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Abstract. Pyrazinamidase of Mycobacterium tuberculosis catalyzes the conversion of pyrazinamide to the active mole-
cule pyrazinoic acid. Reduction of pyrazinamidase activity results in a level of pyrazinamide resistance. Previous studies
have suggested that pyrazinamidase has a metal-binding site and that a divalent metal cofactor is required for activity. To
determine the effect of divalent metals on the pyrazinamidase, the recombinant wild-type pyrazinamidase corresponding
to the H37Rv pyrazinamide-susceptible reference strain was expressed in Escherichia coli with and without a carboxy
terminal. His-tagged pyrazinamidase was inactivated by metal depletion and reactivated by titration with divalent metals.
Although Co2+, Mn2+, and Zn2+ restored pyrazinamidase activity, only Co2+ enhanced the enzymatic activity to levels
higher than the wild-type pyrazinamidase. Cu2+, Fe2+, Fe3+, and Mg2+ did not restore the activity under the conditions
tested. Various recombinant mutated pyrazinamidases with appropriate folding but different enzymatic activities showed a
differential pattern of recovered activity. X-ray fluorescence and atomic absorbance spectroscopy showed that recombi-
nant wild-type pyrazinamidase expressed in E. coli most likely contained Zn. In conclusion, this study suggests that
M. tuberculosis pyrazinamidase is a metalloenzyme that is able to coordinate several ions, but in vivo, it is more likely to
coordinate Zn2+. However, in vitro, the metal-depleted enzyme could be reactivated by several divalent metals with higher
efficiency than Zn.

INTRODUCTION

Pyrazinamide (PZA) is one of the most important drugs
against the latent stage of tuberculosis.1–3 PZA is a prodrug
that is converted by bacterial pyrazinamidase (PZAse) to its
active form, pyrazinoic acid. Because of its role in triggering
the bactericidal activity of PZA, defective PZAse is often
found in Mycobacterium tuberculosis PZA-resistant strains
with mutations in the pncA gene that encodes PZAse.1,4–10

Important molecular characteristics of M. tuberculosis
PZAse have been elucidated from crystallized homologous
hydrolases such as N-Carbamoylsarcosine amidohydrolase
(CHSase) from Arthrobacter (26% identical),11 PZAse
from Pyrococcus horikoshii (37% identical),12 and PZAse
from Acinetobacter baumanii (37% identical)13 as well as
the recently crystallized structure of M. tuberculosis pyra-
zinamidase14 and a theoretical analysis of a modeled struc-
ture.15 According to these studies, the catalytic cavity comprises
an active site (D8, A134, and C138) and a metal-binding site
(D49, H51, and H71). The work by Du and others12 showed that
Zn increased PZAse activity of P. horikoshii and that it was
coordinated in crystals of this enzyme. Similarly, a PZAse of
A. baumanii that cocrystallized with nicotinamide revealed
a coordination with Zn and Fe in a 1:1 ratio,13 whereas the
M. tuberculosis PZAse was successfully crystallized with Fe.14

Several studies with recombinant M. tuberculosis PZAses
showed that mutations affecting the active or metal-binding
site impaired the PZAse activity, whereas mutations occurring
far from these sites had different levels of decreased enzyme
activity.9,10,12,16–18 A recent study found that M. tuberculosis
PZAse coordinated Mn2+ and Fe2+, and these ions restored
activity after metal depletion.18

In this study, we tested the presence of metals in PZAse
and measured the effect of divalent ions on enzyme activity
and the kinetic parameters of (1) the metal-depleted recom-
binant M. tuberculosis wild-type PZAse expressed with and
without a His-tag end and (2) various recombinant mutated
PZAses with moderate and non-detectable enzyme activity.

MATERIALS AND METHODS

Protein sample. The wild-type PZAse corresponding to the
H37Rv PZA-susceptible reference strain and nine mutated
PZAses from PZA-resistant clinical isolates of M. tuberculosis
were analyzed. These recombinant enzymes were cloned with a
carboxy-terminal His-tag to be purified. These enzymes were
previously studied and showed a single amino acid substitution
with a variable PZAse activity.10,17 Mutations were of five
types: mutation of the metal-binding residues (D49N and
H51R), mutation of residues close to the active site (T135P),
mutation of residues close to the metal-binding site (T67P and
G78C), mutation of residue close to both active and metal-
binding sites (D12G, D12A), and mutation of residues distant
from both the active and metal-binding sites (G24D, F94L, and
L116P) (Figure 1). To analyze the potential interference of the
His-tag on the chelation or metal reactivation, the wild-type
H37Rv PZAse without a His-tag was produced recombinantly
and similarly evaluated.
Protein purification. The PZAses containing a carboxy-

terminal His-tag were expressed in Escherichia coli and
purified by affinity chromatography with Ni-nitrilotriacetic
acid (NTA) column (GE Healthcare, Uppsala, Sweden) as
described elsewhere.10,17

The wild-type PZAse without a His-tag was purified in
a two-step ion exchange chromatography using DEAE
Sephadex (Sigma, St. Louis, MO). Proteins were loaded in
75 mM Tris · HCl (pH 7.5). In the first step, the protein was
eluted with 0.5 M NaCl. The semipure fraction was passed
through a similar column and eluted with an NaCl gradient

*Address correspondence to Mirko Zimic, Laboratorios de
Investigación y Desarrollo, Facultad de Ciencias, Universidad
Peruana Cayetano Heredia, Av. Honorio Delgado 430, San Martı́n
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(0–1 M). The enzyme purity was determined by sodium dodecyl
sulfate–polyacrylamide gel electrophoresis (SDS-PAGE).
Enzymatic activity. PZAse activity was measured by

monitoring the appearance of pyrazinoic acid during the
incubation time, which was described elsewhere,10,12 with the
following modifications. The reaction mix included 3 mM
PZAse, 50 mM phosphate buffer (pH 6.5), and 20 mM PZA.
The reaction was incubated at 37°C for 3 minutes. These
conditions resulted in less than 10% substrate conversion.
A monotonic substrate consumption was observed until
15 minutes, where almost all substrate was consumed. To stop
the reaction, 10 mL 20% ferrous ammonium sulphate and
890 mL 0.1 M glycine-HCl buffer (pH 3.4) were added. The
precipitates were removed by centrifugation (12,000 + g for
10 minutes). The pyrazinoic acid in the supernatant was
detected by measuring the absorbance at 450 nm.
Metal depletion. The wild-type PZAse with His-tag and the

one without the His-tag were inactivated by metal depletion. To
inactivate PZAse, 34 mM purified enzyme was incubated with
80 mM ethylenediamine tetra acetic acid (EDTA) in 100 mM
phosphate buffer (pH 6.5) for 6 hours at 25°C. Free and metal-
bound EDTA was removed by ultrafiltration and completed by
a washing with four volumes of 100 mM phosphate buffer (pH
6.5). Cellulose membranes with 10-kDa pore size were used in
an Ultracel Amicon Ultrafiltration system (Millipore, Billerica,
MA). Protein concentration was determined by the Bradford
assay.19 As a control, a PZAse fraction received similar treat-
ment by replacing EDTA with water. This control fraction was
called non-chelated PZAse.
Effect of metal ions on enzyme activity. The metal-depleted

wild-type PZAse (10 mM) with and without the His-tag was
reactivated by titration with different metals at concentra-
tions of 0.001, 0.01, 0.1, 1, and 2 mM. Cu2+ was tested as a

chloride salt, Zn2+ was tested as a nitrated salt, and Co2+, Fe2+,
Fe3+, Mg2+, and Mn2+ were tested as sulphate salts. In addition,
we tested Fe2+ and Fe3+ as chloride salts.
The metal-depleted wild-type PZAse was incubated with

each metal ion at 37°C for 30 minutes followed by measure-
ment of PZAse activity. The optimal metal concentration that
reactivated the PZAse was selected as the minimum concen-
tration that rendered the highest PZAse activity.
Each of the mutated metal-depleted PZAses was incubated

with each metal at the respective optimal concentration. Incu-
bation was performed at 37°C for 30 minutes followed by
measurement of PZAse activity. To adjust for the residual
activity after metal depletion, the percentage of recovered
activity was estimated: (activity of reactivated metal-depleted
PZAse – activity of metal-depleted PZAse)/(activity of non-
chelated PZAse – activity of metal-depleted PZAse) + 100.
All assays were performed in triplicate.
To determine the effect of metals on the activity of non-

chelated wild-type PZAse, the enzymatic activity was mea-
sured after adding the metal ions to non-chelated PZAse in
the same conditions used to reactivate the metal-depleted
enzyme. The effect of the metals on the activity of wild-type
non-chelated PZAse was expressed as a relative activity cal-
culated as (activity of non-chelated PZAse with added metal)/
(activity of non-chelated PZAse) + 100. The assays were run
in triplicate.
Enzyme kinetic. The kinetic parameters of the metal-

depleted wild-type PZAse were measured after reactivation
with the metal ions that most notably reactivated the enzyme
activity (Co2+, Mn2+ and Zn2+) at their respective optimal
concentrations using the procedure previously described.10

To measure the substrate affinity of PZAse, the Michaelis
constant (Km) was estimated. To determine the number of
times that each enzyme substrate complex converts substrate
to its product per unit time, the catalytic constant (kcat) was
estimated. To determine how efficiently PZA is converted into
pyrazinoic acid (POA), the enzymatic efficiency20 (kcat /Km)
was estimated using the protocol described in ref. 18.
Briefly, PZA was used from 0 to 4 mM and incubated with

1 mM PZAse in 50 mM sodium phosphate (pH 6.5). To pre-
vent the hydrolysis of more than 10% of the initial PZA,
1 minute was used. The incubation period was increased to
2 hours for mutants with very low activity; 10 mL 20%
FeNH4(SO4)2 were added and followed immediately by the
addition of 890 mL 100 mM glycine-HCl (pH 3.4) to stop the
reaction. Optical density was measured at 450 nm in a 96-well
plate using 200 mL reaction.
The amount of POA produced was estimated by interpola-

tion in a standard curve of known concentrations.
Data were fitted by a linear regression to the Lineweaver

Burk plot (1/V versus 1/[S]21) as well as by a non-linear
regression to the Michaelis–Menten equation.22 The assays
were performed in triplicate. To compare the kinetic parame-
ters between the reactivated PZAse and the non-chelated
enzyme, a non-parametric statistical test was performed.
Circular dichroism analysis. Circular dichroism (CD) spectra

were recorded on a J-810 spectropolarimeter (Jasco, Japan)
using a 0.2-mm path length quartz cuvette. Proteins and buffer
solutions spectra were averaged from four scans in the range
of 260–190 nmwith a 20 nm ·min−1 scan rate, setting a bandwidth
of 1 nm. Measurements were performed with 156 mg/mL PZAses
in 20 mM Na-phosphate (pH 7.0) and 1 mM b-mercaptoethanol.

FIGURE 1. PZAse single amino acids mutations (Protein Data
Bank 3GBC). The positions of the 10 PZAse single amino acid muta-
tion studied in the present work are represented as spheres. PZAse
active site residues and the bound metal ion are highlighted in yellow
and cyan, respectively. Residues involved in the metal binding are
depicted in red. Residues close to the active site, the metal-binding
site, or both sites are in magenta, green, and orange, respectively.
Residues distant from both the active and metal-binding sites are
depicted in blue.
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Buffer spectra were subtracted from the proteins spectra. The
results are expressed in molar ellipticity (degrees�cm2�decimol−1)

dQe=Q/d10�c�de
where Q is the observed ellipticity in degrees, c is the molar
concentration of the sample (mole/L), d is the optical path
length in cm.
Analysis of the CD data for secondary structure determina-

tion was carried out using the CDSSTR secondary structure
fitting program (basis set 7)23,24 that is available online at the
Dichroweb server (http://www.cryst.bbk.ac.uk/cdweb).25

Metal ion contents. To detect the metals coordinated by the
wild-type His-tag PZAse, elemental analysis in lyophilized
enzyme and buffer control was done using X-ray fluorescence
spectroscopy; 1.5 mL 0.5 mM recombinant wild-type PZAse
in 20 mM Tris · HCl (pH 7.9) were frozen to –70°C for
24 hours and lyophilized. To adjust for the presence of con-
taminant metals, three control solutions were tested: (1) the
buffer used to resuspend the PZAse (20 mM Tris [pH 7.9]),
(2) the elution buffer used during protein purification (20 mM
phosphate, 0.5 M NaCl, 60 mM imidazole [pH 7.4]), and
(3) the soluble fraction from crude extract of non-transformed
E. coli BL21 (DE3) pLys that was eluted with 60 mM imid-
azole in the His-Trap Ni-NTA column and concentrated in
20 mM Tris (pH 7.9). This strain was the same E. coli strain
used to produce the recombinant PZAse.
A Cd109 source (25 mCi) was used to activate the Ag Ka

radiation used to irradiate the sample. The characteristic
X-ray emitted by the excited sample was detected by a Si (Li)
detector (ORTEC) and interpreted with the Analysis of X-Ray
Spectra by Iterative Least Squares Fitting (AXIL) software.26

An absolute method based on elemental sensitivity for semi-
quantitative analysis was used.27 This method can detect metals
fromK toMo and from Cs to U. The elements betweenMo and
Cs cannot be detected, because the radioactive source excites
Ag, resulting in a masking background signal close to Ag.
Atomic absorbance. The wild-type PZAse was tested for

Zn concentration using atomic absorbance spectroscopy by
the standard addition method28,29; 10 mL PZAse 0.05 mg/mL
(2.48 mM) were prepared in 20 mM Tris · HCl (pH 7.9). Three
standards of 10 mL were prepared containing 3, 4.5, and 6 mg
Zn. The standard solutions were obtained from metallic Zn
dissolved in HCl. The readings were done in the spectrometer
Precisely Analyst 200 (Perkin Elmer, Waltham, MA) with a

Zn lamp (wavelength = 213.9 nm, slit width = 1.8 nm). This
assay was repeated three times.

RESULTS

Optimal ion concentrations to reactivate the metal-
depleted wild-type PZAse. After 6 hours of incubation with
80 mM EDTA, the wild-type His-tagged PZAse activity was
decreased by 28-fold compared with the non-chelated PZAse.
The optimal concentrations of the metals to reactivate the
wild-type metal-depleted PZAse were 1 mM for Mg2+, Co2+,
and Mn2+ and 1.5 mM for Zn2+. These concentrations
corresponded to the metal to enzyme molar ratios of 333:1
and 500:1. Fe2+, Fe3+, and Cu2+ did not notably recover the
wild-type His-tagged PZAse activity. Because higher concen-
trations resulted in precipitation, these metals were tested at
0.1 mM. A similar behavior was observed in the wild-type
PZAse without the His-tag end.
Effect of metal ions on the enzyme activity. The non-

chelated wild-type His-tagged PZAse showed an enzymatic
activity of 15.4 (95% confidence interval [CI] = 10.8, 20.3)

mmol POA · mg−1 PZAse · min−1 (Table 1). This activity did

not change in presence of Co2+, Fe2+, Mg2+, and Mn2+,

whereas Fe3+, Cu2+, and Zn2+ inhibited the PZAse activity

(Figure 2A ). Cu2+ reduced the relative activity to less than

10%, Zn2+ reduced the relative activity to 50%, and Fe2+

reduced the relative activity to 75%. Sulphate and chloride

salts of Fe2+ and Fe3+ showed a similar behavior, with the

exception that Fe+2 chloride salt in contrast to the sulfate salt

resulted in certain precipitation.
The metal-depleted wild-type His-tagged PZAse was

highly reactivated, with Co2+ increasing about 40-fold of the

metal-depleted PZAse activity (136% of recovered activity),

Mn2+ increasing about 28-fold (94% of recovered activity),

and Zn2+ increasing about 12-fold (37% of recovered activ-

ity). Fe2+ and Fe3+ (in sulphate and chloride salts), Cu2+, and

Mg2+ recovered less than twofold of the metal-depleted wild-

type His-tagged PZAse activity (Figure 2B).
No effect was observed in the presence of the His-tag in the

PZAse. The non-chelated wild-type PZAse without His-tag

showed a similar activity of 21.6 (95% CI = 15.9, 27.5) mmol

POA · mg−1 PZAse · min−1 and a similar reactivation pattern

to the corresponding wild-type His-tagged PZAse (Figure 2C).

Table 1

Effect of metal ions on the enzymatic activity of His-tagged metal-depleted mutated PZAses

Mutated PZAse
Enzyme activity of

non-chelated enzyme* Co2+ Cu2+ Fe2+ Fe3+ Mg2+ Mn2+ Zn2+

WT 15.4 20.4 (136) 0.53 (0) 0.53 (0) 0 (0) 1.1 (3.3) 13.7 (93.8) 5 (37)
D12A 11.2 31.9 (311.7) 4.9 (34.4) 2.1 (0) 2 (0) 2.3 (0.7) 16.4 (150.3) 4.2 (21.5)
D12G 16.3 40.7 (261.3) 3.4 (13.8) 1.5 (0) 1.4 (0.6) 1.5 (1.1) 16.9 (103.4) 3.8 (14)
G24D 11.8 8.2 (67) 1.5 (4) 1.2 (0) 1.2 (0) 1.1 (0) 3.3 (20.1) 1.3 (0.4)
Y34D 10.4 2.6 (0) 3.4 (6.7) 3 (11) 4.4 (14.8) 4.5 (16.9) 4.1 (0) 3.8 (0)
G78C 7.62 38.1 (809.1) 2.1 (7.7) 2.3 (0) 2.4 (0) 2.5 (0) 28.8 (445.9) 1.4 (0)
F94L 25.2 6 (5.6) 6.2 (7.6) 5.8 (0.9) 5.1 (0) 5 (0.7) 5.1 (1.6) 4.7 (0.4)
T135P 1.5 1.1 (65) 0.2 (1.6) 0.17 (0) 0.2 (0) 0.2 (0) 0.5 (22.5) 0.3 (3.3)
D136G 11.5 5.7 (47.9) 0.6 (0) 0.32 (0) 0.52 (0) 0.53 (0) 5.3 (45.6) 1.3 (5.8)
D49N ND ND ND ND ND ND ND ND
H51R ND ND ND ND ND ND ND ND

*Enzymatic activity (mmol POA · mg−1 PZAse · min−1).
Enzymatic activity of the His-tagged mutated PZAses after reactivation with different metal ions. The percentage of recovered activity is in parenthesis. To adjust for the residual activity after

metal depletion, the percentage of recovered activity was estimated as (activity of reactivated metal-depleted PZAse − activity of metal-depleted PZAse)/(activity of non-chelated PZAse – activity
of metal-depleted PZAse) + 100. The data are presented as the medians of triplicate tests. ND = non-detectable activity; WT = wild-type H37Rv strain.
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In the mutated PZAses, a differential reactivation pattern
was observed depending on the metal ion and the site of
mutation (Table 1). Fe2+ and Fe3+ were tested as sulphate
salts. Three of eight mutants with low to high activity (D12A,
D12G, and G78C) showed a similar metal reactivation
pattern as the wild-type PZAse in terms of the percentage of
recovered activity, with the difference that, in these mutated
enzymes, Cu2+ produced a slight reactivation (6 –34%). G24D
was not reactivated by any metal except for Co2+ and Mn2+.
These two metals recovered activity in all the mutated enzymes
except D49N, H51R, and Y34D. In contrast, the Y34D PZAse
was slightly reactivated (6 –16%) by Cu2+, Fe2+, Fe3+, andMg2+.
Two mutated enzymes that had undetectable activity bearing
mutations in the metal-binding site (D49N and H51R) were not
reactivated by any of the tested metals.
Effect of metal ions on the kinetic parameters of metal-

depleted wild-type PZAse. The kinetic parameters of the
wild-type His-tagged PZAse varied differentially when
reactivated with Co2+, Mn2+, and Zn2+ (Table 2). Km of the
non-chelated wild-type His-tagged PZAse was 2.27 mM,

whereas its kcat was 681.16 min−1. Reactivation with Co2+ was
associated to a higher kcat compared with Zn2+ or Mn2+, and it
was slightly higher than kcat of the non-chelated enzyme.
Metal-depleted PZAse reactivated with Co2+ or Mn2+ did not
show a significantly different enzymatic efficiency (kcat /Km)
than non-chelated PZAse (P = 0.070 and 0.056, respectively).
However, enzymatic efficiency of the metal-depleted PZAse
reactivated with Zn2+ was significantly lower than the non-
chelated enzyme (P < 0.001). The reactivation with Mn2+ and
Zn2+ was associated with a slightly lower Km than the non-
chelated PZAse, whereas the reactivation with Co2+ resulted
in a similar Km.

FIGURE 2. Effect of metals on the relative activity of wild-type pyrazinamidase. (A) Non-chelated wild-type pyrazinamidase. (B) Metal-
depleted wild-type His-tagged pyrazinamidase. (C) Metal-depleted wild-type pyrazinamidase without His-tag.

Table 2

Effect of metal reactivation in the kinetic parameters of metal-
depleted wild-type H37Rv PZAse

Metals

Km (mM) kcat (min−1) Efficiency (mM−1 · min−1)

Mean 95% CI Mean 95% CI Mean 95% CI P value*

Non-chelated 2.27 ±0.20 681.16 ±52.14 300.46 ±6.22
Co2+ 2.32 ±0.24 772.89 ±68.43 333.11 ±8.81 0.070
Mn2+ 1.35 ±0.07 448.69 ±18.21 330.71 ±6.09 0.056
Zn2+ 1.09 ±0.06 168.28 ±6.59 154.85 ±3.93 0.001

*P value (mean comparison test) corresponding to the comparison of the enzymatic
efficiency between the reactivated metal-depleted PZAse and the non-chelated enzyme.
Enzymatic efficiency is defined as kcat /Km. The data are presented as the mean (CI) of

triplicate tests. Non-chelated = wild-type PZAse non–metal-depleted.

FIGURE 3. CD spectra of the wild-type and mutant PZAses. The
CD spectra of the wild-type and mutated PZAses show a similar
pattern, confirming that a misfolding is not likely to be present.
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CD. An overlay of the CD spectra of the wild-type and the
D12G, D12A, G24D, D49N, H51R, T76P, G78C, F94L, L116P,

and T135P His-tagged PZAse mutants is shown in Figure 3.

Visual inspection of the spectra indicates that the proteins have
a mixed a-helix/b-sheet secondary structure content. Analysis

of the CD data for secondary structure determination using

the CDSSTR secondary structure fitting program23,24 showed
that the point mutations in the analyzed PZAses do not virtu-

ally affect the secondary structure composition of each of these

enzymes. Therefore, the lack of PZAse activity in D49N and
H51R is not likely to be because of a problem of folding.

Indeed, the D12G, D12A, and G24D mutants displayed the

same content of a-helices and b-sheets as the wild type (20%
and 30%, respectively), whereas the remaining mutants (T76P,

F94L, and L116P) exhibited a 5–10% increase of a-helices at
the expense of the b-sheets contents.
X-ray fluorescence and atomic absorbance spectroscopy of

wild-type PZAse. The X-ray fluorescence radiation spectra of

the excited wild-type His-tagged PZAse and the three con-

trols (the buffer used to resuspend the PZAse, the elution

buffer used during protein purification, and the soluble frac-

tion from crude extract of non-transformed E. coli) showed

the presence of several metal ions (Figure 4). Fe, Ni, Cu, and

Pb were found in the wild-type PZAse, but they were also

found in the same level in the controls. Zn was the only ion

present in the PZAse fraction in a higher level than the con-

trols. According to the X-ray fluorescence and the atomic

absorbance spectroscopy, Zn was found at a concentration of

0.3 moles/mol PZAse (Zn:PZAse = 0.3:1).

DISCUSSION

The critical role of PZAse in determining M. tuberculosis

resistance to PZA1,10,30,31 makes it important to understand
the role of metal ions in the enzymatic activity and the conse-
quences of the amino acid substitutions.
This study and the study in ref. 18 confirm thatM. tuberculosis

PZAse is a metalloenzyme that can be inactivated by removal
of divalent ions, and it can be reactivated differentially by
different metal ions. The level of enzymatic reactivation
depends on the type of metal ion coordinated as well as the
type of PZAse mutation. According to this study, Zn2+ seemed
to be the most abundant metal to activate M. tuberculosis

PZAse in vivo under our experimental conditions, although
Co2+ and Mn2+ showed a higher in vitro reactivation capacity.
Co2+ was the metal that recovered the highest activity of the

wild-type metal-depleted PZAse in vitro followed by Mn2+ and
to a lesser extent, Zn2+. PZAse activity was recovered by Co2+

in almost all the mutants, except those mutations that were
affected on the metal-binding site (D49N and H51R).
M. tuberculosis recombinant His-tagged PZAses expressed

in E. coli have been used in several functional/kinetic
studies.11,12,18,32 This study shows that the differential pattern
of reactivation of the wild-type metal-depleted PZAse does not
depend on the presence of the His-tag end. Moreover, the
enzymatic activities of the His-tagged and the His-tag–free
PZAses were found to be similar. This evidence confirms that
the His-tag is not involved in the metal reactivation and does
not affect the enzymatic activity of the wild-typeM. tuberculosis
PZAse. This result is shown for the first time in theM. tuberculosis

PZAse, although several previous studies only analyzed His-
tagged recombinant enzymes. Therefore, any effect of the
His-tag in the metal-binding enzyme activity and metal
reactivation is not significant; thus, any artifact is unlikely to be
associated with it.
The enzymatic activity of the non-chelated recombinant

PZAse was inhibited by Fe3+, Cu2+, and Zn2+. In the case of
Fe3+ and Cu2+, incubation with these metals resulted in pre-
cipitation. The Fe2+ chloride salt in contrast to its sulfate
salt resulted in certain precipitation being evidence of a level
of instability associated to chlorine ions. This finding could
explain the lack of reactivation in our hands exerted by the
Fe+2 chloride salt previously detected.18 In the case of Zn2+,
although it did not cause precipitation, it is possible that its
addition reduced the activity of the recombinant purified
PZAse because of competition with and substitution of a
more efficient cofactor.
The kinetic parameters of the reactivated wild-type metal-

depleted PZAse varied differentially depending on the coor-
dinated metal in vitro. Although small, a change was not only
observed in kcat but also in Km, indicating that the affinity for
the substrate depends on the type of metal coordinated. The
reactivation with Co2+ was associated with the highest kcat and
the highest enzymatic efficiency, surpassing the wild type.
These results suggest that there is no unique metal cofactor

that activates PZAse, and several metals can play this role.
Previous studies have described metalloproteins that can use
different metals as cofactors with equivalent efficiency.18,33–36

In previous reports, two independent groups have conducted

FIGURE 4. X-ray spectra of wild-type His-tagged pyrazinamidase.
Blue, recombinant PZAse; green, 20 mM Tris·HCl (pH 7.9); red,
20 mM phosphate buffer, 0.5 M NaCl, and 60 mM imidazole (pH
7.4); pink, eluted and concentrated proteins of soluble proteins of
E. coli BL21(DE3)pLys without plasmid. The red arrow is pointing
to the peak corresponding to zinc in recombinant wild-type PZAse.
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very similar analyses on M. tuberculosis PZAse and the
effects of divalent metals. The results produced by these
two laboratories are largely divergent from those results
reported here. The work by Zhang and others18 found that
PZAse activity was efficiently recovered by the addition of
Mn and Fe from apoenzyme but not the addition of Zn. In
a more recent study, Seiner and others35 performed electron
paramagnetic resonance (EPR) spectroscopy on M. tubercu-
losis PZAse and observed the presence of Mn2+ bound to the
enzyme. In addition, the metal seemed to be tightly bound, and
the addition of EDTA resulted in a decrease in activity. These
different results suggest that experimental conditions, including
expression of the recombinant protein, are critical for the metal
binding to PZAse.
Several studies have shown that Co2+ is a universal enhancer

of metalloenzymes37 and may be having the same effect in
PZAse. The fact that PZAse is reactivated with Co2+, Mn2+,
and Zn2+ could be attributed to their characteristic of being
transition metals able to coordinate six bonds in their divalent
form with similar covalent radii (1.26, 1.39, and 1.31 Å, respec-
tively).38 Interestingly, the majority of enzymes that coordinate
Zn2+ in vivo are highly activated by Co2+ in vitro.39 Although
Co2+ strongly stimulated the PZAse activity, it is unlikely to be
the naturally most used metal being coordinated by the PZAse
in vivo. Co2+ is found in very low concentrations in living
organisms,40 although cobalt is essential to all animals, includ-
ing humans, because it is a key constituent of cobalamin, also
known as vitamin B12.

41

Mn2+ also showed an important reactivation of PZAse
activity, which is similar to what has been proven in other
hydrolases.42 Our results alternatively suggest that, under
in vitro conditions, PZAse also prefers Mn, which is, apart
from Co, the only metal capable of restoring nearly 100% of
the enzymatic activity of the wild-type PZAse and several
mutants; also, it showed no inhibitory activity when added to
the holoenzyme in kinetic assays. By contrast, Zn restored
only 37% of the activity from metal-depleted PZAse, failed
to restore the activity of several mutants, and behaved as
inhibitor in the kinetic measurements with the holoenzyme.
The X-ray fluorescence assay, after controlling with the

three selected blanks, showed that Zn2+ was found in the
recombinant M. tuberculosis PZAse and was not found in
any of the controls. However, Fe2+, Ni2+, Cu2+, and Pb2+ were
found in the recombinant PZAse, but these metals were also
found in the controls in similar concentrations. Therefore,
under the conditions used in this study, Zn2+ was the most
abundant metal coordinating PZAse. The presence of Zn2+ in
the wild-type PZAse was confirmed by the atomic absorp-
tion spectroscopy. The low Zn2+:PZAse ratio detected in this
study (0.3:1) has also been observed in other amidohydrolases.20

This low ratio is possibly because of a low protein concentra-
tion used or what we believe is more likely, the high production
of protein in a heterologous recombinant expression system
with a limited source of intracellular Zn2+, which might be
affected similarly as other mutants.
This differential affinity could be explained by electrostatic

interactions with the ion or subtle alterations of the active site
cavity structure in response to the presence of the coordinated
ion. The latter is observed in the P. horikoshii pyrazinamidase.
The atomic coordinates of the homologue enzyme crystallized
with and without Zn (Protein Data Bank 1IM5 and 1ILW,
respectively) showed differences in the orientation of some of

the amino acid side chains close to the active site (data not
shown).12 It could also be possible that a significant amount of
metal-depleted PZAse began to unfold, because it was unable
to easily rebind metals other than Co2+ and Mn2+. This mecha-
nism of metal selectivity should be further investigated.
Our study was conducted independently of another study

with a similar experimental approach.18 In contrast to our
results, that study found that Fe2+ and Mn2+ were able to
reactivate the enzymatic activity of the metal-depleted wild-
type PZAse, whereas Zn2+ did not have any detectable effect.
Although both studies used similar methodologies (i.e., His-
tagged recombinant proteins expressed in E. coli BL21 and
purification on Ni-NTA columns), these discrepancies could
result from slight differences in the experimental conditions,
like a difference of metal ions present in the buffers.
In our previous study,10 the enzymatic activity of aHis-tagged

PZAse was estimated as 38.40 (interquartile range = 18.36)
mmol POA · mg−1 PZAse · min−1, and its kinetic parameters
were Km = 1.24 ± 0.44 mM and kcat = 1005.41 ± 199.91 min−1.
In a recent study,18 the enzymatic activity of a recombinant
His-tagged H37Rv PZAse was estimated as 89.6 U · mg−1

protein (1 U = amount of PZAse required to produce 1 mmol
POA per minute), which is about sixfold the value that we
estimated. In another study,12 the 37% identical P. horikoshii
His-tagged PZAse showed an enzymatic activity of 17.3 mmol
POA · mg−1 protein · min−1, which is similar to what we found
in M. tuberculosis H37Rv. Another recent study working with
a His-tagged H37Rv PZAse35 estimated a Km value of 300 mM
(0.3 mM) and kcat value of 3.8 s

−1 (228 min−1) for pyrazinamide.
Although not identical, all estimates are similar or at least are
in the same order of magnitude as the ones measured in this
study. Discrepancies maybe caused by different facts such
as the level of purification of the enzymes to the different
enzymatic incubation periods. We verified that the linearity
of PZA hydrolysis is satisfied within the first 3 minutes of
reaction when using 3 mM pure enzyme; however, this result
may change if the level of purity is different.
The reactivation pattern of the wild-type H37Rv PZAse

showed that the percentage of recovered activity was highest
with Co (136%) followed by Mn (93.8%) and Zn (37%). If
recovered activities below 17% are neglected because of
biological non-significance, most of mutated PZAses showed
a similar pattern as the wild type (D12G, G24D, G78C,
T135P, and D136G). The high recovered activity in mutation
close to the metal-binding site G78C and in a lesser extent,
mutations D12A and D12G requires additional structural
analysis to understand this observation. We can speculate that
this mutation enhances the activity by an increased affinity to
the metals or alteration of the efficiency of the catalysis
at some point. PZAse mutants Y34D and F94L showed a
low reactivation (in the range considered as biologically non-
significant) with all the metals tested, although they were
enzymatically active before the metal depletion. Without a
structural analysis, we can speculate that these mutations,
although distant from the metal-binding site, could distantly
affect the metal coordination site structure and reduce the
affinity to metals under in vitro but not in vivo conditions.
PZAse mutants D49N and H51R did not show a detectable
activity either before or after the metal depletion. D49 and
H51 constitute, together with H71, the metal-binding site. The
change of the sign of charge (negative to positive) prevents
the coordination with a metal cation. Cu slightly reactivated
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the enzymatic activity of D12A (34.4%). Additional struc-
tural analysis is required to understand this observation.
The CD measurements did not reveal significant differ-

ences in terms of percentages of a-helices, b-sheets, turns, and
random coils content between the wild-type PZAse and the
investigated mutants. It is worth note that the disruption of
the metal-binding site as a result of the D49N and H51R muta-
tions, although provoking the inactivation of the enzyme,
leaves the secondary structure content of the protein virtually
unaltered. It is tempting to hypothesize that metal binding
may stabilize the tertiary structure of the enzyme without affect-
ing significantly the overall secondary structure composition or
the local structural determinants, thus explaining why the
enzymatic activity can be readily restored after metal depletion
by chelating agents.
The study by Du and others12 working in an homology

model based on the 37% identical P. horikoshii PZAse sug-
gested that M. tuberculosis PZAse has a metal-binding site
with an octahedral ligand structure coordinated by two histi-
dines (H51 and H71), one aspartic acid (D49), and three water
molecules.12 This coordination is characteristic of a Zn2+-binding
site in metalloproteins.39,43 Recently, the PZAse crystal struc-
ture of M. tuberculosis was determined (Protein Data Bank
3GBC). The crystal structure reveals a coordination of Fe2+

and Mn2+ in the metal-binding site; however, it was noted that
Mn2+ and Zn2+ were in alternate conformation. It is worthy of
note that both Fe2+ and Mn2+ have been included in the crystal-
lographic refinement with the very same positional coordinates
but an occupancy factor of 0.5. Another recent study reported
that the crystal structures of the PZAse from A. baumanii

cocrystallized with nicotinamide and pyrazinoic acid. The
analysis of PZAse from A. baumanii revealed the presence of
Fe and Zn in a 1:1 ratio, with trace of Mn.13

Furthermore, the Metalloprotein Data Base, which com-
piles the metalloproteins reported in the Protein Data Bank,44

shows that, among the 219 proteins reported with a metal
coordination site comprised by two histidines and one aspartic
acid, 101 proteins bind Zn2+, 56 proteins bind Fe2+, 24 pro-
teins bind Ni2+, 18 proteins bind Cd2+, 14 proteins bind Mn2+,
5 proteins bind Cu2+, and 1 protein binds Ca2+. These proteins
are classified within 10 classes of proteins, including ester-
ases, transferases, immunoglobulins, oxidoreductases, lyases,
dehydrogenases, toxins, blood clotting proteins, apoptosis
proteins, and hydrolases. Similarly, among the 332 proteins
reported with a metal coordination site comprised by three
histidines and one aspartic acid, 192 proteins bind Zn2+,
74 proteins bind Fe2+, 48 proteins bind Mn2+, 14 proteins bind
Cu2+, 2 proteins bind Cd2+, and 2 proteins bind Co2+. There-
fore, Zn2+ is very likely to be coordinated by a His-His-Asp
site such as the one present in the M. tuberculosis PZAse.
The concentration of proteins and metals in a typical cell

are about 10−6 M in a 1:1 ratio.45 Our results showed almost
300-fold more metal than enzyme was required to reactivate
the chelated PZAse in vitro under the experimental conditions
that we tested. This fact was also observed in other studies
with hydrolases46,47 in contrast to other metalloenzymes that
require lower concentrations of ions for their reactivation.46 It
is possible that, in vivo, the activation of a metal-depleted
wild-type PZAse may not be spontaneously favorable. The fact
that enzymatic activity was reconstituted by titration with metal
ions at unphysiologically high concentrations suggests that it is
possible that assisted mechanisms to favor metal coordination

by the M. tuberculosis PZAse are present in vivo. Thus, it is
possible that metal ions coordination with PZAse may be
mediated by a metallochaperone.48

Multidrug-resistant tuberculosis (MDR-TB) strains associ-
ated to the mutated PZAses D49N and H51R are highly
prevalent in Peru and are probably linked to epidemic clones
that were shown in a previous study.6,9,16 Consequently, the
reactivation of these strains would have meant a therapeutic
benefit, and its testing was of public health interest. Mutations
directly affecting the metal-binding site (D49N and H51R)
completely impaired the PZAse activity. The lack of activity
on these mutated enzymes confirms that D49 and H51 are
critical residues in the PZA hydrolysis. Unfortunately, none
of the tested metal ions were able to reactivate the enzymatic
activity in these mutated PZAses.

CONCLUSION

We found that the M. tuberculosis PZAse is a metallo-
enzyme. The level of enzyme reactivation depends on the
type of metal ion coordinated as well as the type of PZAse
mutation. Under the experimental conditions tested in this
study, the evidence shows that, in vivo, Zn2+ is likely to be
the most abundant metal coordinated by the His-tagged
wild-type PZAse. However, in vitro, PZAse could bind and
could be reactivated also by Co2+ and Mn2+. Therefore,
several metals could play the role of cofactors depending on
their availability in the local environment. An experimen-
tal clarification will pose an interesting challenge for future
structural and functional studies.
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