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Abstract—InhA, the enoyl acyl carrier protein reductase (ENR) from Mycobacterium tuberculosis, is one of the key enzymes
involved in the type II fatty acid biosynthesis pathway of M. tuberculosis. We report here the discovery, through high-throughput
screening, of a series of arylamides as a novel class of potent InhA inhibitors. These direct InhA inhibitors require no mycobacterial
enzymatic activation and thus circumvent the resistance mechanism to antitubercular prodrugs such as INH and ETA that is most
commonly observed in drug-resistant clinical isolates. The crystal structure of InhA complexed with one representative inhibitor
reveals the binding mode of the inhibitor within the InhA active site. Further optimization through a microtiter synthesis strategy
followed by in situ activity screening led to the discovery of a potent InhA inhibitor with in vitro IC50 = 90 nM, representing a 34-
fold potency improvement over the lead compound.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

The NADH-dependent enoyl-ACP reductase encoded
by the Mycobacterium gene inhA has been validated as
the primary molecular target of the frontline antituber-
cular drug isoniazid (INH).1 Recent studies demon-
strated that InhA is also the target for the second line
antitubercular drug ethionamide (ETA).2 InhA cata-
lyzes the reduction of long-chain trans-2-enoyl-ACP in
the type II fatty acid biosynthesis pathway of M. tuber-
culosis. Inhibition of InhA disrupts the biosynthesis of
the mycolic acids that are central constituents of the
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mycobacterial cell wall.3 As a prodrug, INH must first
be activated by the mycobacterial catalase-peroxidase
KatG into its acyl radical active form. The adduct
resulting from covalent binding of the activated INH
to the InhA cosubstrate NADH, or its oxidation prod-
uct NAD+, functions as a potent InhA inhibitor.4 Simi-
larly, a comparable NAD adduct of ETA has been
identified and shown to be an effective InhA inhibitor,
although ETA is activated by EtaA, a flavoprotein
monooxygenase, rather than by KatG.2 INH has been
widely applied as the frontline agent for the treatment
of tuberculosis for the past 40 years. Clinical studies
indicate that the majority of these prodrug (INH,
ETA)-resistant clinical isolates arise from KatG- or
EtaA-associated mutations.5,6 Therefore, inhibitors tar-
geting InhA directly without a requirement for activa-
tion would be promising candidates for the
development of agents against the ever increasing threat
from drug-resistant Mycobacterium tuberculosis strains.
Several series of direct InhA inhibitors, including pyra-
zole derivatives, indole-5-amides7 and alkyl diphenyl
ethers,8 have been identified recently that show both
in vivo and in vitro activity. We also recently reported
the discovery and optimization of pyrrolidine carboxa-
mides as a novel series of direct InhA inhibitors.9 In
the current study, we report the discovery of another
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series of amides during the high-throughput screening
campaign for novel direct InhA inhibitors and a follow
up optimization of the series via a microtiter synthetic
strategy and in situ screening.
2. Results and discussion

To identify novel inhibitors targeting the M. tuberculosis
InhA, we performed a high-throughput screen of a
chemical diversity library of 30,000 compounds from
the Bay Area Screening Center based on the approach
described previously.9 Compounds exhibiting at least
50% InhA inhibitory activity at 30 lM were labeled as
hit compounds. Thirty compounds were identified and
reconfirmed by IC50 determination employing the
authentic solid compounds. The potencies of each com-
pound in the presence and absence of 0.01% Triton-X
were also compared to eliminate potential false positive
hits, also known as promiscuous inhibitors, which result
from the non-specific formation of aggregates that
sequester and inhibit the enzyme.10,11 These 30 hit com-
pounds can be grouped into 13 structurally diverse clas-
ses. The largest class is the arylamide series of
compounds, all of which contain a piperazine or piperi-
dine as the core structure (Table 1). Among the aryla-
mides, a4 is the most potent compound identified in
the initial screen with IC50 = 3.07 lM. A review of the
substructure query of the 30,000 compounds screened
revealed the presence of a number of inactive arylamide
Table 1. InhA inhibition activities of arylamide series compounds

N

O

R1 A C

Compound X n R1

a1 N 0 H

a2 N 0 4-C

a3 N 0 4-C

a4a N 0 4-C

a5 N 0 3-C

a6a N 0 3-C

a7 N 0 3,4

a8 N 0 3,4

a9 N 0 4-i

a10 N 0 4-t

a11 N 0 4-t

a12 N 0 4-t

a13a N 0 2-F

a14a N 0 4-F

a15a N 0 3-C

a16a N 0 3,4

a17a N 0 3,4

a18a N 1 H

b1a C 1 3-C

b2a C 1 2-F

b3a C 1 4-C

b4a C 1 3-C

a Compound identified in the initial round of high-throughput screening.
analogues in the initial high-throughput screen. To-
gether, the data suggest that compounds with a single
electron-withdrawing substituent at the meta-position
of ring B are the most potent inhibitors. To carry out
a preliminary exploration of the structure–activity rela-
tionships (SAR) of these compounds, a series of com-
pounds was selected and purchased on the basis of
traditional medicinal chemistry principles. Their inhibi-
tion of InhA activity was then determined by IC50 mea-
surements according to previously reported protocols.

2.1. SAR

The InhA inhibition activities of the arylamide series
of compounds are summarized in Table 1. Compound
a1, without any substituent on either of the phenyl
rings, displayed an IC50 of �39 lM and serves as the
standard for potency comparison. The activity of a2
improved more than twofold when a -CH3 was intro-
duced at the para-position of phenyl ring A. The pres-
ence of additional electron-withdrawing groups (3-Cl,
a3; 3-CF3, a4) on ring B greatly increased the potency,
resulting in IC50 values of 3.07 and 6.26 lM, respec-
tively. The electron-withdrawing nature of the group
at the meta-position of ring B is an important determi-
nant of activity, as many analogues with para- or
ortho-substituents on ring B were found to be inactive
in the high-throughput screen (percentage of inhibition
less than 10% when tested at 30 lM, data not shown).
Replacement of the 4-CH3 on ring A with a 3-CH3 led
X

n

R2B

R2 IC50 (lM)

H 38.86 ± 1.35

H3 H 16.64 ± 0.49

H3 3-CF3 6.26 ± 0.33

H3 3-Cl 3.07 ± 0.48

H3 3-Cl 9.43 ± 0.80

H3 4-NO2 15.47 ± 1.52

-Me2 3-Cl 0.99 ± 0.03

-Me2 3-CF3 1.85 ± 0.08

-Pr 3-Cl >100

-Bu 3-Cl >100

-Bu 3-CF3 >100

-Bu 4-CH3, 3-Cl >100

3-Cl 13.87 ± 1.03

3-Cl 9.74 ± 0.62

l 3-Cl 6.73 ± 0.27

-Cl2 3-Cl 6.05 ± 0.58

-Cl2 H 17.62 ± 1.24

H 31.50 ± 1.65

l H 7.74 ± 0.25

H 14.11 ± 0.42

H3 H 5.16 ± 0.45

H3 H 7.39 ± 0.38
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to a 3-fold decrease in potency (a5). The activity was
further diminished when the 3-Cl on ring B was simul-
taneously replaced with a 4-NO2 (a6). Compounds a7
and a8 exhibited the best InhA inhibition activity in
this series with IC50 values of 0.99 and 1.85 lM,
respectively, indicating that the presence of dual
methyl groups was beneficial and improved potency.
However, the further introduction of bulky substitu-
ents (tert-butyl or iso-propyl) at the para-position of
phenyl ring A abolished activity (a9–a12), indicating
that for optimal activity there is a size limit for substit-
uents at the 4-position of ring A. Such bulky substitu-
ents may interfere with binding in the active site
despite the presence of electron-withdrawing group(s)
at the meta-position of ring B. No further improve-
ment was observed when the 4-CH3 on ring A was re-
placed with electron-withdrawing groups such as 2-F,
a13; 4-F, a14; 3-Cl, a15; or 3,4-Cl2, a16. The fact that
the activity of a16 is nearly 3-fold that of a17 con-
firmed the importance for potency of a 3-Cl substitu-
ent on ring B. Another series of analogues was also
identified in the high-throughput screen and was con-
firmed by IC50 measurements in which rings B and
C were separated by a carbon atom (a18) and the
piperazine ring C was replaced by a piperidine (b1–
b4). The insertion of one carbon atom had little effect
on the activity (a18) and all the piperidine derivatives
exhibited similar potency with IC50 values ranging
from 5 to 14 lM.
Figure 1. Inhibitor b3 bound to the active site of the M. tuberculosis InhA. (a)

b3 (in capped stick model) binds. (b) Details of InhA–b3 interactions. Key r

oxygen on the carbonyl group of the amide makes hydrogen-bonding intera

hydroxyl group of Tyr158 (blue line).
2.2. Crystallographic analysis of the InhA inhibitor
binding site

The crystal structures of InhA–inhibitor complexes incu-
bated with NADH were solved for one of the piperidine
compounds b3 (Fig. 1). Consistent with our modeling
prediction and all known enoyl reductase (ENR)–inhib-
itor complexes, we observed a signature hydrogen-bond
network, a critical feature responsible for formation of
the substrate/inhibitor-enoyl ACP reductase com-
plex.8,9,12–16 In the complex, the amide carbonyl group
oxygen is hydrogen-bonded to the 2 0-hydroxyl moiety
of the nicotinamide ribose and the hydroxyl group of
Tyr158 (Fig. 1b), one of the catalytic residues in the InhA
active site. The unsubstituted phenyl (ring B) also fit ni-
cely into the binding pocket and interacted with the
hydrophobic residues of Phe149, Pro193, Leu218, and
Val203. In agreement with the SAR of the a series (Table
1), the introduction of a –Cl or –CF3 at the meta-position
would strengthen then the possible interactions with
these side chains, resulting in the observed increased po-
tency. In addition, it looks like there is still space to ex-
pand the size of ring B to fill the void between the
inhibitor and active site residues at the bottom of the
binding pocket (Fig. 1a). The introduction of larger
hydrophobic substituents in the place of ring B might
provide more hydrophobic contacts between the inhibi-
tor and hydrophobic residues. The van der Waals inter-
actions between the methylated phenyl ring A of b3
Purple molecular surface shows the active site cleft in which compound

esidues within a 4.5 Å sphere of the b3 binding pocket are shown. The

ctions with the 2 0-hydroxyl moiety of the nicotinamide ribose and the
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and Gly96 and the nicotinamide part of NAD further
contribute to stabilization of the inhibitor–InhA
complex.

2.3. Microtiter synthesis and in situ screening of InhA
inhibitors

Over the last decade the concept of privileged structures
has emerged as a successful approach in medicinal
chemistry for the discovery and optimization of novel
bioactive molecules.17 Privileged structures are defined
as molecular scaffolds that are frequently found in mol-
ecules that are active at multiple different receptors.
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Figure 2. Structures of the carboxylic acids and amines utilized in the micro
Such substructures usually represent the core element
of a molecule and make up a significant portion of its to-
tal mass. It is believed that the privileged fragment pro-
vides the scaffold for a particular target whereas the
specificity of the compound is determined by the various
substituents appended to it in the derivatives. In combi-
natorial synthesis, the application of the versatile chem-
ical motif provides an effective approach for the rapid
generation of high quality lead compounds suitable for
further development.17

Preliminary SAR studies of the hit compounds identified
suggested that a piperazine is the key scaffold for this
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Table 2. InhA inhibition activities of arylamide compounds identified by microtiter synthesis and in situ screening

Structure ID Inhibition % (15 lM) IC50 (lM)

NN

O

p1 99 0.40 ± 0.02

NN

O

p2 97 0.09 ± 0.00

NN
N
H

O

p3 94 0.20 ± 0.01

NN

N
H

O

F

F

p4 84 1.04 ± 0.04

NN

O

F

F

p5 83 1.89 ± 0.11

NN

O

F

F

p6 81 2.04 ± 0.08

(continued on next page)
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Table 2 (continued)

Structure ID Inhibition % (15 lM) IC50 (lM)

NN

F

O

p7 81 NDa

N
H

NN

F

O

p8 81 ND

NN

O

p9 77 ND

NN

Cl

O

p10 74 ND

N
H

NN

O

p11 74 ND

N
H

NN

Cl

O

p12 67 ND

a ND, not determined.
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series of InhA inhibitors. Compounds with the pipera-
zine scaffold exhibited the best inhibitory activity among
the initial commercially available compounds tested (a4,
IC50 = 3.07 lM). The piperazine scaffold has been recog-
nized as one of the privileged structures in drug discov-
ery and is frequently found in biologically active
compounds across a number of different therapeutic
areas, including antifungals, antidepressants, antivirals,
and serotonin receptor (5-HT) agonists/antagonists.18

To further explore the effect of various amines on the
potency of the arylamide series, we prepared an amide
library focusing on diversification of the amine while
retaining the key piperazine scaffold intact. A total of
14 commercially available amine building blocks were
selected from the Sigma piperazine privileged structures
database. Given the hydrophobic contact between the
phenyl group (ring B) and hydrophobic residues
(Leu218, Val203) in the InhA–inhibitor complex
(Fig. 1), amines bearing multiple bulky ring structures
were included among the 14 amines in order to increase
the potential hydrophobic contacts (Fig. 2). For the
carboxylic acid portion, benzoic acid and 3,5-dimeth-
oxybenzoic acid were included in addition to 4-methyl-
benzoic acid, the most favorable substituent based on
the preliminary SAR studies.

An expedient diversity-oriented synthesis was recently
reported using microtiter plates for in situ screening of en-
zyme inhibitors.19–21 The products of the small-scale par-
allel syntheses were subsequently assayed for enzyme
inhibition without product isolation and purification.
This approach provided an efficient way for rapid identi-
fication and optimization of potent enzyme inhibitors as
long as a high-yield organic reaction in water or a
water-miscible solvent is accessible. We applied the same
strategy for our focused microtiter library by employing
an amide-forming reaction with the peptide coupling
reagent 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HBTU) and the base
N,N-diisopropylethylamine (DIEA) in N,N-dimethyl-
formamide (DMF). Since the amide product combining
indole carboxylic acid and amine m11 was known as an
effective InhA inhibitor, the indole carboxylic acid was in-
cluded in the focused amide library to serve as a positive
control for the subsequent in situ enzyme inhibition
screen. The reaction was carried out at room temperature
and monitored by TLC. The identity of the desired prod-
uct in each well was determined by LC–MS. Out of 60 de-
signed amide compounds, 56 desired products were
successfully generated and confirmed as the major prod-
ucts. No product was observed for amine m3 with benzoic
acid or indole carboxylic acid. Amines m1 and m6 also did
not react with benzoic acid or 3,5-dimethoxybenzoic acid,
respectively. After dilution of the reaction mixture with
assay buffer, each product was directly tested without fur-
ther purification at a final concentration of 15 lM in the
96-well plate format inhibition assay. The acceptable con-
centrations of the solvent DMF, coupling reagent HBTU,
and base DIEA in the assay mixture were predetermined
to minimize the solvent effect on InhA activity.

Among the 56 desired amides, 12 compounds exhibited
at least 65% InhA inhibitory activity when tested at a
concentration of 15 lM, among them 3 compounds
inhibited 90% of InhA activity (p1, p2, p3, Table 2).
All these 12 potent compounds are derivatives with
the introduction of appropriate polyaromatic moieties
appended to the piperazine ring C, which indicated
the importance of hydrophobic interactions for the po-
tency of InhA inhibitors. Three compounds (p1, p2,
p3) with fused multiple ring structures exhibited submi-
cromolar IC50 values. The positive control compound
p3 inhibited 94% InhA activity when tested at 15 lM
and its IC50 was determined to be 0.2 lM, which
is close to the reported value of 0.16 lM,7 thus
validating the in situ screening strategy. However, it
is noteworthy that all the 3,5-dimethoxybenzoic acid
derivatives were inactive despite the presence of hydro-
phobic multiple ring structures, suggesting that the
presence of dual meta-substituents on ring A sup-
pressed activity. Six compounds showing at least 80%
InhA inhibition were individually synthesized, purified
by preparative TLC, and further characterized by
NMR and LC–MS. IC50 values were calculated from
plots of enzyme activity versus the log of the inhibitor
concentration using the GraFit IC50 four-parameter fit
software (GraFit 4.021, Erithacus). The best com-
pound identified so far exhibited an IC50 of 90 nM,
representing a 34-fold improvement in the potency of
the lead compound a4.

2.4. Antibacterial activity

Selected compounds with the best enzyme inhibitory
activities were submitted for evaluation of M. tubercu-
losis growth inhibition in culture. The determinations
of the minimum inhibitory concentrations (MIC)
against M. tuberculosis strain H37Rv indicated modest
antibacterial activity. The majority of the compounds
exhibited MIC above 125 lM. Compound p4 dis-
played the best activity with a MIC value of
62.5 lM, and compounds p6 and a6 had MIC values
of 125 lM. These results suggest that these inhibitors
do not yet have the optimal membrane permeability
that might be achieved by a correct balance between
the lipophilicity of the substituents on ring B and
the hydrophilicity of the potentially protonated piper-
azine on ring C. It is also possible that these com-
pounds are actively extruded from the bacterial cell
by efflux pumps.
3. Conclusion

We have identified arylamides as a novel class of
InhA inhibitors through high- throughput screening.
On the basis of the preliminary SAR studies and the
crystal structure of one InhA–inhibitor complex, a
focused library was synthesized that diversified the
amines fragment but retained the piperazine privi-
leged structure. The application of an expedient
microtiter library synthesis followed by in situ
screening enabled the rapid discovery of more potent
InhA inhibitors. The best inhibitor exhibited an IC50

of 90 nM, a 34-fold gain in potency over the initial
lead compound.
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4. Experimental

4.1. Materials and general methods

Reagents and solvents were used as obtained from com-
mercial suppliers without further purification. Column
chromatography was carried out on Merck silica gel
60 (230–400 mesh). 1H NMR spectra were recorded on
a Varian Gemini 400 (400 MHz) spectrometer. Mass
spectra were recorded using an LC–MS system consist-
ing of a Waters 1100 HPLC instrument and a Waters
ZQ mass detector (ESI positive). Hits identified in the
high-throughput screen were purchased from Chem-
bridge and ChemDIV Inc. (San Diego, CA). All other
buffer salts (reagent grade or better), solvents (HPLC
grade or better), and chemicals were purchased from
Fisher Scientific Co. (Pittsburg, PA). Column chroma-
tography was carried out on Merck silica gel 60 (230–
400 mesh). 1H NMR spectra were recorded on a Varian
Gemini 400 (400 MHz) spectrometer. Chemical shifts
are given in ppm with tetramethylsilane (organic sol-
vents), and coupling constants (J) are given in Hertz
(Hz). Mass spectra were recorded using an LC–MS sys-
tem consisting of a Waters 1100 HPLC instrument and a
Waters ZQ mass detector (ESI positive). Purity was
determined with a Hewlett-Packard HPLC (1090C) sys-
tem. Normal phase: Alltech silica, 4.6 · 250 mm column
(5 lm); HPLC1, 90:10 v/v; over 20 min; flow rate,
1.0 mL/min; wavelength, 254 nm. Reverse phase: Var-
ian, Dynamax microsorb 100-5 C18, 250 · 4.6 mm col-
umn; HPLC2, 60:40 v/v MeOH/H2O over 2 min,
followed by 60:40–5:10 v/v MeOH/H2O over 8 min, then
hold at 95/5 v/v CH3CN/H2O over 10 min; flow rate,
1.0 mL/min; wavelength, 230/254 nm.

4.2. General procedure for microtiter library synthesis and
follow up in situ screening

The synthesis of microtiter library compounds was per-
formed in 96-well plates. A solution of carboxylic acid
(40 lL, 100 mM, 1 equiv) in DMF was added to each
well followed by 22 lL of HBTU (200 mM, 1.1 equiv)
and 8 lL of DIEA (1 M, 2 equiv). Finally, the corre-
sponding amine (40 lL, 100 mM, 1 equiv) in DMF
was added and the reaction plate was shaken on the
Molecular Device SPECTRAmax PLUS 384 micro-
reader for 2 h at 45 �C. The reaction was monitored
by TLC and the identity of the major product in each
well was confirmed by LC–MS. Once the reaction was
completed, the products were diluted, transferred to
the assay plate, and tested. DMF (<0.5% in the final as-
say) was used in the place of DMSO in the control and
the final testing concentration of each product was
15 lM (assuming a 100% yield in the reaction).

4.3. General procedure for synthesis of the amide, as
exemplified by the synthesis of (4-(9H-fluoren-9-yl)pip-
erazin-1-yl)-(4-methylbenzyl)-methanone (p1)

To a solution of amine (25.1 mg, 0.1 mmol) and acid
(15 mg, 0.11 mmol) in 3 mL of dry DMF, HBTU
(50 mg, 0.13 mmol) and DIEA (50 lL, 0.3 mmol) were
added at 23 �C. The reaction mixture was stirred for
5 h and was then quenched by the addition of brine
and extracted three times with EtOAc. The organic lay-
ers were combined and washed sequentially with 1 N
HCl, saturated aqueous NaHCO3, and brine before
being dried over anhydrous Na2SO4 and concentrated
in vacuo. The residue was purified by preparative TLC
with CH2Cl2/MeOH (40:1 v/v) to give the product
(32.1 mg) in 87% yield: LC–MS ([M+H]+) calcd for
[C25H24N2OH]+ 369.19, found 369.19. 1H NMR
(400 MHz CD3OD) d 7.70 (dd, 2H), 7.60 (dd, 2H),
7.31–7.36 (m, 2H), 7.16–7.26 (m, 6H), 4.83 (s, 1H),
3.60–3.80 (br s, 2H), 3.28–3.42 (br s, 2H), 2.60–2.76
(br s, 2H), 2.36–2.48 (br s, 2H), 2.34 (s, 3H). HPLC1:
6.91 min, purity >99%. HPLC2: 16.98 min, purity
>95%. Compounds p2, p4, p5, p6 were prepared follow-
ing the same protocol.

4.3.1. [4-(9H-fluoren-9-yl)piperazin-1-yl]-benzyl-metha-
none (p2). Yield 83%. LC–MS ([M+H]+) calcd for
[C24H22N2OH]+ 355.17, found 355.17. 1H NMR
(400 MHz CDCl3) d 7.68 (d, 2H), 7.64 (d, 2H), 7.28–
7.42 (m, 9H), 4.84 (s, 1H), 3.68–3.88 (br s, 2H), 3.24–
3.42 (br s, 2H), 2.72–2.92 (br s, 2H), 2.32–2.52 (br s,
2H). HPLC1: 6.56 min, purity >99%. HPLC5:
17.47 min, purity >97%.

4.3.2. (4-(Bis(4-fluorophenyl)methyl)piperazin-1-yl)-(1H-
indole-5-carbonyl)-methanone (p4). Yield 82%. LC–MS
([M+H]+) calcd for [C26H23F2N3OH]+ 432.18, found
431.18. 1H NMR (400 MHz CD3OD) d 7.58–7.60 (m,
1H), 7.32–7.43 (m, 5H), 7.25–7.28 (d, 1H), 7.07–7.13
(dd, 1H), 6.92–7.02 (m, 4H), 6.47 (d, 1H), 4.30 (s, 1H),
3.50–3.90 (br s, 4H), 2.30–2.50 (br s, 4H). HPLC1:
11.95 min, purity >99%. HPLC2: 13.53 min, purity
>96%.

4.3.3. (4-(Bis(4-fluorophenyl)methyl)piperazin-1-yl)-(4-meth-
ylbenzyl)-methanone (p5). Yield 86%. LC–MS ([M+H]+)
calcd for [C25H24F2N2OH]+ 406.19, found 406.19. 1H
NMR (400 MHz CD3OD) d 7.34–7.46 (m, 4H), 7.16–
7.28 (m, 4H), 6.92–7.06 (m, 4H), 4.32 (s, 1H), 3.30–
3.70 (m, 4H), 2.20–2.50 (m, 4H), 2.32 (s, 3H). HPLC1:
4.84 min, purity >99%. HPLC2: 13.15 min, purity
>97%.

4.3.4. (4-(Bis(4-fluorophenyl)methyl)piperazin-1-yl)-ben-
zyl-methanone (p6). Yield 91%. LC–MS ([M+H]+) calcd
for [C24H22F2N2OH]+ 393.17, found 393.17. 1H NMR
(400 MHz CD3OD) d 7.35–7.47 (m, 9H), 6.97–7.09 (m,
4H), 4.35 (s, 1H), 3.70–3.82 (br s, 2H), 3.38–3.52 (br s,
2H), 2.30–2.50 (br s, 4H). HPLC1: 4.53 min, purity
>99%. HPLC2: 14.15 min, purity >98%.

4.4. InhA enzyme assay

InhA and its substrate 2-trans-octenoyl-CoA (OCoA)
were prepared as described previously.9 The high-
throughput screening of InhA inhibitors was carried
out using the endpoint assay as described previously.9

IC50 values were determined in 96-well plates by serial
2-fold dilutions with DMSO of each inhibitor. The final
concentration of DMSO in the final assay was 1%. The
IC50 values were determined using at least eight concen-



Table 3. Statistics for data collection and refinement

Compound b3

Crystal data

Space group I212121

Cell dimensions (Å)

a 91.263

b 91.327

c 184.259

a/b/c 90

Data collection statistics

Wavelength (Å) 1.1159

Number of reflections 55379

Redundancy (last shell) 4.3 (3.9)

Completeness (last shell) (%) 90.9 (77.9)

Rsym 0.05

I/r (last shell) 24.2 (0.696)

Refinement statistics

Resolution (Å) 1.9

Reflections in working set 51,136

Reflections in test set (7.0%) 4243

Rcrystal/Rfree (%) 0.236/0.259

RMSD bonds (Å) 0.009

RMSD angles (�) 1.7

B factors

Average 40

NAD 33.7

Inhibitor 45.7
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trations, with each concentration assayed in triplicate
under saturating substrate conditions. The concentra-
tions of other components in the assay were as follows:
NADH 250 lM (stock 1 mM, 50 lL, Km 7.6 lM); InhA
20 nM (stock 80 nM, 50 lL). OCoA 500 lM (stock
2 mM, 50 lL, Km 467 lM) was prepared freshly by dis-
solving the flaky solid substrate immediately before the
assay; the remaining material was kept at �80 �C and
was used up within 2 days. The reaction was monitored
over 10 min at room temperature. IC50 values were cal-
culated from plots of enzyme activity versus the log of
the inhibitor concentration using the GRAFIT-IC50-4
parameter fit software (Grafit 4.021, Erithacus).

4.5. Crystallization and data collection

InhA (0.1 mg/mL = 3 lM) was mixed at 1:1:2 ratio with
NADH and compound b3, respectively (1% DMSO), in
a 10 mL volume. The mixture was then concentrated to
0.1 mL and crystallized by hanging drop vapor diffu-
sion. Protein co-crystals were grown in 100 mM
HEPES, pH 7.5, 8% MPD, 50 mM sodium citrate, pH
6.5, according to previously published conditions.9,22

Diffraction data were collected, from single crystals,
under cryoconditions at Beamline 8.3.1 at the Advanced
Light Source (ALS) at the Lawrence Berkeley National
Laboratory (Berkeley, CA).

4.6. Structure determination and refinement

Data were indexed and scaled by using ELVES23 and
DENZO/SCALEPACK.24 The molecular replacement
solutions were found by using single subunit of InhA de-
rived from the Protein Data Bank file 1P457 as a search
model. Molecular replacement and subsequent refine-
ment calculations were performed with CNS.25 The
models were built by using Quanta (Accelrys). Topology
and parameter files for all ligands were obtained from
the Hetero-compound Information Centre-Uppsala
(Hic-Up).26 The final statistics are listed in Table 3.
The atomic coordinates have been deposited in the Pro-
tein Data Bank (www.pdb.org) under the PDB ID codes
2NSD.

4.7. Minimum inhibitory concentration (MIC)
determination

Compounds were submitted to the Tuberculosis Antimi-
crobial Acquisition and Coordinating Facility for
in vivo determination of the minimum inhibitory con-
centration (MIC) against M. tuberculosis strain H37Rv
using the Alamar Blue Assay.27 The MIC is defined as
the lowest concentration of compound required to give
90% inhibition of bacterial growth.
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