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ABSTRACT: Nicotinamidase/pyrazinamidase (PncA) is involved in the NAD™ salvage pathway of Mycobac-
terium tuberculosis and other bacteria. In addition to hydrolyzing nicotinamide into nicotinic acid, PncA also
hydrolyzes the prodrug pyrazinamide to generate the active form of the drug, pyrazinoic acid, which is an
essential component of the multidrug treatment of TB. A coupled enzymatic activity assay has been developed
for PncA that allows for the spectroscopic observation of enzyme activity. The enzyme activity was essentially
pH-independent under the conditions tested; however, the measurement of the pH dependence of
iodoacetamide alkylation revealed a pK value of 6.6 for the active site cysteine. Solvent deuterium kinetic
isotope effects revealed an inverse value for k,, of 0.64, reconfirming the involvement of a thiol group in the
mechanism. A mechanism is proposed for PncA catalysis that is similar to the mechanisms proposed for
members of the nitrilase superfamily, in which nucleophilic attack by the active site cysteine generates a
tetrahedral intermediate that collapses with the loss of ammonia and subsequent hydrolysis of the thioester
bond by water completes the cycle. An inhibitor screen identified the competitive inhibitor 3-pyridine
carboxaldehyde with a K; of 290 nM. Additionall?/, pyrazinecarbonitrile was found to be an irreversible
inactivator of PncA, with a kjyae/K; of 975 M~ 157,
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Nicotinamidase (PncA)' is responsible for the hydrolysis of
nicotinamide to nicotinic acid and ammonia in the NAD™
salvage pathway of Mycobacterium tuberculosis and other bac-
teria (Scheme 1) (/). This enzyme is of particular interest because
it also hydrolyzes the prodrug pyrazinamide (PZA) to the active
bactericidal compound pyrazinoic acid (2, 3). Mutations in the
pncA gene of M. tuberculosis have been shown to generate clinical
resistance to PZA (4—7). PZA, in combination with rifampicin
and isoniazid, is the current short course treatment for tubercu-
losis recommended by the World Health Organization (3, ). The
addition of PZA to this regimen leads to a significant reduction in
the length of chemotherapy, from >9 to 6 months (3). PZA has
been shown to inhibit M. tuberculosis fatty acid synthetase type 1
and disrupt both membrane function and acidification of the
cytoplasm, although its exact mechanism of bactericidal activity
still remains unclear (3, 9).

Recent studies have shed light on the biochemical activity (8)
as well as the structural details of PncA from Pyrococcus
horkoshii (10) and Acinetobacter baumanii (11); however, no
detailed kinetic analysis has been reported. Because of emerging
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antibiotic resistant strains of M. tuberculosis, a detailed under-
standing of the enzymatic activation of PZA is important.
Moreover, a detailed mechanistic and structural understanding
of all the enzymes involved in both the synthetic and salvage
pathways of NAD™" biosynthesis has the potential to produce
novel targets for the development of therapeutics for the treat-
ment of tuberculosis (/).

Previously, reported enzymatic activity assays for PncA in-
volved end point assays, in which the enzymatic reaction was
quenched at various time points and the mixture was separated
by HPLC; the peaks for substrate and product are then integrated
and compared to standards. We found this method both tedious
and time-consuming and sought to develop a simple, spectro-
scopic enzymatic assay. Toward this end, we have developed a
coupled enzymatic assay that allowed us to directly monitor the
steady-state enzymatic activity of M. tuberculosis PncA (MtPncA).
Using this assay system, we have characterized aspects of the
kinetics, mechanism, and inhibition by analogues of nicotinamide
and pyrazinamide.

MATERIALS AND METHODS

Materials. All chemicals, buffers, salts, and L-glutamic dehy-
drogenase (GDH) were purchased from Sigma-Aldrich Chemical
Co. (St. Louis, MO). All enzymes used for molecular biology
were supplied by New England Biolabs (Ipswich, MA). PCR
primers and Escherichia coli strain BL21(DE3) cells were ob-
tained from Invitrogen (Carlsbad, CA). Deuterated water
was obtained from Cambridge Isotope Laboratories (Andover,
MA). DNA sequencing was performed by Genewiz (South
Plainfield, NJ).

Cloning, Overexpression, and Purification of PncA. The
open reading frame of Rv2043C (pncA gene) was amplified from
M. tuberculosis H3TRv genomic DNA by standard PCR techniques
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Scheme 1: NAD™ Salvage (bottom) and de Novo (top) Pathways in M. tuberculosis
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using the primers 5-ATCCCGCTCATATGCGGCGTTGAT-
CATCGTCGAC-3 and 5¥-ATCCCGCTCTCGAGTCAGGAG-
CTGCAAACCAACTCGAC-3' containing the underlined Ndel
and Xhol restriction sites, respectively. The PCR product was
cloned into pET-28a(+), and the recombinant PncA was expressed
in E. coli strain BL21(DE3). From a 100 mL overnight culture,
5 mL was used to inoculate 1 L cultures of LB medium supple-
mented with kanamycin (50 ug/mL). Cultures were grown to
midlog phase (449 ~ 0.8), cooled to 18 °C, induced with 0.5 mM
IPTG, and further incubated overnight at 18 °C. Soluble expres-
sion of the protein was confirmed by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS—PAGE).

All protein purification steps were conducted at 4 °C. The cells
were harvested by centrifugation at 6000g, resuspended in 50 mM
HEPES (pH 7) containing 250 mM NaCl, 5 mM imidazole,
protease inhibitors, and DNase I (0.1 ug/mL), and stirred for
30 min. The cells were lysed by sonication, and the cellular debris
was removed by centrifugation at 18000g for 45 min. The
supernatant was loaded by gravity flow onto a Ni-NTA column
pre-equilibrated with resuspension buffer. The column was
washed by gravity flow with 5 column volumes of wash buffer
[50 mM Tris (pH 8.0) containing 250 mM NaCl and 60 mM
imidazole]. Bound protein was eluted by gravity flow of 1.5—2
column volumes of 50 mM Tris (pH 8.0) containing 250 mM
NaCl and 250 mM imidazole. The eluted protein was >95%
pure as judged by SDS—PAGE, and further purification was
judged to be unnecessary. The eluted protein was dialyzed
overnight against 2 L of 30 mM HEPES (pH 7.5) containing
50 mM NaCl and stored at —20 °C.

Preparation of the H57D Mutant. Site-directed mutagen-
esis of the pET-28a(+) plasmid by standard PCR techniques was
performed utilizing the primers 5-GACCCGGGTGACGAC-
TTCTCCGGCACA-3 and 5-TGTGCCGGAGAAGTCGT-
CACCCGGCTC-3'. The mutated plasmid was expressed and
purified as described above. DNA sequencing analysis was
performed by Genewiz.

Protein Estimation. The enzyme concentration was deter-
mined using an &g of 19940 M~" em™' for native PncA. The
concentration was also estimated by the Bio-Rad protein assay
method using bovine serum albumin as a standard, and the two
methods agreed favorably.

Measurement of Enzyme Activity by the Coupled Assay.
Initial velocities for the reaction of MPncA were determined by
monitoring the loss of absorbance at 340 nm associated with
oxidation of NADH to NAD" by L-glutamic dehydrogenase
(GDH) to produce glutamate from o-ketoglutarate. This reac-
tion consumes one molecule of ammonia; therefore, the produc-
tion of ammonia from the catalytic hydrolysis of nicotinamide or

Scheme 2: Coupled Enzymatic Activity Assay Used for Spec-
trophotometric Observation of Steady-State PncA Kinetics
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pyrazinamide by PncA is stoichiometric with NADH oxidation
(Scheme 2). In a typical assay, 100 mM HEPES (pH 7.5)
containing 5 mM a-ketoglutarate, 8 units of GDH, 200 uM
NADH, and various concentrations of substrate (nicotinamide
or pyrazinamide) were combined in a 1 mL cuvette. The reaction
was initiated by addition of PncA, typically at a final concentra-
tion of 37.5 nM, and the decrease in absorbance at 340 nm
was monitored at 25 °C for 8—10 min. Enzyme activities were
calculated using the molar extinction coefficient of NADH (e340=
6220 M~ em ™).

Measurement of Enzyme Activity with HPLC. We de-
termined PncA activity by HPLC by applying the reaction
mixture directly to a Mono Q anion exchange column and
separating the substrate and product using a linecar NaCl
gradient. In a typical assay, 100 mM HEPES (pH 8.0) containing
100 M nicotinamide and 37.5 nM PncA were combined at
25 °C. Addition of enzyme initiated the reaction, and at a
specified time point, the reaction mixture was directly applied
to an anion exchange column. A 100 mL NaCl gradient (from 0
to 1.2 M) afforded the separation of substrate and product, and
the amount of conversion of nicotinamide by PncA was calcu-
lated via comparison of peak areas to authentic standards.

Dependence of PncA Activity on pH. The pH dependence
of the kinetic parameters of PncA catalytic activity was deter-
mined using nicotinamide as the variable substrate. Activity was
monitored every 0.5 pH unit from pH 5.0 to 9.5, using the
following buffers: acetate for pH 5.0—5.5, MES for pH 5.5—6.7,
HEPES for pH 6.7—8.0, and TAPS for pH 8.0—9.5. The kinetic
parameters were determined using both spectrophotometric and
HPLC assays.

pH Dependence of Inactivation by lodoacetamide. A
solution (100 uL final volume) containing 6 uM PncA in
100 mM phosphate buffer at various pH values was treated at
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25°C with 150 uM iodoacetamide. Aliquots (6 #L) were removed
at various time points and added to a 1.0 mL solution contain-
ing 100 mM HEPES (pH 7.5), 5 mM nicotinamide, 5 mM
a-ketoglutarate, 8 units of GDH, and 200 uM NADH. The
enzyme activity was measured by monitoring the change in
absorbance at 340 nm as described above. The rate of inactiva-
tion was measured over a pH range of 5.5—8.0, and the data were
fit to the following equation using Prism

log V' =log{[YL + Yu(K/H)]/(1+ K/H)} (1)

where V' is the rate of inactivation, Y1 and Yy are the pH-
independent plateau values for the lower and upper regions,
respectively, K is the ionization constant, and H is the hydrogen
ion concentration.

Solvent Kinetic Isotope Effects. Solvent kinetic isotope
effects on V" and V/K were determined by measuring the initial
velocity of amide cleavage by PncA at various concentrations of
nicotinamide in either H,O or 98% D,0. The mixtures contained
100 mM HEPES (pH 8.0), nicotinamide (2.5—250 uM), 5 mM
a-ketoglutarate, 8 units of GDH, 200 uM NADH, and 37.5 nM
PncA. Assays were performed at 25 °C and were initiated by
addition of PncA. Solvent deuterium isotope effects were fitted to
the following equation:

V = (VA)/[KA(1 + FEy k) + A(1 + FEy)] (2)

where Ey and Eyk are the isotope effects on ke, — 1 and ke,y/
K., — 1, respectively, F; represents the fraction of isotope (0.98),
Vs the maximal velocity, and A is the concentration of substrate.
Inhibition Studies with PncA. Several substrate analogues
were tested as inhibitors of PncA using the coupled assay
described above. In the case of the reversible inhibitors, initial
velocities were measured while various concentrations of inhib-
itor were kept constant and the concentration of nicotinamide
was varied (from 250 to 10 uM). Time courses for each inhibitor
concentration were determined five times, and an average was
calculated and used for subsequent data analysis. The time
courses were fit to eq 3 for competitive inhibition kinetics:

appKn = Kn(1+1/K) (3)

where appK,, is the apparent Michaelis—Menten constant, K., is
the true Michaelis—Menten constant, /is the concentration of the
inhibitor, and Kj is the inhibitor dissociation constant.

In the case of the irreversible inhibitor pyrazinecarbonitrile
(PCN), PncA (5 uM) was incubated in 30 mM HEPES (pH 7.5)
containing 50 mM NaCl with various concentrations of PCN
(10—25uM), and at 0.5, 1, and 2 min, an aliquot was taken (6 uL)
and the remaining PncA activity was determined spectrophoto-
metrically with the coupled assay as described above. All mea-
surements were performed in triplicate and compared to a
control with no inhibitor. A Kitz—Wilson replot of the inactiva-
tion time course data was used to calculate the inactivation
kinetic parameters.

RESULTS AND DISCUSSION

Cloning, Expression, and Purification. PCR amplification
of the pncA gene of M. tuberculosis yielded a single fragment, and
DNA sequencing confirmed the expected sequence and the
absence of mutations introduced during PCR amplification.
Overexpression of the PCR product yielded a protein with an
apparent molecular mass in agreement with the expected mass
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(21 kDa) for MPncA, as judged by SDS—PAGE. Approxi-
mately 10 mg of purified enzyme was obtained per liter of culture.
The enzyme was monomeric as judged by gel filtration of the
purified protein.

Coupled Assay Development. To efficiently observe PncA
catalytic activity, we utilized the catalytic activity of glutamate
dehydrogenase (GDH), which converts a-ketoglutarate to glu-
tamate, consuming one molecule of ammonia and oxidizing one
molecule of NADH to NAD". The oxidation of NADH to
NAD™ produces a loss of absorbance at 340 nm, which can be
easily monitored spectrophotometrically (Scheme 2). By using
saturating concentrations of a-ketoglutarate and NADH and
high concentrations of GDH, we were able to directly monitor
the steady-state production of ammonia from the conversion of
nicotinamide or pyrazinamide to their respective acids by PncA.
To ensure that this assay was reliable, we compared the spectro-
photometric, coupled assay with the fixed-time HPLC assay and
demonstrated that similar kinetic constants were obtained with
the two methods.

Determination of the Kinetic Parameters. Utilizing the
coupled enzymatic assay, we determined the kinetic parameters
of MtPncA with both pyrazinamide and nicotinamide. With the
natural substrate nicotinamide, we determined a K, value of 14 &
1 uM and a k¢, value of 3.1 £ 0.1~ ! corresponding to a ke /Kin
value of 2.2 x 10° M~! 57! In the case of pyrazinamide, we
determined a K, value of 300 + 40 uM and a k,, value of 3.8 £+
0.1s7} corresponding to a ke, /Ky, value of 1.3 x 10°M sl Tt
is important to note that these values are similar to those we
determined with the previously mentioned end point HPLC
assay. Also, PncA is extremely specific for nicotinamide and
pyrazinamide, as we did not observe any enzymatic activity with
benzamide or 6-aminonicotinamide.

Metal Ion Content. PncA from a number of sources is a
divalent cation-dependent metalloenzyme reported to contain
Mn*", Fe*™, or Zn>" (8, 10). Our homogeneous preparations of
the enzyme exhibited a distinct blue-green color at high concen-
trations (> 2 mg/mL). The metal ion in the MPncA appears to
be tightly bound, and neither the addition of 5 mM EDTA nor
reported inhibitory metals (Zn** for M¢PncA) resulted in any
decrease in activity, although extensive dialysis versus EDTA has
previously been reported to generate an apoenzyme that could be
reconstituted with metal ion. In this report, the metal ion content
of the MrPncA was reported to include 0.44 and 0.47 mol of
Mn”" and Fe*", respectively, per mole of enzyme (8), and either
Mn*" or Fe*" added to apo-MPncA could restore activity.
When we performed EPR spectroscopy on our preparations, we
observed a typical six-line spectrum indicating the presence of
Mn”" bound to the enzyme (data not shown). On the basis of the
three-dimensional structures of the related P. horikoshii and A.
baumanii nicotinamidases (10, 11), and multiple-sequence align-
ment, the side chains of Asp49, His57, and His71 are the likely
metal ion ligands in the MPncA active site. These nitrogen- and
oxygen-containing ligands are commonly observed in metalloen-
zymes that bind either manganese or ferrous iron.

pH Dependence of the Kinetic Parameters. The pH
dependence of the deamidase reaction was measured over the
pH range of 5.0—9.5 using nicotinamide as the substrate. We did
not observe any significant effect of pH on either the maximal
velocity or the /Ky, value of nicotinamide. It is worth noting that
care was taken to ensure the coupling enzyme, GDH, was present
at sufficiently high concentrations to not be limiting across the
pH range studied. Further, at several points across the pH range,
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FiGure 1: pH profile of PncA with nicotinamide as the substrate.
Log keae vs pH (top) and log k../ Ky, vs pH (below). All data points
represent the mean of at least three separate sets of experiments.
Black squares are values collected from the end point HPLC assay
method, and white circles represent data collected with the enzyme-
coupled assay method.

the kinetic parameters were determined using the end point
HPLC assay, and the results were qualitatively equal at every
point tested, as seen in Figure 1.

The lack of pH dependence for the amidase reaction is an
intriguing result, as we had expected to see a pH dependence
involving deprotonation of the active site cysteine (see below).
Catalytic mechanisms proposed for PncA in the literature involve
base-assisted attack by a nucleophilic cysteine on the carbonyl
carbon of the substrate. This mechanism resembles the mecha-
nisms proposed for the nitrilase superfamily of enzymes (12). The
catalytic mechanism of nitrilases involves a nucleophilic cysteine,
a lysine that stabilizes the tetrahedral intermediate, and a gluta-
mate that acts as a general base catalyst (/2). These residues most
likely correspond to the conserved and essential Cys138, Lys96,
and Asp8 residues in M. tuberculosis PncA and other nicotina-
midases, where the glutamate is replaced with an aspartate.
Therefore, the enzyme catalytic mechanism most likely involves
the transfer of a proton from the cysteine thiol to the aspartate
group, which has been previously proposed (10, 11).

pH Dependence of the Inactivation by lodoacetamide.
Because PncA catalysis most likely involves a nucleophilic
cysteine residue, we wanted to probe if the thiol-specific labeling
agent, iodoacetamide, was an inactivator of PncA. Indeed,
iodoacetamide was found to be an inactivator of PncA, and
furthermore, incubation of PncA with iodoacetamide yielded a
time- and concentration-dependent lost of enzymatic activity that
was first-order over more than 30 min. The inactivation proved to
be pH-dependent, as one can see in Figure 2. The inactivation
rate was increased as the pH of the solution was increased from
~6to 8, but at pH > 8§, the rate of inactivation reached a plateau.
Fitting the data to eq 1 revealed the change in the inactivation
rate was due to a single ionizable group, with a pK value of 6.6,
reflecting the pK of the active site, nucleophilic Cys138 in the free
enzyme.

Solvent Kinetic Isotope Effects. Solvent kinetic isotope
effects were determined by measuring the initial velocities in both
H>0 and 98% D,O at seven different concentrations of nicoti-
namide. These experiments were performed at pH 8.0, where
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Ficure 2: pH dependence of iodoacetamide inactivation of PncA.
Dots represent experimentally determined values; the line represents
a calculated fit as detailed in Materials and Methods.
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FIGURE 3: Solvent deuterium isotope effects. Circles and squares
represent experimentally determined values [(O) in the presence of
H,O and (M) in the presence of 98% D,0] (top). Proton inventory of
the solvent kinetic isotope effects. Nicotinamide was used as the
substrate under saturating conditions, and the amount of D,O was
varied from 0 to 98% (bottom).

both V" and V/K were judged to be maximal and independent
of pH. As Figure 3 reveals, "k, was inverse, with a value of
0.64 £ 0.02. However, the solvent isotope effect did not have a
statistically significant effect on kg, /Ky, as it was determined to
be 1.1 £0.1. Fractionation factors of most enzymatic groups that
participate in acid—base chemistry are normal, or above 1.
However, inverse solvent kinetic isotope effects are often asso-
ciated with the participation of thiol groups in acid—base
chemistry (13, 14). Thiols are known to exhibit inverse fractiona-
tion factors (solvent equilibrium isotope effects) in the range of
0.4—0.6 (13), and we suggest the inverse fractionation factor of
the catalytic cysteine of MPncA is responsible for the inverse
solvent kinetic isotope effect on k., as the nucleophilic thiolate
anion is required for attack on the carbonyl carbon of nicotina-
mide.

A proton inventory was performed to determine the proton
multiplicity that is present in the solvent kinetic isotope effect.
The proton inventory was determined under saturating condi-
tions of nicotinamide, and the percent of D,0 was varied from 0
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Scheme 3: Proposed Mechanism of Catalysis of MtPncA

Biochemistry, Vol. 49, No. 44, 2010 9617

Cys1ag H
A CYS138
Co S 0)
© —_— o
s
F | NH, o\“/\Asps O/\ \“/\Aspa
SN 0 N NH;
| h?‘l 1
i 3 | 3 NH
© © N g
Lysgs Lysge \Gé Cys13g
g
=
4, U Ase
\N A<"H+—" 0
i )
NH ! NH3
(Cysws NH\ '/ . @
RS YS13g Lys
o S :& YSg6
H &) B E—— S
I/l OH OY\ASPS O\-V H’O\n/\AspB
X
: ® ©° '.“
: NHg ! NH3
@ Lysgg @ Lysgg

to 98% in increments of 10%. As shown in the bottom panel of
Figure 3, the linearity exhibited by the proton inventory demon-
strates that one proton is being transferred in the isotopically
sensitive step, and the negative slope confirms the inverse nature
and magnitude of the solvent kinetic isotope effect observed on kcy.

Comparing Mycobacterium bovis PncA. M. bovis expresses
a pncA gene that contains a single mutation resulting in an
aspartic acid replacing His57 of PncA (H57D). Further, M. bovis
has been shown to be innately resistant to treatment by pyrazi-
namide. His57 has been proprosed to be directly involved in
metal binding of the Mn”" in several PncA’s for which three-
dimensional structures are known, and literature reports that this
mutant is unable to bind metal. This results in a substantial
decrease in enzymatic activity, although to the best of our
knowledge, the kinetic properties of M. bovis PncA have not
yet been reported. Toward this end, we employed site-directed
mutagenesis to express and purify the H57D mutant as detailed in
Materials and Methods. As expected, we observed a loss of the
Mn*" signal in the EPR spectrum of the H57D mutant (data not
shown). The mutant is not, however, completely inactive. With
nicotinamide as the substrate, we determined the K, value to be
13 4+ 2 uM and the k., value to be 0.50 £ 0.01 s corresponding
to a keay/ Ky value of 3.7 x 10*M~'s™!. This represents a 6-fold
decrease in the observed catalytic turnover of the substrate by the
mutant, but interestingly, we did not observe a change in the K,
for nicotinamide. Using the substrate pyrazinamide, we deter-
mined a K, value to be 16 + 4 uM and a ke, value of 0.10 £
0.01s™", corresponding to a key/Kyy value of 6.2 x 10° M~ '™,
For pyrazinamide, both the K, value and the k., value have been
decreased 20- and 38-fold, respectively, for the H57D mutant.
The 38-fold decrease in k., for pyrazinamide is likely enough to
account for the resistance of M. bovis to the bactericidal effects of
pyrazinamide.

Catalytic Mechanism of PncA. There has been some
disagreement in the literature about the catalytic mechanism of
PncA. The earliest mechanistically relevant report came from Du
et al. (10), who reported the crystal structure of the P. horikoshii
nicotinamidase (PhPncA). The overall structure was most similar

to that of N-carbamoylsarcosine amidohydrolase from Arthro-
bacter sp. and contained the active site catalytic triad of con-
served residues (Cys133, Arg84, and Asp19). Further, they found
the protein was a monomer and the active site contained a Zn*"
ion. On the basis of the crystal structure, Du et al. proposed a
mechanism that involves nucleophilic attack by the active site
Cys to form a tetrahedral intermediate and subsequent loss
of ammonia that yields an acyl intermediate. Hydrolysis was
proposed to occur by the subsequent attack from a Zn**-bound
hydroxide ion to give the free enzyme and product.

Following this initial report, Zhang et al. reported a char-
acterization of M. tuberculosis nicotinamidase (MtPncA) (8).
They found M7PncA to be a monomer, and the protein contained
Mn”" or Fe*" in an approximate 0.5:0.5 molar ratio. Zinc did not
restore amidase activity when incubated with the apoenzyme and
was also inhibitory to the wild-type enzyme. Site-directed muta-
genesis of several residues of MtPncA showed that the triad of
Cys138, Asp8, and Lys96 was essential for catalytic activity, as
the mutants C138A, DSA, and K96A completely lost amidase
activity but retained the ability to bind metal. Further, Asp49,
His51, His57, and His71 were deemed likely to be directly
involved in metal binding as mutation of any of these residues
caused the complete loss of metal from the protein.

Most recently, Fyfe et al. reported the crystal structure of 4.
baumanii PncA (4bPncA) and found it to be a dimer that
contained either Fe*" or Zn>" in a roughly 0.5:0.5 molar ratio
(11). They proposed a mechanism of catalysis that involves
nucleophilic attack of the active site cysteine that is aided by
stabilization of the tetrahedral intermediate by an oxyanion hole
formed from the backbone amides of Cysl159 and Alal55
(AbPncA numbering). Aspl6 was proposed to deprotonate
Cys159 to initiate catalysis and to donate a proton to aid the
release of NH; during the tetrahedral intermediate collapse to
form the thioester acyl intermediate. Water is then activated by
proton abstraction by Aspl6 for nucleophilic attack on the
covalent acyl—enzyme intermediate to yield a thiolate and
nicotinic acid. Transfer of a proton from Asp16 to the active site
cysteine completes the catalytic cycle.
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On the basis of our data, we propose the catalytic mechanism
of M. tuberculosis PncA is most similar to the mechanism recently
proposed for AbPncA. As one can see in Scheme 3, the catalytic
mechanism involves an initial proton equilibrium between
Cys138 and the ionized Asp8, yielding the nucleophilic thiolate
that attacks the carbonyl of the amide substrate to produce a
tetrahedral intermediate. The ionization state of Asp§ is very
likely to be strongly influenced by the adjacent Lys96. This first
step is clearly the one that is reported by the inverse solvent
kinetic isotope effect on k.. In the free enzyme, the pK value of
Cys138 (or more appropriately the Cys138—Asp8 pair) is close to
6.6. However, when the substrate binds, the ionization behavior
of these residues is substantially altered, causing the pK value to
shift downward, and out of the experimentally accessible range.
Even at the lower pH extremes, only a small decrease in k., is
observed.

In the second step, the productive collapse of the tetrahedral
intermediate is assisted by protonation of the amine to generate
ammonia and the covalent Cys138 thioester. The departing
ammonia is replaced with a water molecule, which is activated
for attack on the thioester by the ionized carboxylate of AspS8.
Reaction of water with the thioester generates the second

Table 1: Inhibition Constants for PncA of Several Structural Analogues

Inhibitor Ki (uM)
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tetrahedral intermediate, which in the final step decomposes to
generate the final aryl carboxylic acid product. Productive
decomposition is again facilitated by the transfer of a proton
from the protonated carboxyl of Asp8, regenerating the active
site residues in their original ionization state.

Inhibition of PncA. It has been well established that current
antitubercular drugs have either a reduced or a minimal effect on
latent, nonreplicating bacilli, which leads to long treatment
therapy and contributes to the appearance of multiple drug-
resistant strains (/, 15). It has been reported that the NAD™
salvage pathway is upregulated in M. tuberculosis under condi-
tions of hypoxia (/). Inhibition or disruption of both the NAD™"
salvage and de novo pathways is an interesting option for
targeting both active and latent tuberculosis.

Toward this end, we performed a screen of nicotinamide
analogues to search for possible inhibitors of PncA. As shown
in Table 1, the screen resulted in several competitive inhibitors
with inhibition constants in the micromolar to submicromolar
range. The most potent inhibitor, 3-pyridine carboxaldehyde,
exhibited a K; value of 290 nM. All of the inhibitors tested were
reversible, competitive inhibitors, with one exception. Unlike the
other inhibitors, pyrazinecarbonitrile (PCN) is an irreversible
inactivator of PncA. Incubation of the enzyme with PCN resulted
in a time- and concentration-dependent loss of enzymatic
activity (Figure 4, left), and enzymatic activity is not restored
upon removal of excess inactivator or prolonged dialysis. A
Kitz—Wilson replot of the inactivation data (Figure 4, right) gave
a kinaer 0 0.06 £ 0.01 s !, and a K; of 61 £ 3 uM. This gives an
apparent second-order rate constant for the inactivation of the
enzyme by PCN (kinae/Ki) of 975 M~ s~ !, Interestingly, the
nicotinamide analogue of PCN, 3-pyridinecarbonitrile, is a re-
versible, competitive inhibitor of PncA with a K; of ~100 uM.
Neither compound is a substrate for the enzyme. Given the
conserved nature of the catalytic residues in deamidases, such as
nicotinamidase, and bona fide nitrilases in the nitrilase super-
family, it is curious that PCN is an irreversible inactivator of
PncA. Nitrilases use the catalytic cysteine to attack the carbon
atom of the cyano group, generating initially the thioimine, which
upon hydrolysis yields the thioester, an intermediate in both
reactions. The mechanism by which PCN inactivates the enzyme
is currently under investigation, as is the compound’s ability to
inhibit NAD™ biosynthesis in microorganisms.

Conclusion. M. tuberculosis is responsible for more deaths
worldwide than any other bacterial infection (/6). It is therefore
important to expand our understanding of the activation of
the front-line antibiotic, pyrazinamide, as well as to improve
our understanding of the NAD™ salvage pathway. This work
provides a detailed examination of the chemical and kinetic
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FIGURE 4: Semilog plot of the time courses for the inactivation of PncA with various concentrations of pyrazine carbonitrile (left). Kitz—Wilson

replot of the inactivation data (right).
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mechanism of PncA, the amidase that is serendipitously respon-
sible for the activation of a major TB therapeutic drug, pyrazi-
namide. The NAD™ salvage and de novo pathways are
essential to both latent and active TB, and efforts to develop
new therapeutics that target enzymes in these pathways in
M. tuberculosis are emerging.
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