Glu105, Tyr29–Glu105, and Gln101–Asn53
(we used here the numbering of CDA from S. cerevisiae). These three
pairs of residues are conserved in all tetrameric CDAs, including
MtCDA, and are representative of important intermolecular con-
tacts. Fig. 8A shows these intermolecular hydrogen bonds for the
structure of CDA from S. cerevisiae (1R5T) (chains A and C, which
are equivalent to chains B and D). Analysis of equivalent region of
MtCDA for pairs of residues Tyr21–Glu98, Tyr24–Glu98, and
Gln94–Asn48, indicates that these intermolecular contacts are not
observed in MtCDA (Fig. 8B). All chains are shown in Fig. 8B to make
clear that none intermolecular involving these residues is observed
in the MtCDA structure. Furthermore, MtCDA was crystallized in
the space group C222, not observed for the previously solved CDA
structures. Based on the evidence gathered here we show that the
MtCDA tetramer presents a different structural arrangement, which
may be due to unique crystallographic packing observed for this
structure.

Analysis of the MtCDA structure indicated the zinc ion is coor-
dinated to the side chain of Cys56, Cys89, Cys92, and a water mol-
ecule, with distances between zinc ion and sulfur atoms of cysteine



Fig. 8. Interface region for homotetrameric CDA structures. (A) Canonical tetra-
meric structures (only chains A and C). (B) For MtCDA structure all chains. Chains
A–D are colored in blue, red, gray and orange, respectively. All distances are in Å.
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residues ranging from 2.25 to 2.31 Å (Fig. 9). The side chain oxygen
of Glu58 and main chain nitrogen of Cys89 are hydrogen bonded to
the water molecule coordinating the zinc ion, such tetrahedral
arrangement (Fig. 9) has been previously described in the CDA
structures isolated from mouse (PDB access codes: 1ZAB and
2FR6) and from B. anthracis (2D30). In addition, this structural
arrangement is consistent with both the pH-rate profiles described
Fig. 9. 2fo-fc electron density map contoured at 2-r cutoff, where we can see Zinc
coordination by Cys56, Cys89, Cys92, and a water molecule. This water is hydrogen
bonded to Glu58 and Cys89. All distances are in Å.
above and the proposed mechanism of bacterial CDAs (Chung et al.,
2005). In short, an active-site zinc atom is coordinated to a nucle-
ophilic water/hydroxide and a conserved glutamate is envisaged to
promote he initial attack at C4 of cytosine ring by protonating the
adjacent N3-position and deprotonating the nucleophilic water,
then again using general acid/base chemistry to facilitate break-
down of the tetrahedral intermediate.

Analysis of the presence of cavities using the moldock algorithm
(Thomsen and Christensen, 2006) in the structure of the homotet-
rameric MtCDA indicated the presence of a major cavity in the cen-
ter of the tetramer with a volume of 325.6 Å3. This major cavity is
not observed in other CDA structures solved so far. Detailed analy-
sis of this major cavity indicates that the side chain of Asp121 from
two crystallographic related chains are pointing towards the center
of the cavity. In addition, side chains of four symmetry related
Asp117 are also pointing towards the center, these residues partic-
ipate in a strong intramolecular hydrogen bond with Arg114. This
prevalence of polar side chains creates a highly hydrophilic envi-
ronment in this region, as can be seen in the electrostatic surface
of the tetramer (Fig. 10), which is filled with 24-well-ordered
water molecules.

4. Concluding remarks

Enzyme kinetics and structural studies provide a framework on
which to base the target-based rational design of new agents with
antitubercular activity. However, the availability of sufficient
amounts of proteins of M. tuberculosis still remains an essential
and laborious step. Unfortunately, even when a genome can be se-
quenced, only up to 20% of the protein targets can produce soluble
proteins under very basic experimental conditions (Lesley et al.,
2002). Thus, expression of proteins in soluble form has been iden-
tified as an important bottleneck in efforts to determine biological
activity and crystal structure of M. tuberculosis proteins (Vicentelli
et al., 2003). The results presented here not only provide homoge-
neous MtCDA for further studies on the enzyme mechanism of
action by, for instance, pre-steady-state kinetics and microcalori-
metry, but also for X-ray crystal structure determination of
MtCDA-ligand binary complexes. Even though CDA is present in
the human host, it has been shown that the overall dissociation
constant value of 3,4,5,6-tetrahydrouridine inhibitor is 0.24 lM
for E. coli CDA (Ashley and Bartlett, 1984) as compared to 29 nM
for human liver CDA (Wentworth and Wolfenden, 1975). The
larger MtCDA KM values (1004 lM for cytidine and 1059 lM for
Fig. 10. Electrostatic surface of MtCDA, blue indicates positively charged regions,
red negatively charged regions and white is neutral. This figure was generated using
moldock (Thomsen and Christensen, 2006).
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20-deoxycytidine) as compared to recombinant human liver CDA
(39 lM for both substrates) (Vincenzetti et al., 1996) indicate that
there are differences in substrate recognition that can be
exploited in inhibitor design. Moreover, it is feasible to design
function-based species-specific inhibitors as has been demon-
strated for bovine and human purine nucleoside phosphorylases
despite these enzymes sharing 87% overall amino acid sequence
identity and having totally conserved active-site residues (Taylor
Ringia et al., 2006). The results reported here also provide exper-
imental evidence that the cdd gene codes for a functional CDA en-
zyme in M. tuberculosis, which represents a solid foundation on
which to base efforts towards understanding the role, if any, of
pyrimidine salvage pathway in M. tuberculosis survival and/or per-
sistence by gene replacement.
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