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Assessment of Mycobacterium tuberculosis Pantothenate Kinase
Vulnerability through Target Knockdown and Mechanistically Diverse
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Pantothenate kinase (PanK) catalyzes the phosphorylation of pantothenate, the first committed and rate-limiting step toward
coenzyme A (CoA) biosynthesis. In our earlier reports, we had established that the type I isoform encoded by the coaA gene is an
essential pantothenate kinase in Mycobacterium tuberculosis, and this vital information was then exploited to screen large li-
braries for identification of mechanistically different classes of PanK inhibitors. The present report summarizes the synthesis
and expansion efforts to understand the structure-activity relationships leading to the optimization of enzyme inhibition along
with antimycobacterial activity. Additionally, we report the progression of two distinct classes of inhibitors, the triazoles, which
are ATP competitors, and the biaryl acetic acids, with a mixed mode of inhibition. Cocrystallization studies provided evidence of
these inhibitors binding to the enzyme. This was further substantiated with the biaryl acids having MIC against the wild-type M.
tuberculosis strain and the subsequent establishment of a target link with an upshift in MIC in a strain overexpressing PanK. On
the other hand, the ATP competitors had cellular activity only in a M. tuberculosis knockdown strain with reduced PanK expres-

sion levels. Additionally, in vitro and in vivo survival kinetic studies performed with a M. tuberculosis PanK (MtPanK) knock-
down strain indicated that the target levels have to be significantly reduced to bring in growth inhibition. The dual approaches
employed here thus established the poor vulnerability of PanK in M. tuberculosis.

he burden of tuberculosis (TB) has reached unprecedented

levels worldwide (1), and the rapid emergence of multi-
drug-resistant Mycobacterium tuberculosis strains has now been
recognized as a major challenge for global TB control measures
(2). To eliminate TB as a public health problem by 2050, the inci-
dence of infection has to fall by 16% per year for the next 30 to 40
years (3); however, the rates are falling by only 2% (1). The diffi-
culties encountered by all efforts to address this concern have been
compounded with additional impediments, including coinfection
of HIV and M. tuberculosis, emergence and spread of multidrug-
resistant (MDR) and extensively drug-resistant (XDR) M. tuber-
culosis strains, and inadequate diagnostic and control measures
(2). There is an urgent need for defined TB regimens that are
shorter, efficacious, and, most importantly, safer. Such therapy
should be affordable and practical for use in low-resource settings
and free of interactions, especially with antiretroviral regimens
(4). Among the different drug exploration strategies available, the
key to the success of a target-based anti-TB program rests on iden-
tification of multiple chemical scaffolds with mechanistically di-
verse modes of inhibition. Such a strategy could overcome some of
the challenges associated with poor druggability and, possibly, the
often-encountered issue of potent inhibitors lacking the ability to
translate to antibacterial activity. In pursuit of identifying targets
for novel antimycobacterials, it is very important to limit the
choice to those targets that impact viability with the slightest per-
turbation in protein levels. This adverse effect on survival or per-
sistence normally happens owing to the loss of an essential metab-
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olite central to many vital functions. The current report presents
an evaluation of the use of one of the key enzymes of the coenzyme
A (CoA) biosynthetic pathway as an option for designing a new
anti-TB drug. The CoA cofactor is an essential acyl group carrier
indispensable for respiration and lipid metabolism in various or-
ganisms. Loss of intracellular CoA levels either through the use of
inhibitors or gene knockouts of the enzymes involved in the bio-
synthetic pathway have demonstrated that inhibition of CoA syn-
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TABLE 1 Bacterial strains and plasmids used in this study

Elucidation of PanK Vulnerability in M. tuberculosis

Strain or plasmid Description®

Source or reference

Strains
E. coli pMOS Blue
proAB™ Tnl0 (Tet")
M. tuberculosis H37Rv ATCC 27294

F’ endA1 hsdR17 (i~ my "), supE44 thi-1 recAl gyrA96 relAl lac [F' lacI"ZAM15

Virulent laboratory strain of M. tuberculosis

GE Healthcare

AZI collection

M. bovis BCG—CoaA OE strain MtPanK-overexpressing M. bovis BCG This study
Plasmids
pBANO0477 M. tuberculosis coaA gene cloned at Ndel and BamHI cloning site, Hyg" This study
PAZI9018b E. coli-mycobacterial IPTG-inducible shuttle vector—a replicating vector with 12
lacZ, Hyg', Ndel, and BamHI as cloning sites
pBANO0317 M. tuberculosis coaA conditional expression vector with truncated, mutant coaA This study
gene cloned downstream of pristinamycin-inducible promoter (pPTR)
PAZI9479 Mycobacterial conditional-expression (integrating) vector with pPTR system 13

@ Tet", tetracycline resistance; Hyg, hygromycin resistance.

thesis is a viable option to discover new antimicrobials (5-7).
Significant differences between the bacterial and human counter-
parts enable selective inhibition of the targets on this pathway.
However, for slow-growing pathogens such as M. tuberculosis,
which are known to persist within the host for extended periods,
there is an added requirement of complete killing of the pathogen
and its elimination from the host to ensure a cure.

CoA is assembled in five steps from pantothenate, and the
first reaction in this pathway, the phosphorylation of pantothe-
nate to yield 4’-phoshopantothenate, is catalyzed by the en-
zyme pantothenate kinase (PanK). Pank, the key rate-deter-
mining enzyme of the CoA biosynthesis pathway (8), exists in
three different isoforms. Type I PanK, encoded by the coaA
gene, is present in many bacterial species, including Escherichia
coli. Type 11 PanK is found mostly in eukaryotes but also in some
bacteria, including Staphylococcus aureus. Other bacteria, such as
Bacillus anthracis, utilize a type III PanK, encoded by the gene
coaX. Recent work with a conditional coaX mutant has demon-
strated that B. anthracis type III PanK is an essential enzyme,
thereby validating this enzyme as an antimicrobial target (30). The
same conclusion could not be extended to and established for the
M. tuberculosis coaX gene, since a deletion mutant showed no
growth defects in vitro, in macrophages or in mice, thereby ruling
out the essentiality of coaX in this organism (9). In contrast, coaA
could be inactivated only in the presence of an extra copy of the gene,
thus proving its essentiality for the survival of M. tuberculosis (9).

We had earlier reported the identification of M. tuberculosis
PanK (MPanK) inhibitors with multiple modes of inhibition ob-
tained through screening of large libraries (10), an approach that
could pave the path for evaluating targets such as MtPanK. Among
these, the triazoles were found to be competitive with ATP, while
the biaryl acids were mixed noncompetitive. Specific interaction
with the target was shown by determining the crystal structures
with both types of inhibitors bound in the enzyme (11). These
inhibitors were then evaluated for their ability to translate to cel-
lular growth inhibition with in silico predictive tools as well as in
vitro experimentation. In order to confirm the link with the target
for compounds that had cellular activity, MIC modulation studies
were carried out with MtPanK overexpression and knockdown
strains. However, the lack of cellular inhibition with some of the
inhibitors prompted us to investigate this further through a two-
pronged strategy: (i) exploration of chemical space to get more
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inhibitors with nanomolar enzyme potency and (ii) assessment of
vulnerability by conditional expression of MtPanK.

MATERIALS AND METHODS

Bacterial strains, media, chemicals, and reagents. E. coli MOS Blue cells
(Amersham) were used for gene cloning and plasmid propagation. The M.
bovis BCG-Pasteur Merieux wild-type strain and M. smegmatis mc*155
were used as expression hosts. M. tuberculosis H37Rv ATCC 27294 was
used to generate a coaA conditional-expression strain. Electrocompetent
E. coli and mycobacterial cells were prepared as described earlier (12). All
the enzymes used for cloning were from either New England BioLabs or
GE Healthcare. Isopropyl-beta-thiogalactopyranoside (IPTG), rifampin,
and isoniazid were obtained from Sigma, hygromycin was from Roche,
and pristinamycin (Synercid) was from Sanofi Aventis. Zirconia beads
(0.1 mm diameter) and a Mini-BeadBeater were purchased from Biospec
Products. In general, LB medium was used for E. coli growth and 7H9
medium (Middlebrook 7H9 medium supplemented with 1% albumin-
dextrose-catalase [ADC], 0.2% glycerol, and 0.05% Tween 80) for myco-
bacterial growth. Unless otherwise mentioned, the coaA conditional-ex-
pression strain was grown in 7H9 medium supplemented with 50 g/ml
hygromycin and 10 ng/ml pristinamycin 1 (P, ). Details of the strains used
in this study are summarized in Table 1.

Protein expression, purification, and inhibitor screening for IC;,
determinations in MfPanK assay. MtPanK expression, purification, and
activity assays were carried out as described earlier (10). Routine screening
and 50% inhibitory concentration (ICs,) estimations for the MtPanK
inhibitors were carried out by keeping both substrate and cofactor con-
centrations at their respective K, values, i.e., pantothenate at 122 pM
and ATP at 395 pM. For selected inhibitors, competition with ATP was
checked by measuring IC5,ata 50X K,,, ATP concentration, i.e., 6 mM.

Generation of recombinant M. bovis BCG overexpressing MtPanK.
The full-length coaA gene was PCR amplified from M. tuberculosis
genomic DNA using primers MtbcoaAF (5'-ATTCCAACATATGATGTC
GCGGCTTAGCGAGCC-3") and MtbcoaAR (5’ AGGCCTAGGATCCTT
ACAGCTTGCGCAGCCGCA-3"). Recombinant plasmid pBAN0477 was
generated by cloning the amplicon at BamHI and Ndel sites of
PAZI9018Db, a replicating E. coli-mycobacterium shuttle vector, with an
IPTG-inducible promoter (12). Following transformation into M. bovis
BCG, recombinants were identified by PCR and the transcript levels were
monitored by reverse transcription-PCR (RT-PCR).

MIC tests were set up per CLSI (Clinical and Laboratory Standards
Institute) guidelines (14). Modes of action of the triazoles and the
biaryls were evaluated by MIC modulation using a M. tuberculosis coaA
knockdown strain (coaAKD) (described below) and a BCG strain overex-
pressing MtPanK, respectively. Wild-type M. tuberculosis and M. bovis
BCG were used as control strains. Isoniazid and rifampin served as refer-

aac.asm.org 3313

AINN NY3LSVIHLHON Ad $#T0Z ‘vT 1890100 U0 /610 Wwse oee//:dny wolj papeojumoq


http://aac.asm.org
http://aac.asm.org/

Reddy et al.

ence drugs. MICs were determined in the presence of 100 wM IPTG for
the MtPanK overexpression strain and either 0 or 10 ng/ml P, for the M.
tuberculosis coaAKD strain. These MIC tests were performed in 96-well
plates using the Microplate alamar blue method (15) for a 7-day measure-
ment and the turbidometric method for a 14-day measurement.

Generation of M. tuberculosis coaAKD. pAZI9479 is a conditional-
expression vector (13) derived from the pAZI9018b replicating plasmid.
Removal of the mycobacterial origin of replication and replacement of
the IPTG-inducible promoter system with a pristinamycin-inducible
promoter system (unpublished data) yielded pAZI19479. This integrat-
ing vector is particularly useful for generating single-crossover knock-
down strains through homologous recombination. M. tuberculosis coaA
conditional-expression vector pBAN0317 was generated by cloning a
truncated synthetic gene of coaA (bp 1 to 798) carrying an in-frame stop
codon at codon 117 into pAZI9479 at Ncol-Sphl sites. Transformants
were selected on 7H10 plates supplemented with 50 pg/ml hygromycin
and 100 ng/ml of P,. A set of PCRs was performed to confirm the genotype
of the recombinant coaA conditional-expression strain. The minimum
inducer required for the growth of this strain was determined by plating
dilutions of this culture on 7H10 plates supplemented with 0 to 100 ng/ml
of P,.

In vitro growth kinetics of the M. tuberculosis coaAKD strain. A
culture of the M. tuberculosis coaAKD strain was grown in 7H9 broth
supplemented with 50 pg/ml hygromycin and 10 ng/ml P, up to the
mid-log phase. Harvested cells were washed three times with plain 7H9
medium, resuspended in fresh medium, and used as an inoculum for both
in vitro growth kinetics and in vivo phenotyping experiments. In brief, the
culture concentrate was used as a master stock to inoculate 7H9 broth
supplemented with 50 pg/ml hygromycin to get an optical density at A4,
of ~0.01. This master culture was further split into 3 parts and supple-
mented with 0, 10, and 25 ng/ml of P,. The growth kinetics of these
cultures were monitored by measuring A, and enumerating CFU at
regular intervals. At each time point, dilutions of these cultures were as-
sessed for CFU on 7H10 agar plates without (for revertants) and with (for
survivors) 10 ng/ml of P,.

Measurement of intracellular PanK levels by Western blotting. Cul-
tures (10 ml) of wild-type M. tuberculosis H37Rv and M. tuberculosis
c0aAKD strains were harvested 6 days post-P, treatments. The cell
pellets were washed twice in phosphate-buffered saline (PBS) and re-
suspended in about 500 wl of PBS supplemented with a cocktail of
protease inhibitors. Cell suspensions were transferred to 2-ml screw-
cap tubes (Biospec Products) containing about 0.1 g of 0.1-mm-diam-
eter Zirconia beads (Biospec Products). Cell lysates were prepared by
bead beating the cell suspension twice at 4,000 X g for 20 s each time.
Protein estimation using Bradford reagent was performed on the clar-
ified lysates obtained after centrifuging the cell lysates at 12,000 X g for
5 min. Two micrograms of total protein of each sample was analyzed
by SDS-PAGE, after which the proteins were blotted onto a Hybond
nitrocellulose membrane (GE Healthcare). Rabbit polyclonal anti-
PanK serum (diluted 1:400,000) was used for probing the blot and
developed using an ECL kit (GE Healthcare). Densitometric analysis of
the bands on the autoradiogram was done using the Quantity One tool
on the Bio-Rad gel documentation system.

In vivo phenotyping. The AstraZeneca Animal Ethics Committee,
registered with the government of India (registration no. CPCSEA 99/5),
approved all animal experimental protocols and usage. The culture stocks
were prepared as described above. BALB/c mice (8 to 10 weeks old) were
infected with about 10° CFU of either the M. tuberculosis H37Rv strain or
the M. tuberculosis coaAKD strain. Three mice per group per time point
were sacrificed at designated days postinfection to monitor the course of
infection. Lung and spleen homogenates from these infected animals were
tested for viable bacteria on 7H10 plates for wild-type M. tuberculosis
H37Rv and on 7H10 agar plates supplemented with 50 pg/ml hygromycin
and 50 ng/ml of P, for M. tuberculosis coaAKD.

Prediction of the most ideal type of PanK inhibition using simula-
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tion. A virtual platform was built for mapping a network of pathways of
M. tuberculosis with Cellworks’ proprietary technology (iC-PHYS) using
ordinary differential equations along lines similar to those used for E. coli
experiments (16). In this mathematical model, more than 10 key path-
ways (glycolysis, tricarboxylic acid [TCA], pentose phosphate, glyoxylate
shunt, branched-chain amino acid synthesis, and mycolic acid biosynthe-
sis and other cell wall component biosynthetic pathways, including
arabinogalactan, peptidoglycan, PIM-LAM, etc.) were simulated. Ad-
ditionally, this platform could predict the outcome of any type of
inhibitor-target interaction (competitive, noncompetitive, mixed
mode, and uncompetitive) as well as the resultant modulation in me-
tabolite levels within the cells. This in silico kinetic platform is also
equipped to evaluate and differentiate between genetic and chemical
vulnerability. In the case of the genetic vulnerability assessment, the
target level is sequentially reduced and the impact on cell viability
monitored, whereas in the case of the chemical vulnerability assess-
ment, cell viability is evaluated by incorporating the kinetic parame-
ters (rate constants, K,,,, V,,..,.) of the target as well as its substrate and
products into the platform. In both cases, biomass levels served as
indicators of cell growth. The inhibitors were ranked with respect to
their [I]/K; values so as to gauge the lowest MIC for each type of
inhibition (16). The K; value used for this simulation was 0.1 WM.

Chemical synthesis. (i) Triazoles. Triazoles were synthesized starting
with coupling of thiosemicarbazide 1 with N-BOC (N-butoxycarbonyl)
amino acid 2 in the presence of HATU {1-[bis(dimethylamino)methyl-
ene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxid hexafluorophosphate}
to get corresponding amide 3, which underwent cyclization in the pres-
ence of sodium hydroxide to afford triazole 4. The free thiol group of 4 was
alkylated with halide 5 to give triazole 6, which, upon deprotection fol-
lowed by coupling with acid chloride, gave triazole 7 (Fig. 1). Diversity in
the scaffold was introduced by thiosemicarbazides 1 or amino acids 2 or
alkyl halides 5 and acid chlorides.

(ii) Quinolones. Quinolone ureas were synthesized starting from sub-
stituted anilines as given in Fig. 2. Acetylation of substituted aniline 8
resulted in corresponding acetanilide 9, which under Vilsmeier-Haack
reaction conditions afforded chloroquinoline aldehyde 10. Aldehyde 10
was converted into quinolone aldehyde 11 using sodium acetate and ace-
tic acid. Compound 11, upon reductive amination with various amines
12, afforded secondary amines 13, which on reaction with isocyanates 14
afforded ureas 15.

(iii) BAA. Biaryl acetic acids (BAA) were synthesized starting from
3-hydroxy benzaldehyde as given in Fig. 3. Bromination of benzaldehyde
16 at 0°C resulted in 2-bromo-5-hydroxybenzaldehyde 17. Reductive al-
kylation of benzaldehyde 17 with piperazine 18 gave intermediate 19,
which, upon subsequent arylation with various boronic acids following
the Suzuki coupling protocol, led to benzaldehyde 20. Alkylation of ben-
zaldehyde 20 with alkyl bromoacetates using Na,CO;-dimethylforma-
mide (DMF) resulted in compounds 21 to 23, which, upon subsequent
hydrolysis, afforded the desired biaryl acetic acids 24 in good yields. Biaryl
acetamides 25 were synthesized starting from biaryl acetic acids 24 using
the HATU/DIEA (diisopropylethylamine) protocol.

RESULTS

Identification of diverse chemical series targeting MtPanK. We
conducted two high-throughput screening (HTS) campaigns for
identification of inhibitors of the MtPanK enzyme. The first effort
(campaign 1) screened a diverse library of ~70,000 compounds,
while the second effort (campaign 2) screened a larger library of
~1,000,000 compounds. Campaign 1 chemistry focused on tria-
zole and quinolone scaffolds which were shown to be competitive
inhibitors of ATP. In order to increase the diversity of the inhibi-
tor classes, series which were prioritized from campaign 2 were
either uncompetitive with ATP (thiazole) or mixed noncompeti-
tive with ATP (biaryl acetic acid and quinoline carboxamide). The
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FIG 1 Synthesis of triazoles. Reagents and conditions were as follows: i, HATU, DIEA, dichloromethane (DCM), room temperature, 12 h, 60% to 70%; ii, 15%
aqueous NaOH, MeOH:1,4 dioxane (1:1), room temperature, 3 h, 60% to 70%; iii, K,COj, tetrahydrofuran (THF), 40°C, 16 h, 80% to 90%; iv, trifluoroethanoic
acid (TFA), DCM, 0°C to room temperature, 3 h, 90%; v, ArCoCl, triethylamine (TEA), DCM, 0°C to room temperature, 2 to 3 h, 40% to 50%j vi, Mel, NaH,

THE, 0°C to room temperature, 40%.

kinetic mechanism of each scaffold was characterized in detail as
described earlier (10). The detailed mode of binding of a subset of
triazole and biaryl acid inhibitors was determined by crystallo-
graphic studies on enzyme-inhibitor complexes. These inhibitors
were found to occupy overlapping positions with CoA and each
other (11).

SAR for triazoles and quinolone ureas. The two series,
namely, triazoles and quinolones, were identified as hits from a
70K library screening. Both the series had a molecular mass of
about 430 Da and multiple handles to develop the structure-ac-
tivity relationship (SAR). Inhibitors from both series were primar-
ily competitive with ATP. The initial IC5, values of representatives
of both series were about 100 nM at K,,, ATP, and the potency was
reduced by 3.5- to >100-fold when the ATP concentration was
increased to 50X K,, ATP. The SAR of the two series is described
in detail below.

Triazoles. The SAR for the triazole series is summarized in
Table 2. Compound 7m was the initial hit in this series, with an
IC5, of 87 nM at K,,, ATP which then increased to 5.5 WM at 50X
K,, ATP. All subsequent optimization was done by following the
ICs, at 50X K,,, ATP. Substitution on the R2 ring to p-chloro (71)
and o-methyl (7k) groups resulted in potencies of 3.1 and 2.8 pM,
respectively. When the R1 group on triazole nitrogen was changed
to N-4-fluorobenzyl (7i), potency improved to 0.7 uM and
further improved to 0.32 pM upon N-methylation of the
amide (7h).

With a 3-pyridyl methyl substitution at triazole nitrogen, R1
was found to be the best in terms of potency (Table 2). The
order of potency for N substitutions was N-3-pyridyl meth-

(o]
() v, B
R NH, Ri N

8 9
(o]
R iv
mLH o RQ’NH2 —")
R, NS0 Ry
1 12 13

yl—=>N-benzyl—>N-Me. Replacement of the trifluoro methyl
group (7d) on the R3 phenyl ring with chloro (7j) reduced the
enzyme potency to 0.9 uM from 0.2 wM. Introduction of a
second substitution in the ring brought back the potency; thus,
7¢ showed an IC5, of 0.19 wM. The most potent molecule, 7a,
withan IC,,0f0.08 uM at 50X K,,, ATP, was obtained when the
4-fluoro benzyl group replaced the three-atom linker on the
left side of triazole.

Quinolones. Compound 15d (Table 3) was one of the early
hits, with an ICs, of 1.6 wM at 50X K,,, ATP. Substitution on the
R3 ring with 2-fluoro (15f) resulted in a loss of activity. The sub-
stitution requirement was exactly opposite in the case of the
chloro group on the ring. The compound (15g) with a 4-chloro
group was inactive, while the 2-chloro derivative (15¢, with IC5, =
0.5 M) was three times more potent than 15d. The 15e com-
pound that had a methoxy group replaced by a fluorine had activ-
ity comparable to that of 15d. Regarding substitutions on the ter-
tiary nitrogen of the urea, the cyclopropyl substitution (15h) was
inactive. When a cyclohexyl group of 15d was changed to cyclo-
heptyl, the 15a compound showed the best IC5, at 0.2 pM. On the
other hand, the difluoro derivative (15b) showed a slight loss in
potency (ICj, at 0.6 wM). When the cycloalkyl groups were
changed to aryl or heteroaryl, loss of activity was observed (data
not shown).

Triazoles and quinolones were screened for MICs against wild-
type M. tuberculosis along with the M. tuberculosis coaAKD strain
in the absence and presence of 10 ng/ml P,. The wild-type and M.
tuberculosis coaAKD strains did not show any growth inhibition in
the presence of 10 ng/ml P,, while MICs were observed under

(o]

—_— 3 —_—
Ry N” ™Cl

10

14 15

FIG 2 Synthesis of quinolone ureas. Reagents and conditions were as follows: i, AcCl, TEA, DCM, 0 to 25°C, 3 h, 99%; ii, POCl;, DMF, 0 to 80°C, 16 h, 80%; iii,
NaOAc-3H,0, AcOH, 110°C, 3 h, 80%; iv, NaCNBH;, AcOH, 2-propanol, 40°C, 1 h, 50% to 60%; v, DMAP (4-dimethylaminopyridine), DCM, 2 h, 40% to 50%.
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FIG 3 Synthesis of biaryl acetic acids. Reagents and conditions were as follows: i, Br,, DCM, 0 to 2°C, 17 h, 76%; ii, NaCNBH;, MeOH, room temperature, 2 h,
68%s; iii, boronic acids, Pd(PPhs),, dimethyl ether (DME):1 M Na,COj (2:1), reflux, 5 h, 60%; iv, alkyl bromoacetate, K,CO;, acetone, 70%; v, 5N HCL:CH;CN

(1:3), 70% to 90%; vi, HATU, DIEA, aq. NH;, 80%.

knockdown conditions (without P,) for a few compounds, indi-
cating specific target engagement. The improvement in 14-day
MIC values over the 7-day values suggested a requirement for
longer incubation period so as to allow sufficient inhibition of the
target and, consequently, arrest of cell growth. Isoniazid, the
known anti-TB drug, served as a negative control in these experi-
ments (Table 4).

Biaryl acetic acids. Initial hits from the biaryl acetic acid series
(see the representative structure in Fig. 4) were weak inhibitors of
the enzyme (ICs, of ~8 to 10 wM); hence, several analogs were
synthesized to improve the potency. In order to track the SAR,
three major modifications were made.

(i) Substitutions at the aryl position of the biphenyl ring. In a
traditional medicinal chemistry approach, the phenyl ring was
replaced with electron-withdrawing groups (EWG) or electron-
donating groups (EDG) or replaced with heteroaryl groups. The
SAR data of biraryl acids (Table 5) suggested that the 4’ position is
the preferred position for substitutions improving enzyme po-
tency and, notably, that EWG members were preferred to EDG
members. Further, a model experiment with a chlorosubstitution
at the ortho-, meta-, and para- position indicated that the para-
substituent was approximately 15-fold more potent than its ortho-
and meta- counterparts (24b to 24d). The trend was similar with
other EWG members (24i, 24j, 241, and 24n). We explored the
possibility of replacing the aryl with heteroaryl rings such as pyr-
idine (24g to 24h). The position of an aza group on the heteroaryl
did not have any bearing on enzyme potency. However, introduc-
inga cyano group at the 4’ position of pyridine (24k) brought back
potency. It is certain that the EWG members have a critical role to
play in enhancing the enzyme potency.

(ii) The aryl piperazine substitutions. An attempt to add chi-
rality by introducing a methyl group on the methylene between
the biaryl and the piperazine rings (24t) did not provide improve-
ments in potency. It was observed that the optimal potency could
be achieved with the 2'-pyridyl piperazines (24j). Any deviations
made by either changing the aza position to 4'-pyridyl piperazine
or substituting pyridyl with other aryl groups proved to be detri-
mental to enzyme inhibition (24r and 24s). In addition, enzyme
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potency was lost when the aryl ring was moved farther away by
converting it into either a benzylic or an amidic linker (data not
shown).

(iii) Oxyacetic acid at the 4’ position. It is clear from Table 5
that although the carboxylic acids had very good enzyme inhibi-
tion, it did not translate to potent antimycobacterial activity. This
could be attributed to the lower level of permeation of biaryl acetic
acids across the mycobacterial cell membrane. In order to find a
suitable replacement for acids, we synthesized its bioisostere—
tetrazole (26). This compound was as potent as the parent acid in
terms of enzyme potency; however, this too did not translate into
cellular potency, with the MIC remaining at 64 pg/ml (Table 6).

Esters are known to act as prodrugs for acids, as they get
hydrolyzed by various esterases inside the bacterial cell. Keep-
ing this in mind, we synthesized methyl and ethyl esters (Table
6, 21a and 22a) of the parent compound (Table 5, 24j). We
observed that these esters have cellular potency with MICs
ranging from 4 to 64 pg/ml in addition to retaining a reason-
able potency on the enzyme. Ethyl ester 22b (Table 6) was a
weak inhibitor of the enzyme with an IC5, of 50 wM; however,
for the same compound, the cellular potency remained at 4
pg/ml. This clearly indicated that the enzyme potency of the
acids correlated well with the cellular potency of the esters.
Similar trends were observed with compounds 21b and 21d
(Table 6). Compound 23a (Table 6) was screened against M.
bovis BCG strains with overexpressed PanK. MIC values in
wild-type M. tuberculosis H37Rv and in M. bovis BCG were sim-
ilar, whereas the BCG strain with increased PanK levels clearly
showed higher MIC values (>64 pg/ml), thus linking cellular po-
tency to inhibition of the target enzyme.

Crystallographic studies. Crystal structures of protein-inhib-
itor complexes of MtPanK with triazole and biaryl classes of com-
pounds have previously been described (11). The typical binding
modes of the triazole and biaryl compounds are exemplified by
compound 7i (PDB identification no. [ID] 4BFW) in Fig. 5A and
compound 24j (PDB ID 4BFY) in Fig. 5B, respectively. Despite
differences in the mode of inhibition, compounds of the two
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TABLE 2 SAR of triazoles
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classes share a binding site which overlaps that of pantothenate
and CoA (Fig. 5C).

Binding mode of the triazole compounds. Members of the
triazole class of compounds form a U-shaped conformation sim-
ilar to the shape of CoA, where the substituted phenyl rings are
roughly coplanar (Fig. 5C). One of the two nitrogens in the tria-
zole ring forms a hydrogen bond (HB) with the hydroxyl group of
Tyr235, whereas the other makes a HB with the amide side chain
of Asn277. The carbonyl group of the amide linker makes a HB
with a water molecule, and the trifluromethyl at the ortho position
of phenyl ring is in close proximity to His179. No HB interactions
were observed for the oxygen in the thioether side chain, and this
could explain the retention of activity with compounds lacking
oxygen in the thioether side chain (7a, 7b, 7e, and 7g). The
4-fluoro phenyl ring attached to the thioether linker binds in a
hydrophobic pocket composed of the side chains of Val199,
Alal00, Tyr235, Phe239, and Met242. The ring is also parallel to
the plane of the guanidinium group of Arg238, with the fluorine
atom above the plane (11).

We have not been able to cocrystallize the inhibitor-PanK
complex with ATP or ATP analogues. Therefore, we have com-
pared our enzyme-inhibitor complexes with the E. coli PanK
(EcPanK) structure in complex with the ATP analogue AMPPNP
(17) to help evaluate the effect of ATP on enzyme-inhibitor inter-
actions. The loss of potency in the presence of ATP (Table 2)
correlates with potential contacts of the R3 halogen substitution
with the gamma-phosphate of the ATP analogue (11). In our
modeling, 7m (the inhibitor showing the largest drop in potency)
has a fluorine-phosphate oxygen contact of 2.3 A, while for 7i (the
least-affected triazole for which we have an enzyme-inhibitor
complex), the closest contact is increased to 3.2 A. Note that the
difference between 7i and 7m is the R1 substitution (a large fluor-
benzyl-to-methyl change discussed in more detail below) and is
accommodated but results in small conformational changes in the
active site that affect the detailed set of interactions between the
inhibitor and enzyme. Removing the ortho substitution at R3 is
likely to result in a loss of potency in the absence of ATP but may
increase potency at higher ATP levels.

The structure of the enzyme-7i complex illustrates how substi-
tutions are accommodated at R1. The fluor-benzyl group fits into
a preformed tunnel into the active site that is not involved in the
binding of substrates or CoA. The tunnel surface is mostly hydro-
phobic and lined by side chains from four segments of the protein,
including Tyr182, Phe254, Tyr257, Ile272, and 11e276. The struc-
ture suggests that the increased potency of N-3-pyridyl methyl
substitutions arises from a hydrogen bond interaction to the hy-
droxyl group of Tyr257.

Three pairs of compounds (compounds 7a and 7¢c, compounds
7b and 7d, and compounds 7e and 7h) demonstrated the effect of
modifying the length of the R2 group. In all cases, the short-chain
4-fluoro thiobenzyl variant was the most potent. Most of our en-
zyme-inhibitor complexes had been determined with long-chain
variants. However, we had one complex where the inhibitor was a
4-fluoro benzyl variant of 7m. In this complex, the side chain of
Tyr182 had a different rotamer conformation, bringing it closer to
the 4-fluoro thiobenzyl group. The increased potency associated
with the 4-fluoro thiobenzyl variants was presumably a conse-
quence of these changes.

Binding mode of biaryl class. The mode of binding of the
biaryl class of compounds is exemplified by the crystal structures
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TABLE 3 SAR of quinolone amide

Compound

RZ\N N’R3 Median
Entry H ICso 1Cs0 (1M) MIC

= (uM) At 50x (ng/ml)

R1 N“To K ATP

R2 R1
15a Q ~oX 0.18 0.21 >64
15b Q ~o % <0.05 0.6 >64
15¢ i ~ax 05 0.5 >64
154 N 0.5 1.6 >64
15¢ x 0.20 32 >64
15¢ A X 0.15 >25 >64
15g St 0.25 >25 >64
15h Y N~ >50 >25 >64

in complex with 24j and 25b (PDB ID 4BFY and 4BFZ), represent-
ing acid and amide functionality, respectively, at the ether linkage
(Fig. 5B). Except for these changes, the enzyme-inhibitor interac-
tions are very similar. The para-nitrile phenyl group occupies the
hydrophobic tunnel formed by different segments of the enzyme.
One face of the ring packs against the side chain of residue Ile276,
while the other has no interactions with the surface residues of the
tunnel and would be exposed to solvent in the molecular dimer.
The para-nitrile group is located 3.2 A above the peptide plane
connecting Met144 and His145. Whether these interactions are
sufficient to explain the increased potency of 24j relative to 24a
requires more-detailed computational analysis. In the crystal,
however, we have a PanK dimer in the asymmetric unit that com-
bines with a crystallographic 2-fold axis to create an assembly with
222 symmetry. Within this assembly, the para-nitrile phenyl
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group interacts with the guanidinium group of Arg274 from a
2-fold related dimer. However, we have no evidence that the as-
sembly we observed in the crystal is also relevant in solution. The
reduced potencies of ortho- and meta- substitutions are equally
difficult to explain. The increase in potency observed by the intro-
duction of a methyl group at the ortho position (240) indicates an
interaction with a side chain of Ile272.

The lack of potency as a result of introducing a methyl group
on the methylene between the biaryl and the piperazine rings (24t)
arises due to potential close contacts to the side chains of 1le272
and Ile276. One of the nitrogens of the piperazine ring makes
water-mediated HBs with side chains of Tyr235 and Asn277,
whereas the oxygen of the ether linkage makes a HB with the
hydroxyl of Tyr182. The nitrogen of the pyridine ring makes a
hydrogen bond to a water molecule. The introduction of a methyl
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TABLE 4 MIC modulation studies with the coaAKD strain

MIC (ug/ml)*
M. coaAKD
L S
Compound (50X K,, ! !
ID ATP) (pM) D7 D14 D7 D14 D7 D14
7a 0.08 >64 >64 >64 >64 16 16
7b 0.18 >64 >64 >64 >64 >64 64
7¢ 0.19 >64 >64 >64 >64 >64 64
78 0.28 >64 >64 >64 >64 >64 >64
7h 0.33 >64 >64 >64 >64 >64 >64
7i 0.68 >64 >64 >64 >64 >64 >64
7j 0.90 >64 >64 >64 >64 >64 >64
15a 0.21 >64 >64 >64 >64 >64 >64
15b 0.60 >64 >64 >64 >64 >64 >64
15d 1.67 >64 >64 >64 >64 >64 32
15e 3.19 >64 >64 >64 >64 >64 >64
Isoniazid ND 0.03 0.03 0.03 0.03 0.03 0.06

“ D7 and D14, incubation for 7 and 14 days, respectively, at 37°C; ND, not done.

group at the 3’ position (24p) in our model would cause a close
contact to the ring of Tyr177 but may be better accommodated by
flipping the pyridine ring. The introduction of groups at the 2’
position (24r and 24s) would cause intramolecular close contacts.
Changing the aza position to 4'-pyridyl (24d and 24q) produces a
100-fold loss of potency. The HB interactions differ at the acid/
amide group substitution but have a minimal effect on potency. In
the case of 24j, the carboxylate group makes direct HB interactions
with side chains of Tyr182. In the 25b complex, the interaction
with Arg238 is absent. The side chains of Asn277 and Tyr235,
which are important for triazole binding, make only solvent-me-
diated hydrogen bonds with the biaryls.

Comparison of the triazole and biaryl binding modes. The
triazole and biaryl compounds occupy similar binding sites
(Fig. 5D). The thioether and alkylamide side chains of the tria-
zole scaffold overlap the ether and aryl-piperazine side chains
of the biaryl scaffold, respectively. The triazole extensions are
longer and extend closer to the ATP binding site. The potential
contact with the gamma-phosphate of ATP may explain why
the triazoles are competitive ATP inhibitors whereas the biaryl
compounds are not. The substituted benzyl group extending
from the triazole core overlaps the para-nitrilephenyl group of
biaryls. Although both compound classes form extensive net-
works of hydrogen bond interactions, no PanK partner forms a
hydrogen bond with both inhibitors. A structurally conserved
water molecule, however, makes a HB interaction with either
the pyridine of the biaryls or the carbonyl oxygen of the amide
linker of the triazoles.

Target vulnerability studies. (i) In vitro vulnerability of
MitPanK. Despite having nanomolar potency on the enzyme, the
triazole class did not yield MICs for the wild-type M. tuberculosis
H37Rv strain, whereas the biaryls had MICs, although they were
severalfold higher than the ICs,. This prompted us to investigate
the vulnerability of PanK both in vitro and in vivo using a MtPanK
knockdown strain.

M. tuberculosis possesses two isoforms of pantothenate kinase
encoded by the coaA and coaX genes. While there is essentiality
information available for both, coaX has been shown to be nones-
sential for the survival of M. tuberculosis in macrophages and in
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animals (9). However, there are no reports on the vulnerability of
MtPanK to indicate the extent to which its levels need to be re-
duced to achieve bacterial growth inhibition.

A M. tuberculosis coaA conditional-expression strain was gen-
erated in which the coaA expression is regulated by the pristina-
mycin-inducible promoter. A set of PCRs confirmed the genotype
of the recombinant strain, i.e., the presence of a hygromycin se-
lection marker and the presence of a full-length coaA gene down-
stream of the pPTR promoter and the truncated gene downstream
of the wild-type promoter (data not shown).

The minimum inducer concentration required to support
growth of M. tuberculosis coaAKD was determined by plating for
survivors on 7H10 media supplemented with 0, 2, 10, 25, 50, and
100 ng/ml of P,. While the growth of M. tuberculosis H37Rv cul-
ture remained unaffected at these concentrations of P, (data not
shown), the M. tuberculosis coaAKD strain could not grow on agar
plates unless supplemented with at least 10 ng/ml of P, (Fig. 6),
thus confirming its essentiality in vitro. In order to understand the
vulnerability of MtPanK, a time-to-death study combined with
intracellular target level measurements was performed. Viability
was monitored through measurements of Ay, and CFU (on agar
plates with 10 ng/ml P,) at regular intervals for up to 15 days.
Surprisingly, the M. tuberculosis coaAKD culture grew well in lig-
uid cultures even in the absence of P, (Fig. 7A). This was in con-
trast to our earlier observation, wherein no survivors could be
isolated in the absence of P, on solid media. This growth trend
continued until the end of day 15, when all cultures were termi-
nated due to appearance of clumps. This observation suggested
that within the approximately 15 generations that the coaAKD
culture went through in the absence of inducer, the PanK was not
titrated down to levels incompatible with growth. In order to sub-
stantiate this hypothesis, the coaAKD culture was subjected to
dilutions in fresh media and incubated further to provide more
generations, which would help in reducing the protein levels.
However, these experiments were not conclusive owing to clump-
ing of cultures within 48 h of dilution. Leaky expression of M-
PanK from the inducible promoter was ruled out by Western blot-
ting of the culture samples (Fig. 7B). While hardly any MtPanK
could be detected in culture without P,, the M. tuberculosis sigma
70 (M1SigA) internal control could be detected to the same levels
as seen with wild-type M. tuberculosis H37Rv (Fig. 7B). The results
detailed above suggest that MtPanK is not a vulnerable target in
vitro, as even a very small amount of the enzyme seemed to be
sufficient for bacterial growth.

FIG 4 Generic structure of biaryl acetic acid.
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TABLE 5 Illustration of SAR of biaryl acetic acids

R1 R1
NTY NTY
iy (>o “e | e | MIC Eriry St ICso | MIC
1 (uM) | (ng/ml) 1 (uM) | (ng/ml)
[l [l
R1 R2 R1 R2
CN
| X SN | X
24a =N 9.2 32 24k | = =N 0.2 32
CF,
@ ® ®
24b T ¢ =N 3.5 32 24| =N 0.7 32
QCI O L @
24c I N 3.9 32 24m © =N 0.6 64
cl | X NO, N
~N
24d © 0.24 64 24n © | 2N 0.07 32
N CN
oS ~
24e T N 4.8 32 240 2N 0.02 32
o | ~ CN | N
24f © =N 1.2 32 24p <> =N 0.36 64
[¢]
N B | AN
2449 Z 2N 6.7 32 24q Q 22 32
N Cl
X X
24h l Z | 2N 9.2 32 24r © ©\o 50 32
|
CN ‘ B CN
N
24i ; 7 7.8 32 | 24s © @CN 50 32
CN CN
® ®
2457 =N 0.2 32 24¢° =N 50 32
aEntrles 24j and 24t are similar in terms of R1 and R2. \0
However, an extra Me group has been introduced into the side 24U | jN 045 >64
chain of 24t next to piperazine. H

(ii) In vivo essentiality of MtPanK. The phenotype of coaAKD
M. tuberculosis strain in mice was studied in parallel with that of
the M. tuberculosis H37Rv wild-type strain. BALB/c mice were
infected via the intravenous route with the M. tuberculosis H37Rv
strain or the M. tuberculosis coaAKD strain grown in the presence
of 10 ng/ml P,. Owing to the poor pharmacokinetic properties of
P, in mice (unpublished data), the course of infection had to be
monitored under inducer-depleted conditions only. The bacterial
burdens in lungs and spleen of infected mice were monitored over
150 days on plates supplemented with 50 ng/ml of P,. At the end of
the 150-day study, the coaAKD strain exhibited a very small dif-
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ference in the growth rate compared to that of the control M.
tuberculosis H37Rv strain, albeit at a statistically insignificant level
(Fig. 7C), suggesting poor vulnerability of MtPanK in vivo as well.

(iii) In silico-based vulnerability test of MtPanK. In this
study, chemical vulnerability of MfPanK was modeled and evalu-
ated using the in silico M. tuberculosis platform. This model has the
unique capability of predicting both the differential levels of effec-
tiveness among the three types of inhibition (competitive, uncom-
petitive, and noncompetitive) (16, 18) and the ensuing growth
inhibition. Towards this goal, PanK inhibition and the resultant
flux following different types of inhibition were simulated in the
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TABLE 6 SAR at the aryloxyacetic acid position of compound 8
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N
Entry Ro-© — ( 1\5/}’) (ng/ Entry x |/ M) | (ug/ml)
K ml) R2”
R1 R2 R1 R2
G o CN o
H,N a o%
0.21 64 22
25a © . © ] s0 4
CN
0 cl o]
25b HN)H 0.55 64 21b ©/ O)H 5 8
. (I . [
CN o]
o} © o)
2la CI))H 0.89 4 21c T ?)\ 12.5 8
CN o o
o% o)\
22a © ) 11097 4 22¢ @u ) o 8
"o o cN
(0]
(0]
23a /*\ .| >50 16 | 21d o 21 32
* | i
"o 2 CN
o I
23b° oo>50 16 26 y 0.41 64
B
* . N=N
(o]
¥ o% “Entries 22b and 23b have the following side chain
23¢ © /‘\ >50 16 LNK/
N N.
108

platform and the [I]/K; ratio was deduced with the aim of ranking
them based on analysis of the type which yields early growth ar-
rest. However, in order to simulate various kinds of inhibitions of
the reaction, it was important to know the M. tuberculosis PanK
reaction mechanism. In M. tuberculosis, PanK catalyzes a bisub-
strate reaction, the two substrates being pantothenate and ATP. In
the absence of any clear verification of the mode of the actual
reaction mechanism for PanK in M. tuberculosis, the mechanism
simulated in the in silico platform was as reported earlier for E. coli
(16) wherein this enzyme follows a sequential mechanism, with
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ATP binding first and pantothenate next (19). Within the various
classes of inhibitors, in mixed-mode inhibition the inhibitor binds
sequentially to the free enzyme and to the enzyme-substrate com-
plex. Therefore, in this mode of inhibition, the inhibitor, when
modeled in the platform, is both competitive and uncompetitive
with ATP. Since such an inhibitor binds both forms of the enzyme,
it could be more potent than those which target only one form of
the enzyme.

In the current study, following simulation, the predicted [I]/K;
ratios that were required to reduce the CoA pathway flux to below
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FIG 5 (A) The typical binding mode of triazole class is represented by compound 7i (gray carbons) in the MtPanK active site (PDB ID 4BFW). Key residues (as
lines) involved in the interactions are shown in yellow. (B) Showing the typical binding mode of the biaryl class exemplified by compound 24j (green carbons)
and compound 25b (pink carbons) representing acid and amide functionality at ether linkage, respectively, in the MfPanK active site (PDB ID 4BFY and 4BFZ).
Key residues (as lines) involved in the interactions are also shown in the respective ligand carbon colors. In the case of the amide structure, Arg238 has a different
rotamer, whereas Tyr182 has shown a tendency of having two different rotamers. (C) Superposition of the active site of MtPanK crystal structures showing
triazole compound 7i (green), biaryl compound 24;j (gray), phosphopantothenate (yellow, PDB ID 2ZSA), and CoA (cyan, PDB ID 2GES). (D) Superposition of
triazole as represented by compound 7i (yellow carbons, PDB ID 4BFW) and biaryl as represented by compound 24j (green carbons, PDB ID 4BFY) in the
MtPanK active site. The active-site residues (as lines) are also shown in the respective ligand carbon colors.

a critical value of 0.07 wmol/s (equivalent to the MIC) were found
tobe 80, 12,400, and 10,000 wM for competitive, mixed, noncom-
petitive, and uncompetitive modes of inhibition, respectively.
These observations demonstrated that mixed inhibition would be
the preferred mode that would require the lowest inhibitor con-
centration for an early biomass arrest (Fig. 8).

DISCUSSION

Although the essentiality of a gene is considered to be one of the
key attributes for choosing an antibacterial target, chemical
moieties against vulnerable targets are preferable in an anti-
infective discovery program. Vulnerability is defined as the ex-
tent of inhibition of a target required to have a negative impact
on growth, leading to cell death (20). As this parameter varies
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FIG 6 Dependence of the M. tuberculosis coaAKD strain on P,. The conditional-
expression strain was grown with 100 ng/ml of P, until mid-log phase. Washed
cells were diluted in fresh medium and plated on 7H10 plates supplemented with
different concentrations of P,. Data are representative of the results of 3 indepen-
dent experiments. LOD, limit of detection; *, below the LOD.
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FIG 7 (A) Growth kinetics of M. tuberculosis coaAKD strain. A growth kinetics study was performed to assess the time required to achieve a bactericidal effect
in the absence of inducer P,. The M. tuberculosis coaAKD strain was grown with 10 ng/ml of P, until an A4, of ~0.2 was reached. Harvested and washed cells were
used to inoculate cultures supplemented with 0, 10, or 25 ng/ml of P;. Culture growth was monitored by plating for survivors on plates containing P,. The data
are a representation of the results of two such experiments. (B) Effect of P, concentration on MfPanK expression in the M. tuberculosis coaAKD strain. Protein
samples prepared from day 6 postexposure to P, of the growth kinetics study were used for Western blot analyses. Two micrograms of total protein from the
lysates were loaded per lane, blotted, and probed with anti-MtPanK antibody (top panel) or MSigA antibody (bottom panel). 0P}, 10P,, and 25P, represent the
P, concentrations (in ng/ml) used in the growth kinetics study. Rv data represent a sample from the M. tuberculosis H37Rv control. Std data represent His )-PanK
in the top panel and His4)-SigA in the bottom panel. (C) In vivo phenotype of M. tuberculosis coaAKD strain. Mice were infected by the intravenous (i.v.) route
with the M. tuberculosis H37Rv strain and M. tuberculosis coaAKD strain with 3 mice per time point. The course of infection was monitored over 150 days
postinfection in the absence of P, supplementation. Bacterial loads in lungs and spleen were measured by plating organ homogenates for CFU on 7H10 plates for
the control strain and 7H10 plates supplemented with 50 ng/ml of P, for the conditional-expression strain.

from one target to another, the best target would be the one the vulnerability of a target in M. tuberculosis, one would have to
that requires minimal perturbation to kill the pathogen, monitor growth inhibition by either using compounds with dif-
whereas nonvulnerable targets may require more than 90%  ferent modes of inhibition against the target or gradually reducing
inhibition to adversely affect growth (21-23). In order to assess  the levels of target gene expression in the bacterial cell. However,
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FIG 8 Mixed mode of inhibition of MfPanK and the resultant flux through the pathway. The predicted [I]/K; ratio required to reduce the CoA pathway flux to
below a critical value of 0.07 pwmol/s (indicated as the MIC) was the least for the mixed mode of inhibition (11).
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the latter is reflective of only one type of chemical inhibition and
hence is not appropriate for direct extrapolation of the effect of
one to estimate the effect of the other. Additionally, a chemical
inhibitor could bring in effects that are more pleiotropic (12, 23),
whereas a genetic knockdown is very specific to the intended tar-
get. An in silico platform would enable prediction of the extent of
target depletion or the type of inhibitor needed to evaluate novel
targets whose vulnerability is not understood. From the simula-
tion profiles observed, it was evident that for MtPanK, a mixed
mode of inhibition would most likely result in growth inhibition
at a much lower inhibitor concentration.

In the present study, MtPanK, an essential bacterial enzyme,
was extensively evaluated as a putative target for the discovery
of novel antituberculosis drugs. Results reported here indicate
that targets such as MrPanK are amenable to a range of bio-
chemical and biophysical studies, thus offering opportunities
to invest in HTS to identify inhibitors with maximum struc-
tural and mechanistic diversity, ATP competitive and ATP
noncompetitive, which could possibly serve as start points for a
lead identification program(s). PanK inhibition within M. fu-
berculosis through the use of ATP competitors (triazoles) may re-
quire very high potency to inhibit the enzyme inside the cell, since
the intracellular ATP concentration of around 1 mM (24) is in
10-fold excess of its K,,, for ATP. Per the Cheng-Prusoff relation-
ship (25) between ICs, and K, a competitive inhibitor may require
a much (>10-fold) higher concentration to achieve the same de-
gree of inhibition, as obtained by a noncompetitive or uncompeti-
tive inhibitor with an equivalent K; value. Hence, IC;,s were de-
termined at 50X K,, of ATP to closely mimic the physiological
condition inside the cell.

In the case of triazoles and quinolones, even with potencies of
about 100 nM and 200 nM, respectively, at 50X K,,, of ATP, cel-
lular inhibition could not be achieved. These results suggested that
either a more potent competitive inhibitor or an inhibitor with a
different mode of inhibition is required. However, these inhibi-
tors demonstrated growth inhibition of M. tuberculosis in cells
with reduced MtPanK levels (coaAKD) along similar lines as re-
ported earlier for another target from the same pathway (31).
These data clearly indicate that with lowered expression levels, the
inhibitor is able to engage the target and bring about M. tubercu-
losis growth inhibition, suggesting that MfPanK is poorly or
weakly vulnerable. The observations reported here match earlier
reports in E. coli (26-28), where it was shown that an adverse effect
on bacterial growth required >95% enzyme inhibition against a
few enzymes of the CoA biosynthetic pathway, sustained over sev-
eral generations.

Since ATP-competitive inhibitors did not demonstrate cel-
lular activity against wild-type M. tuberculosis, as an alternative,
the mixed noncompetitive inhibitors (modified biaryl acids) were
also evaluated and optimized for lead identification. While the
original hits inhibited the enzyme at a micromolar concentration,
the IC;,, could be improved to 22 nM by systematic changes. True
binding of these compounds was confirmed by midpoint (T,,)
shift experiments followed by elucidation of cocrystal structures
with inhibitors of both triazole and biaryl classes (11). The crystal
structures not only gave information about key residues for bind-
ing of both classes of inhibitors but also hinted at the observed
difference in the modes of inhibition. Free carboxylic acids with
potent IC;s failed to show cellular activity, indicating the inability
to permeate the M. tuberculosis cell wall. However, biaryl acetic
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acid derivatives (esters) with IC5, < 1 wM had M. tuberculosis
MICs ranging between 4 and 16 pg/ml. The mode of action of a
few of these active esters was confirmed by the reduced cellular
activity against M. bovis BCG overexpressing MtPanK (MIC > 64
pg/ml). This observation helped to link the enzyme inhibition
with the MIC and thus provided an additional proof of the chem-
ical validation of PanK as a possible drug target in M. tuberculosis.

All classes of MfPanK inhibitors discussed in this report could
be optimized to nanomolar potencies regardless of their mode of
inhibition (IC5, = 50 nM when both substrates for MtPanK were
maintained at K,,,). However, only inhibitors that did not have a
competitive mechanism of inhibition had antimycobacterial ac-
tivity. This differential response was earlier demonstrated using in
silico-based simulation studies in E. coli (16). In that report, for
MtPanK, [I]/K; was lowest with mixed noncompetitive inhibitors.
Growth inhibition in the presence of a mixed noncompetitive
inhibitor was preceded by a steady decline in PanK levels to below
the critical level of 5% (16). Cross-species applicability of this E.
coli platform was tested and confirmed by comparing predictions
with the experimental data generated using a mycobacterial spe-
cies (16). Since both the triazoles and the biaryl esters showed
modulation of MICs in M. tuberculosis strains expressing different
levels of PanK, a direct and specific link to target could be estab-
lished.

Unlike targets that are involved in essential housekeeping pro-
cesses, for targets such as PanK, for which there is no clinical
precedent, an evaluation of their vulnerability is necessary. To this
end, a parallel effort involving evaluation of M. tuberculosis
coaAKD with regard to its growth kinetics in vitro and in vivo was
carried out. In all of these experiments, the survivors were checked
on 7H10 plates with P, and, for revertants, without P;.

The M. tuberculosis coaAKD strain demonstrated complete in-
ducer dependence for growth on solid agar medium, thereby
establishing its essentiality. The in vitro survival kinetic studies
in the absence of inducer indicated growth rates similar to
those of wild-type strains as observed by CFU recovered from
the plates with P,. In the case of in vivo phenotyping experi-
ments, however, small differences in growth rates were seen,
albeit the differences was insignificant. This observation sug-
gested either that the M. tuberculosis coaAKD strain had re-
verted through accumulation of genetic mutation or that there
was leaky expression of MtPanK. The possibility of strain re-
version was ruled out, as the very same samples failed to grow
on 7H10 plates without P,. With regard to the leaky expression,
MtPanK could not be detected on day 6 postwithdrawal of
inducer in Western blots. However, the recovery of viable cells
from broth could be attributed to the presence of trace
amounts of MtPanK undetectable by Western blots. If such low
levels of MtPanK can keep the cells viable, the current studies
indicate that a nearly 100% depletion of the target is required to
achieve growth inhibition. As M. tuberculosis is known to have a
long generation time, a single cell may need to go through nearly
30 generations to form a visible colony on solid medium, enough
for CoA to drop below critical levels.

According to earlier reports, a reduction in PanK activity of
more than 95% was required to achieve growth inhibition since
the steady-state levels of CoA are far in excess of what is critical
for cell survival (24, 27, 28). Results from the current study are
in concurrence with these earlier observations and were further
substantiated by the inability to recover colonies on solid me-
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dium. However, the broth experiments could be conducted
only for a maximum of 15 days (for reasons of cell clumping),
during which the PanK levels may not have become depleted
below critical levels. In addition, under conditions where the
strain exists in a nearly nonreplicating phase in an animal
model, reduction in CoA levels could be very minimal and
hence would explain the recovery of M. tuberculosis even after
long periods in vivo. The vulnerability studies, both genetic and
chemical, reported here demonstrate that PanK is not an attractive
antimycobacterial target. This is similar to the data observed in
earlier studies with a ApanCD M. tuberculosis strain (29), wherein
the auxotrophic mutant persisted in the lungs and spleens of in-
fected mice for over 6 months following intravenous infection.
Since PanCD and PanK are both enzymes from the CoA biosyn-
thetic pathway, the observations from this study and the earlier
ApanCD report suggest the possible poor vulnerability of targets
of this pathway.

The results described here have thus unraveled the importance
of understanding the vulnerability of a novel target either through
the use of conditional-expression strains and/or via inhibitors
with diverse mechanistic activities before embarking on a drug
discovery program.
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