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Sputum PCR-Single-Strand Conformational Polymorphism Test for
Same-Day Detection of Pyrazinamide Resistance in
Tuberculosis Patients”

Patricia Sheen,! Melissa Méndez,! Robert H. Gilman,!? Lizeth Pefia,! Luz Caviedes,! Mirko J. Zimic,>
Ying Zhang,* David A. J. Moore,">> and Carlton A. Evans!?>*

Laboratory of Infectious Diseases Research, Departrent of Microbiology, Faculty of Sciences, Universidad Peruana Cayetano Heredia,
Limna, Peru'; Departrnent of International Health, Johns Hopkins Bloomberg School of Public Health, Johns Hopkins University,
Baltimore, Maryland?; Laboratory of Bioinformatics, Department of Biochernistry and Molecular Biology, Faculty of Sciences,
Umverstdad Peruana Cayetano Heredia, Lima, Peru®; Department of Molecular Microbiology and Immunology,
Johns Hopkins Bloomberg School of Public Health, Johns Hopkins University, Baltimore, Maryland®; and
Wellcome Trust Centre for Clinical Tropical Medicine, Department of Infectious Diseases & Immunity,

Imperial College London Harmmersmith Hospital Campus, London, United Kingdom®

Received 16 August 2008/Returned for modification 27 October 2008/Accepted 8 June 2009

Pyrazinamide is a first-line drug for treating tuberculosis, but pyrazinamide resistance testing is usually too slow
to guide initial therapy, so some patients receive inappropriate therapy. We therefore aimed to optimize and
evaluate a rapid molecular test for tuberculosis drug resistance to pyrazinamide. Tuberculosis PCR—single-strand
conformational polymorphism (PCR-SSCP) was optimized to test for mutations causing pyrazinamide resistance
directly from sputum samples and Mycobacterium tuberculosis isolates. The reliability of PCR-SSCP tests for sputum
samples (7 = 65) and Mycobacterium tuberculosis isolates (n = 185) from 147 patients was compared with four tests
for pyrazinamide resistance: Bactec-460 automated culture, the Wayne biochemical test, DNA sequencing for pncA
mutations, and traditional microbiological broth culture. PCR-SSCP provided interpretable results for 96% (46/48)
of microscopy-positive sputum samples, 76% (13/17) of microscopy-negative sputum samples, and 100% of Myco-
bacterium tuberculosis isolates. There was 100% agreement between PCR-SSCP results from sputum samples and
Mycobacterium tuberculosis isolates and 100% concordance between 50 blinded PCR-SSCP rereadings by three
observers. PCR-SSCP agreement with the four other tests for pyrazinamide resistance varied from 89 to 97%. This
was similar to how frequently the four other tests for pyrazinamide resistance agreed with each other: 90 to 94% for
Bactec-460, 90 to 95% for Wayne, 92 to 95% for sequencing, and 91 to 95% for broth culture. PCR-SSCP took less
than 24 hours and cost approximately $3 to $6, in contrast with the other assays, which took 3 to 14 weeks and cost
$7 to $47. In conclusion, PCR-SSCP is a relatively reliable, rapid, and inexpensive test for pyrazinamide resistance
that indicates which patients should receive pyrazinamide from the start of therapy, potentially preventing months
of inappropriate treatment.
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Peruvian and globally reported amino acid substitutions on the Mycobacterium
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ABSTRACT

Resistance to pyrazinamide in Mycobacterium tuberculosis is usually associated with a reduction of
pyrazinamidase activity caused by mutations in pncA, the pyrazinamidase coding gene. Pyrazinamidase
is a hydrolase that converts pyrazinamide, the antituberculous drug against the latent stage, to the active
compound, pyrazinoic acid. To better understand the relationship between pncA mutations and
pyrazinamide resistance, itis necessary to analyze the distribution of pncA mutations from pyrazinamide
resistant strains.

We determined the distribution of Peruvian and globally reported pncA missense mutations from M.
tuberculosis clinical isolates resistant to pyrazinamide. The distributions of the single amino acid
substitutions were compared at the secondary structure domains level. The distribution of the Peruvian
mutations followed a similar pattern as the mutations reported globally. A consensus clustering of
mutations was observed in hot-spot regions located in the metal coordination site and to a lesser extent
in the active site of the enzyme.

The data was not able to reject the null hypothesis that both distributions are similar, suggesting that
pricA mutations associated to pyrazinamide resistance in M. tuberculosis, follow a conserved pattern
responsible to impair the pyrazinamidase activity.

@ 2009 Elsevier B.V. All rights reserved.




Causal pathway
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Mutated

PZ Ase a-helix (%) p-sheet(%s) Tumn(%) Random coil(%) Mutation type
WT 19 30 20 30
DI12G 23 33 21 22 Close to the catalytic site and the metal binding site
DI2A 24 26 22 29 Close to the catalytic site and the metal binding site
Distant from the catalytic site and the metal binding
G24D 16 32 19 34 site
D49N 34 22 18 25 Metal binding site
HSIR 33 23 18 26 Metal binding site
T76P 33 29 16 22 Close to the metal binding site
G78C 35 19 18 28 Close to the metal binding site
Distant from the catalytic site and the metal binding
F94L 22 25 20 32 site
Distant from the catalytic site and the metal binding
L116P 21 21 17 41 site
T135P 29 17 17 38 Close to the catalytic site

Molar Ellipticity

-8
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—HB1R
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Wavelenght (nm)




Other factors are required to explain the
remaining variability of PZA resistance
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ARTICLE INFO SUMMARY
ﬂﬂic!t’ history: Resistance of Mycobacterium tuberculosis to pyrazinamide is associated with mutations in the pncA gene,
Received 10 October 2008 which codes for pyrazinamidase. The association between the enzymatic activity of mutated pyr-

Received in revised form
12 January 2009
Accepted 14 January 2009

azinamidases and the level of pyrazinamide resistance remains poorly understood.

Twelve M. tuberculosis clinical isolates resistant to pyrazinamide were selected based on Wayne activity
and localization of pyrazinamidase mutation. Recombinant pyrazinamidases were expressed and tested
for their kinetic parameters (activity, kca, Km, and efficiency). Pyrazinamide resistance level was

fu:‘bel rcumjlz:sis measured by Bactec-460TB and 7HS culture. The linear correlation between the resistance level and the
Pyrazinamidase kinetic parameters of the corresponding mutated pyrazinamidase was calculated. ) '

pncA The enzymatic activity and efficiency of the mutated pyrazinamidases varied with the site of mutation
Enzymatic activity and ranged widely from low to high levels close to the corresponding of the wild type enzyme. The level
Resistance of resistance was significantly associated with pyrazinamidase activity and efficiency, but only 27.3% of its

statistical variability was explained.
Although pyrazinamidase mutations are indeed associated with resistance, the loss of pyrazinamidase
activity and efficiency as assessed in the recombinant mutated enzymes is not sufficient to explain a high
variability of the level of pyrazinamide resistance, suggesting that complementary mechanisms for
pyrazinamide resistance in M. tuberculosis with mutations in pncA are more important than currently
thought.

© 2009 Elsevier Ltd. All rights reserved.
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PZAse structural modeling
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High association between structural variability
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Abstract:

The pncd gene codes the pyrazinamidase of Mycobacterium tuberculosis, which converts pyrazinamide to ammonia and pyrazinoic-acid, the active anti-
tuberculous compound. Pyrazinamidase mutations are associated to pyrazinamide-resistant phenotype, however how mutations affect the structure of the
pyrazinamidase, and how structural changes affect the enzymatic function and the level of pyrazinamide-resistance is unknown. The structures of mutated
pyrazinamidases from twelve Mycobacterium tuberculosis strains and the pyrazinamide-susceptible H37Rv reference strain were modelled using homology
modelling and single amino acid replacement. Physical-chemical and structural parameters of each pyrazinamidase were calculated. These parameters were: The
change of electrical charge of the mutated amino acid, the change of volume of the mutated amino acid, the change of a special amino acid, the distance of the
mutated amino acid to the active site, the distance of the mutated amino acid to the metal-coordination site, and the orientation of the side-chain of the mutated
amino acid. The variability of the enzymatic activity of the recombinant pyrazinamidases, and the microbiological susceptibility to pyrazinamide determined by
BACTEC 460TB, were modelled in multiple lincar regressions. Physical-chemical and structural parameters of the mutated pyrazinamidases were tested as
predictors. Structural and physical-chemical variations of the pyrazinamidase explained 75% of the variability of the enzymatic activity, 87% of the variability of
the kinetic constant and 40% of the variability of the pyrazinamide-resistance level. Based on computer models of mutated pyrazinamidases, the structural
parameters explained a high variability of the enzymatic function, and to a lesser extent the resistance level.



X-ray fluorescence spectroscopy of H37Rv PZase
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Role of Metal Ions on the Activity of Mycobacterium tuberculosis Pyrazinamidase

Patricia Sheen, Patricia Ferrer, Robert H. Gilman, Gina Christiansen, Paola Moreno-Roman, Andrés H. Gutiérrez,
Jun Sotelo, Wilfredo Evangelista, Patricia Fuentes, Daniel Rueda, Myra Flores, Paula Olivera, José Solis,
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Abstract. Pyrazinamidase of Mycobacterium tuberculosis catalyzes the conversion of pyrazinamide to the active
molecule 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-tag was inactivated by metal depletion and reactivated by titration with divalent metals.
Although Co?*, Mn?*, and Zn?* restored pyrazinamidase activity, only Co?* enhanced the enzymatic activity to levels
higher than the wild-type pyrazinamidase. Cu®*, Fe?*, Fe®*, and Mg®* 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 recom-
binant 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 Zn>*. However, in vitro, the metal-depleted enzyme could be reactivated by several divalent metals with
higher efficiency than Zn.



This causal pathway is not complete
What other factors affect PZA resistance level?
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What other factors affect PZA resistance level?
(1) PZAse (pncA) expression level

l l
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High variability of pncA expression level
Lack of pncA expression associated to mutations in the
pncA promoter and associated to PZA-resistance
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What other factors affect PZA resistance level?
(1) PZAse (pncA) expression level
(2) POA-efflux rate
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Estimation of the PZA-flux rate and the POA-
efflux rate in multiple strains







Low variability of PZA-flux rate
High variability of the POA-efflux rate
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DRUG DISCOVERY AND RESISTANCE

Pyrazinoic acid efflux rate in Mycobacterium tuberculosis is a better proxy
of pyrazinamide resistance
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ARTICLE INFO SUMMARY

Article history: Pyrazinamide is one of the most important drugs in the treatment of latent Mycobacterium tuberculosis
Received 14 June 2011 infection. The emergence of strains resistant to pyrazinamide represents an important public health
Received in revised form problem, as both first- and second-line treatment regimens include pyrazinamide. The accepted

19 August 2011

mechanism of action states that after the conversion of pyrazinamide into azinoic acid by the
Accepted 11 September 2011 Py pyr Y

bacterial pyrazinamidase enzyme, the drug is expelled from the bacteria by an efflux pump. The pyr-
azinoic acid is protonated in the extracellular environment and then re-enters the mycobacterium,

Ze;::gz:;ﬁum sibercadosts releasing the proton and causing a lethal disruption of the membrane. Although it has been shown that
POA efflux rate mutations causing significant loss of pyrazinamidase activity significantly contribute to pyrazinamide
PZA flux rate resistance, the mechanism of resistance is not completely understood.

PZA resistance The pyrazinoic acid efflux rate may depend on multiple factors, including pyrazinamidase activity,

intracellular pyrazinamidase concentration, and the efficiency of the efflux pump. Whilst the importance
of the pyrazinoic acid efflux rate to the susceptibility to pyrazinamide is recognized, its quantitative effect
remains unknown.
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A New Approach for Pyrazinamide Susceptibility Testing
in Mycobacterium tuberculosis

Mirko Zimic! Sebastian Loli! Robert H. Gilman,? Andrés Gutierrez,
Patricia Fuentes, Milagros Cotrina, Daniela Kirwan? and Patricia Sheen'

Background: Pyrazinamide (PZA) is an important drug in the treatment of tuberculosis. Microbiological
methods of PZA susceptibility testing are controversial and have low reproducibility. After conversion of PZA
into pyrazinoic acid (POA) by the bacterial pyrazinamidase enzyme, the drug is expelled from the bacteria by an
efflux pump. Objective: To evaluate the rate of POA extrusion from Mycobacterium tuberculosis as a parameter to
detect PZA resistance. Methods: The rate of POA extrusion and PZA susceptibility determined by BACTEC 460
were measured for 34 strains in a previous study. PZA resistance was modeled in a logistic regression with the
pyrazinoic efflux rate. Resulf: POA efflux rate predicted PZA resistance with 70.83%—92.85% sensitivity and
100% specificity compared with BACTEC 460. Conclusion: POA efflux rate could be a useful tool for predicting
PZA resistance in M. tuberculosis. Further exploration of this approach may lead to the development of new tools
for diagnosing PZA resistance, which may be of public health importance.
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ARIBImRNAL ¢, [RIB)[mRNA) - c_..[RIB/mRN A
—v.[tmRNA/rpsA|. [ RIB/mRN A| (11)
f{["::_B] = —c1.[RIB].[mRNA| + c_,.[RIB/mRN A|
+v.[tmRNA/rpsA|.[RIB/mRN A| (12)
‘w — —c1.|[RIB).ImRNA) + c_,.[RIB/mRNA]

+v.[tmRNA/rpsA).[RIB/mRN A| (13)
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