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Abstract

Previously, we showed that a major /in vitro and in vivo mechanism of resistance to pyrazinoic acid
(POA), the bioactive component of the critical tuberculosis (TB) prodrug pyrazinamide (PZA),
involves missense mutations in the aspartate decarboxylase PanD, an enzyme required for
coenzyme A biosynthesis. What is the mechanism of action of POA? Upon demonstrating that
treatment of M. bovis BCG with POA resulted in a depletion of intracellular coenzyme A and
confirming that this POA-mediated depletion is prevented by either missense mutations in PanD or
exogenous supplementation of pantothenate, we hypothesized that POA binds to PanD and that
this binding blocks the biosynthetic pathway. Here, we confirm both hypotheses. First,
metabolomic analyses showed that POA treatment resulted in a reduction of the concentrations of
all coenzyme A precursors downstream of the PanD-mediated catalytic step. Second, using
isothermal titration calorimetry, we established that POA, but not its prodrug PZA, binds to PanD.

This is an open access article published under an ACS AuthorChoice License, which permits copying and redistribution of the article
or any adaptations for non-commercial purposes.

“Corresponding Author: td367@njms.rutgers.edu.

ORCID

Thomas Dick: 0000-0002-9604-9452

Author Contributions
P.G., C.S., and M.Y. carried out microbiological work. W.N., P.R., and M.S.S.M. carried out protein biochemical and biophysical
experiments. J.S. and F.K. carried out the POA—coenzyme A adduct related works. P.G., V.D., W.N., G.G., and T.D. wrote the paper.

Notes
The authors declare no competing financial interest.

Supporting Information

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acsinfecdis. 7b00079.
Principal component analysis (PCA) of metabolite profiles in M. bovis BCG, schematic representation of the glycolytic pathway and
tricarboxylic acid cycle indicating metabolites altered upon POA treatment, binding affinity measurements for POA with PanDwT
using ITC, solution X-ray scattering pattern of PanD\yT protein, verification of purified recombinant PanD proteins, LC/MS/MS
chromatograms displaying peaks (and mass transitions) for CoA, acetyl-CoA, and POA-CoA, structure of the PanD tetramer with the
position of His21 indicated by spheres, mapping of POA-resistance mutations in aspartate decarboxylase PanD, supplemental
methods, list of 343 detected metabolites and their fold change over untreated controls in POA-treated M. bovis BCG, and data
collection and scattering derived parameters for PanD proteins (PDF)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Gopal et al. Page 2

Binding was abolished for mutant PanD proteins. Taken together, these findings support a
mechanism of action of POA in which the bioactive component of PZA inhibits coenzyme A
biosynthesis via binding to aspartate decarboxylase PanD. Together with previous works, these
results establish PanD as a genetically, metabolically, and biophysically validated target of PZA.
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Of the first- and second-line tuberculosis (TB) drugs, pyrazinamide (PZA) is the most
enigmatic in terms of its mechanism of action.! Similar to other fragment-sized TB drugs,
PZA is a prodrug that requires bioactivation to its active metabolite pyrazinoic acid (POA).
Prodrug activation is performed by M. tuberculosis pyrazinamidase PncAZ and by host
metabolism.3 Inactivation of amidase PncA causes resistance to PZA in vitrc? and in vivo®
as well as in the majority of clinical isolates.’

The mechanism of action of POA remains controversial. Until recently, it was believed that
PZA inhibits M. tuberculosis growth only at acidic pH and that POA, being a low molecular
weight carboxylic acid, acts as an ionophore affecting membrane energetics.5:” This model
has been questioned by recent evidence demonstrating that PZA can inhibit M. tuberculosis
growth at neutral pH38 and that POA does not act as an ionophore.8 In addition, it turned out
that the caseous cores of TB lesions may in fact not be acidic*2:1% (however, see ref 11).
Largely on the basis of biochemical evidence, two pathways have been proposed to be
targeted by POA: fatty acid synthesis via targeting fatty acid synthetase FAS 112 and NAD*
biosynthesis via targeting quinolinic acid phosphoribosyltransferase QAPRTase.13
Furthermore, the ribosomal protein S114 and Rv2783, a protein involved in RNA and DNA
metabolism,1® were proposed as targets. Recent evidence demonstrates that the
antimycobacterial activity of PZA/POA is independent of trans-translation and RpsA.16 In
addition, these targets could not be confirmed by the identification of respective resistance
mutations through gene sequencing of clinical isolates’=1° or jn vitroisolated POA-
resistant M. tuberculosis/M. bovis BCG.29-22 |Instead, genome sequencing of i vitro-
isolated POA-resistant M. tuberculosis strains revealed two major mechanisms of resistance
to PZA/POA: missense mutations in the aspartate decarboxylase PanD, involved in
coenzyme A biosynthesis,2%-22 and in the unfoldase/ATPase CIpC1, which is part of the
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degradative caseinolytic protease complex.21:23 The resistance mechanism associated with
ClpC1 mutations may be indirect as overexpression of this protein did not result in
resistance to POA.23 In addition to these two higher level resistance mechanisms, a third,
lower level resistance mechanism was found to be associated with loss-of-function
mutations in the phthiocerol dimycocerosate (PDIM) virulence factor producing polyketide
synthases Mas and PpsA-E.20 Whether the Mas/PpsA-E related resistance mechanism is
direct or indirect remains to be elucidated. Sequencing of POA-resistant M. tuberculosis
strains isolated from lungs of mice treated with POA revealed that missense mutations in
panD constitute the predominant mechanism of resistance to POA Jn vivo.2* Probing of the
panD-related resistance mechanism /n vitro revealed that treatment of M. bovis BCG with
POA results in a depletion of intracellular coenzyme A levels.20-25 Our observation that
resistance mutations in panD prevent POA-mediated depletion of intracellular coenzyme A
levels?0 and that this PanD-mediated resistance phenotype can be mimicked by
supplementation of downstream metabolites of PanD such as g-alanine and
pantothenate20:22.26 syggests a role of POA in disrupting the coenzyme A biosynthetic
pathway.

The exact mechanism of the drug pertaining to the described observations remains largely a
mystery. Shi et al.22 demonstrated that overexpression of wild-type PanD rendered M.
tuberculosis resistant to POA, which indicates that POA may directly inhibit the enzyme.
However, biochemical enzyme inhibition studies showed only a weak effect of POA on the
conversion of aspartate to B-alanine (ICsq ~ 25 zg/mL?2) and experiments using POA-
resistance conferring mutant versions of aspartate decarboxylase still showed inhibition of
enzyme activity by POA.22 In addition, Baughn and colleagues demonstrated that PZA
could inhibit growth of an auxotrophic ApanCD strain of M. tuberculosis?® and proposed the
intriguing hypothesis that the carboxylic acid POA may react directly with coenzyme A to
form a thioester adduct.25

Taken together, it is evident that POA depletes intracellular coenzyme A and that missense
mutations in PanD prevent that depletion and cause resistance. However, the exact molecular
basis for these effects is not clear. Does POA bind to PanD and does this binding disrupt
coenzyme A biosynthesis? Or, alternatively, does POA form an adduct with coenzyme A and
directly deplete the cofactor? In this study, we provide evidence that PanD is a direct target
of POA and that POA blocks coenzyme A synthesis at the aspartate decarboxylase step.

POA Treatment Reduces the Concentrations of Coenzyme A Pathway Metabolites
Downstream of the PanD Catalytic Step

To determine the impact of POA treatment on mycobacterial metabolism, we carried out
unbiased metabolomics analyses. A total of 343 metabolites were profiled upon treatment
with different concentrations of POA at different time points. On the basis of our previous
studies, 20 we used concentrations corresponding to MICgq (1 mM POA) and 4x MICqq (4
mM POA) to treat M. bovis BCG and detected metabolites after 4 and 24 h to evaluate
immediate POA-mediated on-target effects and follow-on metabolic consequences,
respectively. We also show that POA is a slow-acting drug, whereby growth of M. bovis
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BCG remained unaffected by POA for 24 h after treatment (Figure S1A,B,20). These
analyses were carried out with the attenuated, BSL2-compatible relative of M. tuberculosis,
M. bovis BCG, for which we had previously shown that the mechanisms of POA resistance
are conserved.20 To determine segregation of individual samples as a function of cellular
metabolites upon treatment with POA at different time points, a principal component
analysis was applied. This demonstrated overlap among all treatment groups at the 0 h time
point. Segregation was observed between treatment groups at 4 and 24 h indicating that POA
had a pronounced impact on global metabolism (Figure S1C).

Inspection of the metabolites involved in coenzyme A biosynthesis showed a dramatic
reduction in the concentration of S-alanine, the product of the PanD-catalyzed step (>10-fold
within 4 h, Figure 1B), as well as a reduction in the concentrations of all downstream
metabolites including coenzyme A upon POA treatment (Figure 1). In contrast, the level of
the substrate of PanD, aspartate, remained unaffected by POA treatment (Figure 1A).
Overall, Figure 1 shows that POA exerted a time and concentration-dependent effect on all
coenzyme A precursors downstream of the PanD-catalyzed step. These results suggest that
POA disrupts coenzyme A biosynthesis by blocking PanD-mediated production of -
alanine.

POA Treatment Results in Accumulation of Free Fatty Acids

Coenzyme A is a cofactor for the activation of fatty acids. Thus, upon depletion of
coenzyme A by POA, one would expect an increase in concentration of free fatty acids.
Figure 2 shows that this is the case: POA exposure resulted in increased concentrations of
medium-chain (Figure 2A), branched-chain, dicarboxylate (Figure 2B), and long-chain fatty
acids (Figure 2C). While this effect was observed after 24 h of POA treatment, free fatty
acid concentrations remained largely unchanged at 4 h after POA treatment (Table S1). This
kinetic is consistent with the accumulation of free fatty acids being a follow-on event from
the disruption of the coenzyme A biosynthetic pathway by POA.20

POA Treatment Affects Central Carbon Metabolism but Not NAD Biosynthesis

Previous studies have shown that several different classes of antibiotics modulating different
cellular targets in M. tuberculosis redirect cellular carbon fluxes by remodelling the central
carbon metabolism.27:28 Similarly, POA treatment results in an increase in concentrations of
several glycolytic metabolites (Figure S2, Table S1). In addition to affecting glycolysis, POA
treatment also remodelled the tricarboxylic acid (TCA) cycle (Figure S2, Table S1). This is
accompanied by a significant decrease in glutamate pathway intermediates (Table S1). The
observed POA-induced depletion of TCA cycle intermediates is in agreement with the
metabolic signatures that were determined upon silencing of specific genes (panB, panc,
coaBC, coaF) involved in the coenzyme A biosynthetic pathway.2?

Table S1 also shows that POA treatment does not inhibit NAD biosynthesis. It was
previously suggested, on the basis of biochemical studies by Kim et al., that PZA and POA
inhibit QAPRTase, a key enzyme in the de novo synthesis of NAD in mycobacteria.l3 We
see here that POA treatment did not result in a decrease of metabolites downstream of
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QAPRTase. These results suggest that NAD biosynthesis is not a target of the drug in whole
cells (Table S1).

POA but Not the Prodrug PZA Binds to PanD

Our metabolomics data show that POA blocks the pathway leading to the biosynthesis of
coenzyme A at the PanD-catalyzed step, suggesting that PanD may be the direct target of
POA. To determine whether POA indeed binds to PanD, wild-type (WT) PanD protein was
generated (Figure 3) and isothermal titration calorimetry (ITC) experiments were carried
out. Figure 4A shows the profile of a typical exothermic reaction, and the Kp for POA was
calculated to be 6.1 4M £ 0.88 xM. In contrast, no binding was detected for the prodrug
PZA, consistent with PZA requiring bioactivation within M. tuberculosisto exert
antimicrobial activity.2 Figure 4B shows that the force contributing to the free energy of this
interaction comprises mainly attractive forces (electrostatic and hydrogen bonding) as
suggested by the negative enthalpies (AH= —1.2 x 10% + 1440 cal/mol) of the binding
signature.

POA Analogue Nicotinic Acid Binds Only Weakly to PanD but Shares Its Binding Epitope

To gain further insight into the interaction of POA with PanD, a close analogue of POA,
nicotinic acid, was titrated against PanD. Nicotinic acid differs from POA only in its
aromatic ring which contains one instead of two nitrogens. Similar to POA, nicotinic acid
has been demonstrated to inhibit the growth of the tubercle bacillus. However, we showed
previously that the mechanism of action of nicotinic acid is PanD/coenzyme A
independent.20 Consistent with our genetic data, Figure 4A shows that nicotinic acid
displayed greater than 5-fold lower affinity (Kp = 34 M + 7.2) to PanD. By analyzing the
signature plots of the respective interactions, it becomes clear that the polar elements in the
aromatic ring of POA also contribute to binding affinity through hydrogen bonding.
Reducing the number of nitrogen atoms in the ring to 1 results in a corresponding reduction
in the enthalpic contributions to the free energy of the reaction, while the entropic
contributions are significantly increased. To confirm that the analogue of POA binds to PanD
via the same binding site as POA, a competitive titration was performed, where PanD was
incubated with nicotinic acid for 15 min before titration with POA. As can be seen in Figure
4A, the binding affinity of POA was appreciably decreased, indicating that both ligands
share the same binding site.

Missense Mutations in PanD Abolish Binding of POA

Multiple studies20:22:24.30 have established that amino acid sequence altering mutations in
PanD constitute a key mechanism of resistance to POA. The majority of these mutations in
PanD are clustered within the C-terminal region of PanD, outside its aspartate decarboxylase
domain. In addition, these independent studies showed that mutations of H21 within the N-
terminal region of the aspartate decarboxylase domain are also associated with POA
resistance,20:22:24.30

After showing that POA binds PanD, suggesting that the enzyme is a direct target of POA,
we hypothesized that the mechanistic basis for resistance is loss of binding. To determine
whether POA resistance mutations indeed abolish binding to POA, we produced two
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recombinant proteins representing the N-terminal and the C-terminal resistance mutations
and carried out isothermal titration calorimetry experiments. Figure 5 shows that PanDy1Rg,
harboring the POA resistance mutation H21R (Figure 3; presented in POA resistant strains
M. bovis BCG POA1.320), indeed did not show any binding to POA. Furthermore, Figure 5
shows that PanD1271rRASC131, CONtaining an altered C-terminal tail due to a frameshift
mutation (Figure 3; presented in POA resistant strain M. bovis BCG POA2.229), also did not
show any binding to POA. The finding that both mutations completely abolished binding of
POA suggest that the mechanism of resistance is loss of POA binding and is consistent with
PanD being a direct target for POA.

Our observation that both the N-terminal mutant PanDpy1r as well as the C-terminal mutant
PanD1271rAsc131 l0se their ability to bind POA suggests that both the N- and C-terminus
are involved in POA-PanD binding. To confirm this dual binding model, we generated a
truncated recombinant protein PanD114st0p Which contained the aspartate decarboxylase
domain without C-terminal tail (Figure 3). Figure 5 shows that, as expected, the PanD114stop
protein, which retained the H21 binding site, displayed a reduced but still significant binding
affinity to POA.

Structural Insight of PanD and Its Mutants PanDy21r and PanD1271rasc131 iN Solution

In order to characterize the structural features of PanD and the mutants PanDyo1r and
PanD1y71rASC131 IN solution, solution X-ray scattering (SAXS) measurements were carried
out. SAXS analysis of a protein in solution provides information about the size (radius of
gyration (/) and the maximum particle dimension (Dnax)), low-resolution shape,
conformation, and assembly state. In the scattering curve, the size and shape information is
at low angles (called Guinier region) and the surface-to-volume ratio is at higher angles
(Porod region). SAXS patterns of PanDy,t were recorded for four concentrations (1.5, 2.8,
5.5, and 7.4 mg/mL), which showed no concentration-dependent increase in size (Figure
S4). The Guinier plots at low angles appeared linear and confirmed good data quality with
no indication of protein aggregation (Figure S4, inset). The /7 value derived from the
Guinier region was determined to be 35.40 + 0.24 (Figure 6A) (Table S2). The extended
scattering curve is converted using indirect Fourier transform to provide the distance
distribution function (A7), which is a histogram of distances between all possible pairs of
atoms within a particle. The A(r) of PanDyyt showed a single peak and is right-skewed
(Figure 6B) with the maximum particle dimension (Dpay) of 116 + 10 A. The Ry value
extracted from the A7) function was 35.69 + 0.12 A and is in agreement with the value
extracted from the Guinier region. The scattering curve is transformed to a normalized
Kratky plot ((ng)z(l(q)/ K0)) vs gRy), which provides the information about the potential
flexible behavior and/or extended shape of the particle. The normalized Kratky plot
exhibited a very broad bell-shaped profile for PanDyy, indicating that the protein is well
folded, and its peak is well shifted toward the right with respect to standard globular
proteins, indicating the presence of motion and/or being extended (Figure 6C). On the basis
of the volumes extracted from the higher angle of the scattering data, the Porod and
excluded volumes (the scattering of the bulk solvent in the excluded volume of the solute
with its ordered layer), and volume of correlation (defined as the ratio of /0), to its total
scattered intensity), the molecular weight of PanDy,1 was calculated to be approximately
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104 + 10 kDa reflecting that the recombinant protein exists as an octamer in solution (Table
S2). The poor fitting (= = 39.8) of the tetrameric crystal structure (PDB ID: 2C45; with £y
value of 21.09 A and Dy, of 72 A) to the experimental scattering data further confirmed the
presence of a larger order oligomeric particle. An octamer model was generated using the
SASREF program, based on the tetrameric crystal structure, and had a good fit to the
experimental data with ;(2 value of 1.2 (Figure 6E). The octamer model also superimposed
nicely to the low resolution shape of PanDyt, which was reconstructed ab /nitio using
DAMMIN, with a normalized spatial discrepancy (NSD) of 1.06 (Figure 6D).

The SAXS data for the mutants, PanDy1r and Pan-D1271rasc131, Were collected at 5.0 and
6.5 mg/mL, respectively (Table S2). The scattering pattern and the derived structural
parameters were very similar to the wild-type protein, with the Guinier /&y values of 35.31
+0.31 and 35.46 + 0.40 A for PanDyyp1r and PanD1277rAscC131, respectively (Figure 6A).
The profiles of the A7) function and the normalized Kratky plot are similarly shaped (Figure
6B,C), demonstrating that the wild-type and mutant proteins do not differ in size and shape
in solution and that the mutations did not alter the overall folding.

The tendency of oligomer formation in PanDyyT as well as the mutants used in these studies
is nicely confirmed by SDSPAGE where the semidenaturated proteins run higher than their
predicted molecular mass. As demonstrated for other oligomeric proteins like the ¢-subunits
of thermophilic3! and archaeal ATP synthases,3233 only autoclaving of these proteins
enabled a complete denaturation of the proteins. Therefore, PanDyt as well as PanDpo1r
and PanD1277rasc131 Were autoclaved in the presence of 1 mM of DTT and subsequently
applied onto an SDS gel. As revealed in Figure S5, all the recombinant proteins moved
similarly inside the electric field and comparable to the respective marker protein. The fact
that PanDy, its single mutant, and truncated forms run differently in semidenaturated gels
in the presence of the detergent SDS is not unusual as shown for the truncated & subunit of
the Escherichia coli F-ATP synthase3* or subunit @ of the V-ATPase, 35 where changes of
charges in amino acid composition alter the properties of the protein inside the electric field
of the gel or where proteins of specific pKj; values run higher than their respective predicted
molecular weights.

POA-Coenzyme A Adducts Cannot Be Detected upon POA Treatment

Rosen et al. proposed an alternative mechanism of how POA may deplete coenzyme A.
POA, being a low molecular weight carboxylic acid, may be recognized as a substrate by
some acyl CoA ligases, resulting in an adduct formation of POA with coenzyme A, thus
depleting the intracellular cofactor pool.2° To determine if treatment with POA results in the
formation of POA-coenzyme A adducts, we employed an LC-MS approach using a
synthesized POA—coenzyme A thioester as standard (Figure S6). We have demonstrated that
treatment of M. bovis BCG with 1 or 4 mM POA (MICgyq of POA =1 mM) results in a
significant decrease in coenzyme A levels after 24 h.20 Under the same conditions, we
sought to detect POA—coenzyme A adduct formation in wild-type M. bovis BCG. However,
no POA-CoA was detectable in POA treated samples (Figure S6B). This result argues
against POA—-coenzyme A adduct formation as a mechanism of action of POA.
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DISCUSSION AND CONCLUSION

Recently, missense mutations in the aspartate decarboxylase PanD, catalyzing the conversion
of aspartate to S-alanine in the coenzyme A biosynthetic pathway, emerged as the major
mechanism conferring resistance to POA in M. tuberculosis in vitro and in vivo,20-22.24
while also conferring resistance to the prodrug PZA. Furthermore, it was shown that POA
depletes coenzyme A and pantothenate and that panD POA-resistance mutations prevent this
depletion.20 However, whether PanD is actually a target of POA, i.e., whether POA
interferes with coenzyme A production via binding to PanD and blocking this enzymatic
step or whether resistance is caused by some indirect mechanism, remained
controversial.2226 Here, we first carried out an unbiased metabolome analysis to determine
the effect of POA on the coenzyme A biosynthetic pathway. The results show that treatment
with POA causes a collapse of all metabolite concentrations of the pathway immediately
down-stream of the aspartate decarboxylase PanD catalyzed reaction (Figure 1). This
suggests that POA interferes with PanD as its mechanism of action. Indeed, biophysical
binding studies showed that POA (but not its prodrug PZA) binds to recombinant wild-type
PanD with relatively high affinity (Kp = 6.1 M £ 0.88 vs MIC = 1 mM) (Figure 4). Binding
was abolished for recombinant PanD proteins carrying POA-resistance conferring mutations
(Figure 5), thus explaining the observed resistance mechanism. Taken together, these results
establish PanD as the direct molecular target of POA and inhibition of coenzyme A
biosynthesis as a mechanism of action of PZA/POA.

The analyses of the effect of POA on the metabolome also revealed accumulation of a large
variety of free fatty acids (Figure 2), consistent with POA-mediated depletion of coenzyme
A. It is interesting to note that accumulation of fatty acids can be cytotoxic by interfering
with the cell membrane, thus disrupting processes such as oxidative phosphorylation and
resulting in collapse of the membrane potential.38 Hence, POA induced “fatty acid
cytotoxicity” may represent a follow-on event of the primary mechanism of action of POA
via depletion of coenzyme A and therefore contribute to the antimicrobial whole cell activity
of POA. Indeed, it was demonstrated previously that POA exposure results in disruption of
the membrane potential.” The authors attributed this effect to POA acting as an ionophore, a
mechanism later put into question.8 The observed POA-induced fatty acid accumulation
reported here provides a possible alternative explanation for the observed POA-induced
collapse of the membrane potential. The secondary effect of POA treatment on the
metabolome, accumulation of potentially toxic fatty acids, is also interesting in light of the
recent discovery that loss-of-function mutations of the acyl coenzyme A ligase FadD2
confer hyper-susceptibility to POA.25 FadD2, mediating intrinsic resistance to POA, is
involved in the detoxification of fatty acids and the POA-dependent increase in fatty acids
uncovered here may explain FadD2’s POA-related phenotype. Finally, blocking of
coenzyme A synthesis and the follow-on effect on fatty acid synthesis also provides an
explanation for the previous observation that POA interferes with fatty acid biosynthesis.12
The proposed mechanism, direct inhibition of fatty acid synthetase 1,12 was later put into
question.3” The accumulation of a wide range of fatty acids presented here could be
interpreted as evidence that POA interferes with the synthesis of this class of molecules,
suggesting an alternative explanation via an indirect mechanism for the impact of POA on
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fatty acid synthesis. It is noteworthy that the metabolome did not show a significant effect on
NAD biosynthesis upon POA treatment (Table S1), suggesting that QAPRTase, proposed as
a POA target based on biochemical studies,® may not be of relevance in intact cells. Finally,
our mass spectrometric analysis of metabolites in POA treated M. bovis BCG did not
provide any evidence for the formation of a POA adduct with coenzyme A (Figure S6).
POA-coenzyme A thioester formation was proposed as a possible PanD-independent
mechanism of POA.25 Our data suggest that this alternative is unlikely. One should note that
the interpretation of the effects of POA treatment on metabolite concentrations is limited by
the fact that POA exposure also slowed down growth of the cultures; i.e., changes we see
may be due to changes in growth rate as opposed to being POA-specific. In future works,
additional controls need to be carried out, including metabolome studies of cultures treated
with other growth inhibitors and studies employing silencing of coenzyme A pathway genes
while confirming these effects in virulent M. tuberculosis, which is different from M. bovis
BCG with regard to some specific steps in central carbon metabolism.38

What can we learn from the POA binding studies with several recombinant forms of the
PanD protein regarding the binding epitope? The mycobacterial PanD protein consists of a
canonical aspartate decarboxylase domain and a 25-amino acid C-terminal tail, with the last
13 amino acids being specific to mycobacteria (Figure 3A).3° The function of this C-
terminal region is unknown.3% Aspartate decarboxylases are synthesized as pro-enzymes and
undergo an autocatalytic cleavage in the N-terminal region between G24 and S25 to produce
the active form of the enzyme (Figure 3A).40 An X-ray structural analysis showed that the
mycobacterial PanD forms tetrameric complexes (Figure S7).39 The terminal tail of the C-
terminal region appears to be located in proximity to the autocleavage site of the preceding
subunit. However, atomic resolution was not achievable, suggesting that the tail may be
partially disordered (Figure S7).39

Amino acid sequence-altering mutations occur in two discrete locations in PanD (Figure
$8).20.22,24.30 One |ocation is a single amino acid position, H21, close to the autocatalytic
cleavage site G24-S25 in the N-terminal part of the aspartate decarboxylase domain (Figure
3A). H21 was found to be substituted by the residues R, N, or Q in several POA-resistant
strains (Figure $8).30 In contrast to the very site-specific resistance mutations in the N-
terminus, a large number of different amino acid sequence changes scattered along the 25
amino acid C-terminal confer POA resistance (Figures 3A and S8). Mutation types in this
region include single amino acid substitutions as well as frameshift mutations (Figure S8).
The largest number of missense mutations is observed in the 13-amino acid terminal tail of
the C-terminus (Figure S8), i.e., the region of the tail that is closest to the autocatalytic
cleavage site in the oligomeric PanD complex (Figure S7).

POA-PanD binding studies employing PanDy1R, a representative of N-terminal resistance
mutations at H21, and PanD1277rasc131, @ representative of C-terminal resistance
mutations, showed that both mutation types abolished POA binding (Figure 5). The
tetrameric crystal structure of PanD [2C45] shows that the C-terminus of PanD appears to
come close to N-terminal residues including H21 (Figure S7). On the basis of the genetic
data, together with the biophysical and available structural data, we propose a speculative
dual binding model in which the imidazole ring of H21 allows 7— interactions and/or
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interactions between the NH groups of the imidazole and the ring of POA, while the
carboxyl group of POA interacts with one of the polar C-terminal residues. These
interactions would be consistent with the attractive forces observed in the isothermal
titration calorimetry data, suggesting a large negative enthalpy for POA binding to the
protein (Figure 4B). Consistent with our speculations on the dual binding model, a truncated
PanD, in which the last 25 amino acids were deleted, still showed binding to POA, albeit
with a more than 10-fold reduced affinity (Figure 5). It is interesting to note that, while the
truncated PanDy14st0p Without C-terminal tail retained weak POA binding, POA binding of
PanD1,71rAsc131 harboring an altered C-terminus was not detectable. This suggests that the
C-terminal mutations alter the structure and flexibility of the tail which in turn prevents
access of POA to the H21 binding site in the N-terminus.

It is interesting to note that the proposed binding model of POA also provides a plausible
mechanism for how the compound may block the aspartate—g-alanine conversion step. As
mentioned earlier (see the introduction), biochemical studies of PanD showed only weak
inhibition of its aspartate decarboxylase activity, which was not abolished for PanD protein
harboring POA resistance mutations.22 This could indicate that inhibition of PanD’s
enzymatic activity may not be the primary or only mechanism of action of this compound.
An additional possibility is that POA interferes with, and prevents, autocatalytic formation
of enzymatically active aspartate decarboxylase from the inactive pro-enzyme.

In conclusion, the data presented here, together with other recent findings, reveal PanD as
the first genetically, metabolically, and biophysically validated target of POA/PZA. How
exactly POA binding to the aspartate decarboxylase blocks its function remains to be
determined. We propose a model in which POA binds to the PanD complex at a dual epitope
comprised of the N-terminal part of the aspartate decarboxylase domain near its
autocatalytic cleavage site and the mycobacterium-specific C-terminal tail of the protein (of
the neighboring subunit). It remains to be determined whether POA binding to PanD causes
inhibition of autocatalysis releasing the active form of the enzyme, inhibition of the active
form, or both. The identification of PanD as the molecular target of PZA/POA offers new
testable mechanistic models and paves the way for a more detailed understanding of how
POA interferes with the PanD target. Importantly, our findings provide the basis for a target-
based, rational optimization of this critical drug and the discovery of the next generation of
PZA with improved efficacy.

MATERIALS AND METHODS

Bacterial Strains, Culture Medium, and Chemicals

M. bovis BCG (ATCC 35734) and M. tuberculosis H37Rv (ATCC 27294) strains were
maintained in complete Middlebrook 7H9 medium (BD Difco) supplemented with 0.05%
(v/v) Tween 80 (Sigma), 0.5% (v/v) glycerol (Fisher Scientific), and 10% (v/v) Middlebrook
albumin-dextrosecatalase (BD Difco) at 37 °C with agitation at 80 rpm. POA-resistant
strains used for this study, M. bovis BCG POA2.2 and M. bovis BCG POAL.3, were isolated
and described in ref 20. Pyrazinamide, pyrazinoic acid, and nicotinic acid were purchased
from Sigma-Aldrich. Pyrazinoic acid was freshly dissolved in 90% DMSO at a
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concentration of 0.5 M and sterilized using 0.2 4/m PTFE membrane filters (Acrodisc
PALL).

Sample Preparation for Metabolomic Analyses

M. bovis BCG cultures were grown in complete 7H9 liquid medium to mid-log phase in 2 L
Roller bottles (Corning) in 4 independent biological replicates (4 independent precultures
were generated from 4 independent seed stocks). Each of these cultures was separately
adjusted to an ODgqg of 0.4 and treated with 0, 1, or 4 mM POA, respectively. For each
replicate, at each time point (0, 4, or 24 h, respectively), an equivalent of 150 mL of ODggq =
0.4 was pelleted down at 3200 rpm for 10 min. The cells were pooled together into a single
1.5 mL microcentrifuge tube (Axygen), and the centrifugation step was repeated for each
sample. The supernatant was removed using a fine-bore white tip (Eppendorf). The pellet
was immediately frozen by placing on a cryorack (Thermo Fisher) and stored at =80 °C. The
samples were shipped to Metabolon, Inc., USA. The metabolomics analysis was performed
by Metabolon, Inc., CA, USA (details are described in Supplemental Methods, Text S1). To
evaluate corresponding mycobacterial growth upon treatment of POA, growth curve analysis
of M. bovis BCG was performed under identical conditions that were used to obtain samples
for the metabolomics experiment by measuring optical density (ODggg) at 600 nm
(Ultrospec 10, GE Amersham) and plating samples on 7H10 agar to determine CFU/mL at
each time point.

Cloning, Production, and Purification of M. tuberculosis PanD and the Resistant Mutants

The coding region of M. tuberculosis PanD (139 amino acids) was amplified by polymerase
chain reaction (PCR) using the forward primer 5’-
GCGCCATGGCCATGTTACGGACGATG-3’, the reverse primer 5-
GTAGAGCTCCTATCCCACACCGAGCC-3’, and the reverse primer 5'-
CCATGAGCTCCTACGGTTTGTTGTAAGCGTCGAC-3" for PanD114g;q, Using genomic
DNA from M. tuberculosis H37Rv as a template. The sequences of panDin M. bovis BCG
(ATCC 35734) and M. tuberculosis H37TRv (ATCC 27294) are 100% identical as determined
by whole genome sequencing and PCR confirmation.2? The panD from POA-resistant
mutant M. bovis BCG POAL.3 (panD. H21R) was amplified by PCR using the forward and
reverse primers of the M. tuberculosis PanD and by using the resistant strain DNA as
template. The other resistant strain M. bovis BCG POA2.2 (panD. A380A) contained a
mutant PanD with 131 residues with the last five residues altered to 1., TRASC;37 when
compared to the wild-type protein. This mutant was amplified using the forward primer 5’-
GCGCCATGGCCATGTTACGGACGATG-3" and the reverse primer 5’-
GCCGAGCTCCTA GCAGCTCGCCCGCGTTTC-3" and the respective resistant strain
DNA as template. In all cases, the restriction sites (bold) for AMco/and Sac/ enzymes were
used for the forward and reverse primers, respectively. The amplified products were ligated
into the pET9-d1-His6 vector.*1 The respective coding sequences were verified by DNA
sequencing. The final plasmids were subsequently transformed into £. co/iBL21 (DE3) cells
(Stratagene). To express the individual proteins, liquid cultures were shaken in LB medium
containing kanamycin (30 zg/mL) for about 6 h at 37 °C until an optical density (ODgqg) of
0.6-0.7 was reached. To induce the production of proteins, cultures were supplemented with
isopropyl B-D-1-thiogalactopyranoside (IPTG) to a final concentration of 1 mM, followed
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by incubation for 16 h at 20 °C. The cells were harvested by centrifugation at 8500¢ for 15
min.

The cells were lysed on ice by sonication with an ultrasonic homogenizer (Bandelin, KE76
tip) for 3 x 1 min in buffer A (50 mM Tris-HCI (pH 7.5), 200 mM NaCl, 2 mM
phenylmethane sulfonyl fluoride or phenylmethylsulfonyl fluoride (PMSF), 1 mM
PefablocSC (4-(2-aminoethyl)-benzene-sulfonyl fluoride), and 0.8 mM DTT). After
sonication, the cell lysate was centrifuged at 10 000g for 35 min at 4 °C. The resulting
supernatant was passed through a filter (0.45 zm: Millipore) and supplemented with Ni2*-
NTA resin pre-equilibrated in the same buffer. The His-tagged proteins were allowed to bind
to the matrix for 1.5 h at 4 °C by mixing on a sample rotator (Neolab) and subsequently
eluted with an imidazole gradient (0-350 mM). The fractions containing the wild-type PanD
and the mutant PanD proteins were identified by SDS-PAGE#2 and further purified by gel
filtration chromatography using a Superdex 75 HR 10/30 column (GE Healthcare) with
buffer containing 50 mM Tris-HCI (pH 7.5), 200 mM NaCl. The purity and homogeneity of
the protein samples were analyzed by a 17% SDS gel. The gels were stained with
Coomassie Brilliant Blue G250. Protein concentrations were determined using a BioSpec-
nano spectrophotometer (Shimadzu, USA).

Isothermal Titration Calorimetry

ITC experiments were carried out with an ITCygg microcalorimeter (MicroCal,
Northampton, UK), to study the binding of wild-type PanD, PanDy21R, PanD127TRASC131,
or the recombinant PanDy4stop With PZA, POA, and their analogue nicotinic acid. Samples
were desalted with water, centrifuged, and degassed before ITC studies. All the experiments
were performed using 100 ¢M of protein and 2 mM of respective compound at 20 °C. Since
the drugs POA, PZA, and NA used for ITC titrations released more heat upon titration with
buffer, the drugs were dissolved in water and the protein was desalted with water using
centricons. The titration of POA against water and the raw data of titration of POA against
PanD in water are shown in the Figure S3. It is revealed as representative data, and the heat
released from the water vs drug titration is always subtracted from the titration of PanD
against test compounds. In all cases, control experiments were performed with the test
compound and water. All experiments were repeated at least three times with different
batches of protein. The dissociation constant was determined by the least-squares method,
and the binding isotherm was fitted using the in-built Origin v7.0 (MicroCal), assuming a
single-site binding model. The binding signature plots were obtained using thermodynamic
parameters (AH, AS) obtained from ITC measurement. Gibbs-free energy (AG) was
calculated from AG=AH - TAS.

SAXS Studies

Solution X-ray scattering data were collected on a BRUKER NANOSTAR SAXS instrument
equipped with a Metal-Jet X-ray source (Excillum, Germany) and VANTEC 2000-detector
system as described in refs 43-45. The scattering patterns were measured using a sample
detector distance of 0.67 m and a wavelength of A = 1.3414 A, covering the range of
momentum transfer of 0.016 < g< 0.4 A1 (g = 4 sin(6)/A, where 28 s the scattering
angle). To monitor for radiation damage, six 5 min exposures were collected for each protein
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sample and no radiation effect was observed. WT PanD was measured at a concentration of
1.5, 2.8, 5.5, and 7.4 mg/mL, while PanDyy1r and PanD127TRAsC131 Were measured at 5.0
and 6.5 mg/mL, respectively. The data were normalized to the intensity of the transmitted
beam, and the scattering of the buffer was subtracted. The difference curves were scaled for
concentration, and the data processing steps were performed using the program package
PRIMUS from ATSAS package version 2.7.1.46 The forward scattering /0) and the radius
of gyration, Ry, were computed using the Guinier approximation. The pair distribution
functions were calculated by GNOM#’ providing also the maximum particle size Dpax. The
low-resolution shape of PanDyyt was determined ab initioby DAMMIN.*8 Qualitative
particle motion was inferred by plotting the scattering patterns in the normalized Kratky plot
((ng)Z(I(q)/I(O)) Vs ng).49 The theoretical scattering curves from atomic structure were
generated and evaluated against experimental scattering curves using CRYSOL.%0 The
oligomeric state of the protein was confirmed from the molecular mass calculation based on
Porod volume (1), excluded volume (Vgy), and volume of correlation (Ve).21 An octameric
model was generated using SASREF.52

Detection of POA—-CoA

M. bovis BCG cultures were grown to mid-log phase in 1 L roller bottles (Corning) at 37 °C
and pelleted in 50 mL tubes at 3200 rpm for 10 min. Pellets were resuspended in the specific
growth medium after adjusting to an ODggg of 0.2 and incubated with or without POA (1 or
4 mM). At each time point for each treatment (0 or 24 h), the samples were plated on 7H10
to determine CFU, and an equivalent of 2 x 10% CFU were pelleted by centrifugation. The
pellet was resuspended in 500 gL of sterile phosphate buffer saline (PBS) and homogenized
by bead beating (Precellys 24 homogenizer). The lysate was pelleted by centrifugation, and
the supernatant was subsequently used for analysis after being shipped to PHRI. POA-CoA
quantification was achieved by using liquid chromatography coupled to mass spectrometry
(LC-MS) methods as described in the Supplemental Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Effect of POA treatment on the levels of intermediates of the coenzyme A biosynthetic

pathway. Intracellular levels of (A) aspartate, (B) B-alanine, (C) pantothenate, (D)

phosphopantetheine, (E) 3’-dephospho coenzyme A, and (F) coenzyme A at time points 0,
4, and 24 h after treatment with no POA (black circles), 1 mM POA (blue squares), and 4
mM POA (purple triangles) are represented as scaled intensity, which are obtained by
quantification of individual peaks from spectral data using area-under-the curve, normalized
for the respective sample by total protein concentration as determined by the Bradford assay.

Phosphopantothenoyl-L-cysteine, an intermediate in the production of 4'-

phosphopantetheine (reaction catalyzed by CoaBC), was not detected in our experiments.
Experiments were carried out in 4 independent biological replicates. Mean and standard
deviations from these 4 replicate experiments are shown. Means were significantly different
from levels of respective metabolites in untreated controls at respective time points at p
<0.05 (*), <0.01 (**), <0.001 (***), one-way ANOVA multiple comparisons test, GraphPad
Prism. Statistical significance is indicated by blue and purple asterisks for 1 and 4 mM POA

treatment, respectively.
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Figure2.

Effect of POA treatment on levels of intracellular free fatty acids. Levels of (A) medium-
chain fatty acids, (B) branched-chain and dicarboxylate fatty acids, and (C) long-chain fatty
acids after 24 h upon treatment with no POA (black bars), 1 mM POA (blue bars), or 4 mM
POA (purple bars) are represented as scaled intensity, which are obtained by quantification
of individual peaks from spectral data using area-under-the curve, normalized for the
respective sample by total protein concentration as determined by the Bradford assay.
Experiments were carried out in 4 biological replicates. Mean and standard deviations from
these 4 replicate experiments are shown. Means were significantly different from levels of
respective metabolites in untreated controls after 24 h at p <0.05 (*), <0.01 (**), <0.001
(***), one-way ANOVA multiple comparisons test, GraphPad Prism.
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Figure 3.

Schematic structure and SDS PAGE analysis of PanD proteins used in this study. (A)
Schematic structure of PanD proteins. The structures of PanD wild-type protein (PanD,y),
PanDy,1r (POA resistance conferring H21R substitution in the N-terminal region),
PanD1271rAsc131 (POA resistance conferring substitution of the C-terminal tail
127NAGELLDPRLGVG139 with 127TRASC131), and PanD114stop (Without C-terminal,
i.e., with aspartate decarboxylase domain only) are shown. Numbers indicate amino acid
residues. G24-S25 indicates position of the autocleavage site (1). Amino acid sequences at
the C-terminal tail are indicated in single letter code.39 (B) Verification of purified
recombinant PanD proteins. SDS gel (17% total acrylamide and 0.4% cross-linked
acrylamide) of the purified recombinant proteins PanDWT, Panp1271rasc131, 2and
PanDyp1r and PanDyy4st0p. Lane M shows molecular weight markers. The observed larger
bands are likely oligomers as reported previously and seen in the X-ray structure of the
protein (1). PanD1271rASc131 Migrates further compared to the other recombinant proteins,
which may be caused by the charge difference at the accessible C-terminus of the protein.
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Binding affinity measurements for POA, PZA, and nicotinic acid (NA) with PanD,; using
ITC. (A) Representative ITC profiles are shown. The top panel in the figures shows the
injection profile after baseline correction. The bottom panel shows the integration (heat
release) for each injection. The solid lines reveal the fit of the data to a function based on a
one-site binding model. NA + POA + PanD,,; shows the results of a competitive titration
where PanD was incubated with nicotinic acid for 15 min before titration with POA. (B)
Thermodynamic signature plots of POA and NA binding to PanD,,; as deduced from the
isothermal titration calorimetry profiles (see Materials and Methods).
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Effect of N-terminal and C-terminal mutations in PanD on the binding affinity of POA.
Representative isothermal titration calorimetry profiles are shown for POA with PanDyo1R,
PanD1p71RASC131, @nd PanDyy4stqp, respectively. The top panel in each figure shows the
injection profile after baseline correction. The corresponding bottom panel shows the
integration (heat release) for each injection. The solid lines in the bottom panel reveal the fit
of the data to a function based on a one-site binding model.
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Solution X-ray scattering studies of PanD proteins. (A) SAXS pattern (O) of WT PanD
(PanDyy) at 7.4 mg/mL (black), PanDyy1g at 5.0 mg/mL (green), and PanD1271rasc131 at
6.5 mg/mL (orange) concentrations. (Inset) Guinier plots show linearity at the
concentrations used, indicating no aggregation. The scattering profiles are offset for clarity
by applying arbitrary scale factors. (B) Overlapping of pair-distance distribution function
AN of PanDy,; (—; black), PanD»1r (—; green), and PanD1271rasc131 (—; orange) show
no difference. (C) Normalized Kratky plot of PanD,,; (®; black) compared to the mutants
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PanDn,1r (@; green) and PanD1o71RASC131 (@; orange) and the compact globular
lysozyme (@; gray) with a peak (---; gray), representing the theoretical peak and assuming
an ideal Guinier region of a globular particle. The scattering pattern of wild-type and
mutants of PanD are similar and exhibits a broad bell-shaped profile shifted toward the right
with respect to standard globular protein. (D) The averaged and filtered ab /nitio DAMMIN
envelope (NSD =0.47 = 0.01) of WT PanD (gray spheres) superimposed onto the cartoon
representation of the octameric model of PanD generated using the tetrameric
crystallographic structure (PDB ID: 2C45). The tetrameric subunits are colored green and
cyan. Front (left) and side (right) views are displayed. (E) Fitting of the experimental
scattering pattern of WT PanD (O; black) and calculated scattering profile of the octameric
model (—; red) derived from crystal structure using SASREF.
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