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The mechanism of action of pyrazinamide (PZA) is not known. One hypothesis is that PZA functions as a
prodrug of pyrazinoic acid. Susceptibility to PZA correlates with amidase activity of the Mycobacterium
tuberculosis isolate in question. PZA-resistant isolates retain susceptibility in vitro to pyrazinoic acid and
n-propyl pyrazinoate. Esters of pyrazinoic acid appear to circumvent the requirement for activation by
mycobacterial amidase. The MICs of n-propyl pyrazinoate for M. tuberculosis isolates are lower than those of
pyrazinoic acid. Further studies to assess the effects of modifications of the alcohol and pyrazine moieties of
pyrazinoate esters on in vitro and in vivo antituberculosis activity are under way. This may lead to a candidate
compound with enhanced activity against both PZA-susceptible and PZA-resistant M. tuberculosis isolates
suitable for clinical development.

Pyrazinamide (pyrazinoic acid amide) (PZA) is a first-line
agent for the treatment of tuberculosis (1, 5) and an essential
element of experimental preventive therapy regimens (7, 12).
Despite a lack of demonstrable in vitro activity with media at
pH 6.6, this nicotinamide analog was shown to have activity in
animal models of tuberculosis (6, 14). Subsequent demonstra-
tion of activity in vitro required the use of an acid medium,
generally at pH 5.0 to 5.5 (16). PZA was first used in the
treatment of pulmonary tuberculosis in humans in 1949 (20).
The mechanism of action of PZA is not known. It appears

that PZA functions as a prodrug of pyrazinoic acid (PA) and is
converted to PA intracellularly. However, the biochemical ba-
sis for the antituberculosis activity of PA has not been estab-
lished (8, 13, 16). While PZA-susceptible and PZA-resistant
isolates are generally susceptible to PA in vitro, the acid does
not appear to have activity in vivo (10).
Susceptibility to PZA correlates with amidase activity of the

Mycobacterium tuberculosis isolate in question (2, 10, 15). The
majority of PZA-resistant isolates of M. tuberculosis have de-
creased or no amidase activity and are presumably unable to
convert PZA to the active agent. One purpose of the present
study was to assess the qualitative and quantitative amidase
activities of a series of M. tuberculosis isolates. Isolates were
chosen to encompass a range of in vitro susceptibilities to PZA.
Selected nontuberculous mycobacterial isolates were also eval-
uated for amidase activity.
A second purpose of the present study was to further eval-

uate the in vitro activity of n-propyl pyrazinoate (nPPA)
against a series of PZA-susceptible and PZA-resistant isolates
of M. tuberculosis. A series of esters of PA previously synthe-
sized demonstrated enhanced in vitro activity against both
PZA-susceptible and PZA-resistant M. tuberculosis isolates
(3). We hypothesized that PA esters would not require activa-
tion by amidase but would be converted to PA by mycobacte-
rial esterase. Susceptibility to nPPA was evaluated in parallel
with susceptibilities to PZA and PA. Evaluation of amidase

activity of mycobacterial isolates coupled with determination
of in vitro susceptibilities to PZA, PA, and nPPA may help
delineate a possible mechanism(s) of action and potential
mechanisms of resistance to PZA.

MATERIALS AND METHODS

Mycobacterial isolates. Isolates of M. tuberculosis, M. bovis, and M. microti
were kindly provided by Margaret Weginbothom (National Tuberculosis Refer-
ence Laboratory, Cardiff, Wales), Leonid B. Heifets (Mycobacteriology Clinical
Reference Laboratory, National Jewish Center for Immunology and Respiratory
Medicine, Denver, Colo.), Adalbert Laszlo (National Reference Center for Tu-
berculosis, Ottawa, Canada), and Salman H. Siddiqi (Becton Dickinson Diag-
nostic Instrument Systems, Sparks, Md.).M. tuberculosisDOL,M. kansasii S, and
M. kansasii P were obtained as clinical isolates from patients at the Veterans
Affairs Medical Center and the State University of New York Health Science
Center, Syracuse, N.Y. Additional strains of M. bovis (ATCC 27289 and ATCC
35720) and M. tuberculosis (ATCC 25618, ATCC 35828, ATCC 27294, and
ATCC 35801) were obtained from the American Type Culture Collection, Rock-
ville, Md.
Drugs. PZA was obtained from Sigma Chemical Company, St. Louis, Mo. PA

was obtained from Aldrich Chemical Company, Milwaukee, Wis. nPPA was
synthesized as previously described (3).
Stock solutions were prepared by dissolving each compound in modified 7H10

broth (7H10 agar formulation with agar and malachite green omitted), pH 5.8,
with 10% oleic acid-albumin-dextrose-catalase (OADC) enrichment (Difco Lab-
oratories, Detroit, Mich.) at a concentration of 2,048 mg/ml. Stock solutions were
sterilized by passage through a 0.22-mm-pore-size membrane filter. Stock solu-
tion of PA was adjusted to pH 5.8 with 1 N KOH prior to sterilization. Serial
twofold dilutions of each compound were made in modified 7H10 broth (con-
centrations ranged from 2,048 to 0.5 mg/ml).
Susceptibility testing. Mycobacteria were grown in modified 7H10 broth, pH

6.6, with 10% OADC enrichment and 0.05% Tween 80 (18). Cell suspensions
were diluted in modified 7H10 broth, pH 5.8, to yield 2 Klett units/ml (Klett-
Summerson colorimeter; Klett Manufacturing, Brooklyn, N.Y.) or approximately
106 CFU/ml. A 0.1-ml volume of culture suspension was added to each tube
containing drug in 1.9 ml of modified 7H10 broth, pH 5.8, yielding a final
inoculum of approximately 53 104 CFU/ml. Susceptibility testing was performed
with modified 7H10 broth, pH 5.8, because some isolates of M. tuberculosis grow
poorly at pH 5.6, the standard pH used for susceptibility testing in agar. Inocu-
lum size was determined by titration and counting from duplicate 7H10 agar
plates (BBL Microbiology Systems, Cockeysville, Md.). A tube without drug was
included for each isolate as a positive control. Tubes were incubated on a rotary
shaker (190 rpm) at 378C for 2 to 4 weeks. The MIC was defined as the lowest
concentration of drug that yielded no visible turbidity.
Qualitative niacin test. Tubes containing 10 ml of 7H10 agar (BBL Microbi-

ology Systems) with 0.05% glycerol, 0.25% L-asparagine (Sigma Chemical Com-
pany), and 10% OADC enrichment were prepared (9, 21). The agar was allowed
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to solidify with the tubes in an upright position. Each tube was inoculated with
0.1 ml of heavy culture suspension. Tubes were incubated at 378C for 4 weeks.
A 1.5-ml volume of distilled water was added to each tube to permit extraction

of niacin. After 30 min, a 0.6-ml aliquot of the water was removed and placed in
a test tube (16 by 100 mm). A niacin test strip (Difco Laboratories) was placed
in each test tube and allowed to react for 15 min. Development of a yellow color
indicated production of niacin (9, 21). Known niacin-negative and niacin-positive
culture suspensions were included with each experiment as controls.
Qualitative pyrazinamidase test. Tubes containing 10 ml of 7H10 agar with

0.05% glycerol and 0.1% PZA were prepared for pyrazinamidase detection by
the Wayne method (19). Each tube was inoculated with 1 ml of heavy culture
suspension, and tubes were incubated at 378C for 4 days.
A 1-ml volume of freshly prepared 1% ferrous ammonium sulfate solution was

added to each tube. Samples were allowed to stand at 48C for 4 h. The appear-
ance of a pink band in the agar indicated pyrazinamidase activity. Positive and
negative controls were included with each experiment.
HPLC assays for esterase and pyrazinamidase. The high-performance liquid

chromatography (HPLC) system consisted of a model AS-100 automatic sam-
pler, a model CR501 Chromatopac integrator (both from Bio-Rad Laboratories,
Hercules, Calif.), an LDC miniPump (LDC Analytical, Riviera Beach, Fla.), and
a Dynamax UV-C absorbance detector (Rainin Instrument Co., Inc., Woburn,
Mass.). A mBondapak C18 column (Waters Associates, Inc., Milford, Mass.) was
used to achieve separation of the desired compounds. A 50% methanol isocratic
mobile phase was used at a flow rate of 1 ml/min. PA and other compounds
containing the PA moiety were detected by A270. Standard curves from 1 to 100
mg/ml were made in modified 7H10 broth, pH 6.6, for each analyte (detection
limit, 1 mg/ml). Injection volumes were 50 ml in all experiments.
Mycobacterial suspensions were grown in modified 7H10 broth to between 100

and 400 Klett units/ml. Titers of aliquots of cell suspensions were determined in
duplicate on 7H10 agar to ascertain the initial viable cell count. A 1-ml sample
of a stock solution (1 mg/ml) of either PZA or nPPA was added to 9 ml of culture
suspension. Culture tubes were incubated on a rotary shaker at 378C. Aliquots
were taken at 0.5 h for esterase assay and at 6 h for pyrazinamidase assay.
Samples were passed through a 0.22-mm-pore-size membrane filter and frozen at
2208C until analyzed. Results are expressed as nanomoles per hour per 108

CFU.

RESULTS

In vitro susceptibility. The broth dilution MICs of PZA, PA,
and nPPA for the M. tuberculosis isolates (n 5 30) are shown
in Table 1. The MIC range for PZA was from #4 to .2,048
mg/ml. The MIC ranges for PA and nPPA were from #1 to 32
mg/ml and from #0.5 to 32 mg/ml, respectively.
Qualitative niacin test. Results of the niacin test for the M.

tuberculosis isolates are shown in Table 1.
Qualitative pyrazinamidase tests. Results of the qualitative

pyrazinamidase tests, done by the Wayne agar method and
HPLC assay, are shown in Table 1. There was good agreement
between the two methods. Only isolate CDC89 tested amidase
negative by the agar method and had amidase activity detected
by HPLC.
HPLC assays for esterase and pyrazinamidase. All M. tu-

berculosis and nontuberculous isolates exhibited esterase activ-
ity as detected by HPLC (data not shown). A comparison of
the breakdown rates of PZA and nPPA by PZA-susceptibleM.
tuberculosis ATCC 27284 demonstrated that ester hydrolysis
was significantly more rapid than PZA deamidation (data not
shown).
Results for quantitative pyrazinamidase activity determined

by HPLC assay are noted in Table 2. The average pyrazinami-
dase activity is inversely related to the MIC of PZA for M.
tuberculosis isolates. Neither PZA nor nPPA was hydrolyzed
when assayed in 7H10 broth in the absence of mycobacterial
cells.
Evaluation of nontuberculous mycobacterial isolates. The

broth dilution MICs of PZA, PA, and nPPA for the six non-
tuberculous isolates are shown in Table 3. Results for niacin
tests and pyrazinamidase tests are noted in the same table.

DISCUSSION

The MICs of PA and nPPA for M. tuberculosis are more
favorable than are those of PZA. PZA-resistant isolates (ex-
cept T494) retain susceptibility in vitro to PA and nPPA. This
supports the hypothesis that esters of PA can circumvent the
requirement for activation by mycobacterial amidase. The
MICs of nPPA for M. tuberculosis are the same or one- to
fivefold lower than those of PA. This suggests that the bio-
chemical basis for antituberculosis activity of PA (and hence
PZA) is not simply the reduction in pH caused by the PA
moiety (7). An alternate explanation could be that PA and
nPPA are transported more efficiently than PZA into the my-
cobacterial cell.

TABLE 1. MICs of drugs used in this study and results of
pyrazinamidase and niacin tests

M. tuberculosis
strain

MIC (mg/ml)a of: Result of test for:

PZA PA nPPA
Pyrazinamidase

Niacin
Agar HPLC

CDC89 #4 1 #0.5 2 1 1
CDC72 8 #1 #0.5 1 1 1
M142 8 8 4 1 1 2
T2603 16 16 8 1 1 2
T2614 32 8 4 1 1 1
DOL 32 32 4 1 1 1
H6777 32 4 1 1 1 2
ATCC 27294 32 32 4 1 1 1
ATCC 25618 64 16 8 1 1 1
M4597 64 32 2 1 1 1
ATCC 35801 128 32 8 1 1 1
F7091 256 32 16 1 1 1
H6128 256 32 16 1 1 1
W6126 256 32 16 1 1 2
DHMH 444 256 32 4 2 2 1
CA516 512 8 1 2 2 2
W11053 512 8 1 2 2 1
H3652 1,024 #8 #8 2 2 2
M4812 2,048 16 8 2 2 1
DHMH 5207 .2,048 16 1 2 2 2
DHMH 4319 .2,048 16 2 2 2 1
W4693 .2,048 32 32 2 2 2
T5721 .2,048 32 32 2 2 1
ATCC 35828 .2,048 32 32 2 2 1
M4809 .2,048 32 8 2 2 1
VA 205 .2,048 32 16 2 2 1
DHMH 6577 .2,048 32 4 2 2 1
BDDIS 20 .2,048 32 16 2 2 1
CDC-BP-98 .2,048 32 16 2 2 1
T494 .2,048 128 4 2 2 1

a Determined in modified 7H10 broth.

TABLE 2. Relationship between MIC of PZA and
pyrazinamidase activity

MIC of PZA
(mg/ml) n Avg pyrazinamidase

activitya

#4 1 50
8 2 45
16 1 34
32 4 30
128 1 20
256 5 5

$512 16 0

a Expressed as nanomoles of PA per hour per 108 CFU.
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Mycobacterial amidase (pyrazinamidase or nicotinamidase)
catalyzes the conversion of PZA to PA and nicotinamide to
nicotinic acid (niacin) (17). The crucial mycobacterial amidase
has not been isolated or characterized. Results of the qualita-
tive niacin test do not agree with the results of the pyrazinami-
dase assays. Four PZA-susceptibleM. tuberculosis isolates (iso-
lates M142, T2603, H6777, and W6126, all with detectable
pyrazinamidase activity) were niacin negative. Conversely, 12
of 16 PZA-resistant isolates (MIC, $512 mg/ml), none with
detectable pyrazinamidase activity, produced niacin. The nia-
cin test detects niacin and nicotinamide (11). Furthermore, the
niacin test measures traffic over the NAD pathway rather than
a specific enzymatic step in the NAD pathway (nicotinamide
deamination) as measured by the nicotinamidase or pyrazin-
amidase assay.
Results of the pyrazinamidase tests, done by the Wayne agar

method and HPLC assay, are in good agreement. Only M.
tuberculosis isolate CDC89 tested amidase negative by the agar
method and had amidase activity detectable by HPLC. Quan-
titation of pyrazinamidase activity shows an inverse relation-
ship between the MIC of PZA and average pyrazinamidase
activity as measured by production of PA.
The results for the nontuberculous mycobacterial species are

of interest. Isolates of M. bovis and M. kansasii are resistant to
PZA in vitro, the MIC being$2,048 mg/ml. Despite the in vitro
resistance, pyrazinamidase activity was detectable by the
HPLC method for one of three M. bovis isolates and for both
M. kansasii isolates. This suggests an alternative mechanism of
resistance to PZA for the nontuberculous species, such as
decreased transport (4) or enhanced efflux. Each of the M.
bovis and M. kansasii isolates tested was niacin negative. Both
PA and nPPA are active in vitro against PZA-resistantM. bovis
and M. kansasii. Results noted for M. microti, a PZA-suscep-
tible species closely related to M. tuberculosis, are similar to
those for PZA-susceptible M. tuberculosis.
Further studies to assess the effects of modifications of the

alcohol and pyrazine moieties of the pyrazinoate esters on in
vitro antituberculosis activity are under way. This work may
lead to a candidate compound with enhanced activity against
both PZA-susceptible and PZA-resistant M. tuberculosis iso-
lates, in addition to further delineating the mechanism of ac-
tion of PZA and potential mechanisms of resistance to PZA.
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TABLE 3. Results for nontuberculous mycobacteria

Isolate
MIC (mg/ml) of:

Result of test for:

Pyrazinamidase
Niacin

PZA PA nPPA Agar HPLC

M. bovis 35720 2,048 8 32 2 1 2
M. bovis 27289 .2,048 32 32 2 2 2
M. bovis T7941 .2,048 16 8 2 2 2
M. kansasii S .2,048 256 128 2 1 2
M. kansasii P 2,048 512 128 2 1 2
M. microti NT206 128 32 32 1 1 1
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