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ABSTRACT: Phenotypic screening of a quinoxaline library against replicating Mycobacterium tuberculosis led to the
identification of lead compound Ty38c (3-((4- methoxybenzyl)amino)-6-(trifluoromethyl)quinoxaline-2-carboxylic
acid). With an MICo9and MBC of 3.1 uM, Ty38c is bactericidal and active against intracellular bacteria. To investigate
its mechanism of action, we isolated mutants resistant to Ty38c and sequenced their genomes. Mutations were found
in rv3405c, coding for the transcriptional repressor of the divergently expressed rv3406 gene. Biochemical studies
clearly showed that Rv3406 decarboxylates Ty38c into its

inactive keto metabolite. The actual target was then identified by isolating Ty38c-resistant mutants of an M.
tuberculosis strain lacking rv3406. Here, mutations were found in dprE1, encoding the decaprenylphosphoryl-p-
ribose oxidase DprE1, essential for biogenesis of the mycobacterial cell wall. Genetics, biochemical validation, and X-
ray crystallography revealed Ty38c to be a noncovalent, noncompetitive DprE1 inhibitor. Structure —activity

relationship studies generated a family of DprE1 inhibitors with a range of ICso’s and bactericidal activity. Co-crystal
structures of DprE1 in complex with eight different quinoxaline analogs provided a high-resolution interaction map
of the active site of this extremely vulnerable target in M. tuberculosis.

INTRODUCTION

More than 130 years after Koch’s discovery of Mycobacterium
tuberculosis as its etiological agent, tuberculosis (TB) still affects
humankind and was responsible for 1.3 million deaths in
2012.12 This disease re-emerged in recent decades as an
increasingly important public health problem due to the
appearance of multidrug resistant (MDR-TB) and extensively
drug resistant (XDR-TB) strains with high mortality rates, the
synergy with the HIV/AIDS pandemic, and increased
poverty.1,34 After decades of relative inactivity in TB drug
discovery, a promising pipeline of TB drug candidates in



different stages of development has emerged recently.s In 2012,
bedaquiline, the first new TB drug approved since the 1960s,
brought new hope for many patients with MDR-TB.s Several
molecules are now in preclinical studies, phase Il and III clinical
trials, but the pipeline still needs more novel scaffolds to
provide backup drugs given the high attrition rate observed
during clinical development.s,7 Phenotypic screens have
emerged as an efficient means of identifying active compounds
for TB drug discovery, especially as almost all hits from targetbased
screens, which provided potent enzyme inhibitors, failed

to display useful bactericidal activity against M. tuberculosis.s
Here, we report the discovery of a family of quinoxalines with
antitubercular activity, following a phenotypic screen of a
chemical library against replicating M. tuberculosis. The lead
compound Ty38c (3-((4-methoxybenzyl)amino)-6-
(trifluoromethyl)quinoxaline-2-carboxylic acid) is active against
extracellular and intracellular M. tuberculosis. We have
elucidated both a mechanism of resistance to Ty38c and its
mechanism of action and validated the findings using
biochemical assays and X-ray crystallography. Furthermore,

the synthesis and structure — activity relationship studies of

analogs of Ty38c provide valuable information regarding this
novel DprE1 inhibitor scaffold.

RESULTS AND DISCUSSION

A Phenotypic Screen Identifies a Tuberculocidal

Quinoxaline Scaffold. Single point screening of a library
containing 266 quinoxaline analogs against M. tuberculosis
H37Rv using the resazurin reduction assay revealed five
compounds with MICg99 < 15 puM. In order to focus on nonnitroaromatic
scaffolds, with potentially novel mechanisms of

action, we selected a 2-carboxyquinoxaline cluster with three
compounds: Ty38c, Ty21c (the ethyl ester of Ty38c), and
Ty36¢ (Table 1). Ty38c and Ty21c killed intracellular H37Rv
in a macrophage model with ICso’s of 2.5 and 6.1 uM,
respectively. Both compounds were inactive against the
nonreplicating ss18b M. tuberculosis strain (MIC99>100 uM),
suggesting that they inhibit a function essential for growth.
Ty38c and Ty21c presented selectivity indexes (TDso/MICo9)
of 12 and 15, respectively, based on their HepG2 cytotoxicity
(Table 1). Ty38c was confirmed to be bactericidal with an
MBC equal to its MIC99 of 3.1 pM (1.2 pg/mL). Cidality was
also directly visualized using microfluidics-based time-lapse
microscopy of M. tuberculosis expressing GFP.o Exposure of
H37Rv to 5 pM Ty38c caused a dramatic reduction in the
growth rate of individual bacteria (Figure 1, Supporting
Information Movie 1), although some cells continued to divide
without elongation. Cell lysis occurred after a certain lag (25 —

30 h), and most of the cells lysed over the 7-day exposure

period.

Rv3406 Is Responsible for Primary Resistance of M.

tuberculosis to Ty38c. To identify the molecular target(s) of

Ty38c, we isolated spontaneous resistant mutants of M.

tuberculosis H37Rv. These arose at a frequency of 1 x 10-6

on a solid medium containing 20 uM Ty38c, and their Ty38cresistance
profile was confirmed in liquid culture (Supporting

Information Table 2). Whole-genome sequencing and bioinformatics
analysis of four independent mutants (TRC1 —

TRC4) revealed that each mutant carried a different nonsynonymous



single nucleotide polymorphism (SNP) or a single

base deletion in the rv3405c gene (Supporting Information
Table 2). This gene codes for a transcriptional regulator of the
TetR family. Sanger sequencing of rv3405c confirmed the
mutations in these four mutants and in six additional

independently isolated Ty38c-resistant mutants (TRC5 —

TRC10; Supporting Information Table 2).

The rv3405c gene is expressed divergently from the
neighboring rv3406 gene encoding an iron and a-ketoglutarate
(a-KG) dependent sulfate ester dioxygenase, which oxidizes
medium-chain alkyl-sulfate esters like 2-ethylhexyl sulfate (2-
EHS, Figure 2A).10 Interestingly, a unique palindrome
(TGTAGTCAtcTGACTACA) is found between rv3405c and
rv3406 that could represent the DNA binding sequence of
rv3405c. Quantitative Real-Time PCR (qRT-PCR) experiments
confirmed that the Ty38c-resistant mutants (TRC5 and TRC6)
have significantly increased the transcription of rv3406 (30- and
47.2-fold respectively), as well as that of rv3405c itself (15.7-
fold increase; Supporting Information Table 3). This therefore
suggests that Rv3405c is a transcriptional repressor controlling
both rv3405c and rv3406 and that mutations in Rv3405c lead to
their overexpression, in agreement with a recent report in M.
bovis BCG.11

To confirm that overexpression of Rv3406 causes Ty38c
resistance, rv3405c or rv3406 was cloned into a pSODIT-2
expression vector, the resultant plasmids were transformed into
H37Rv and the susceptibility of selected transformants to

Ty38c determined (Supporting Information Table 4).

Compared to H37Rv:pSODIT (MICo9 2.5 pg/mL), the data

clearly showed that overexpression of rv3406 in H37Rv:pSODIT/
rv3406 conferred a >8-fold increase in resistance to Ty38c
(MIC99>20 pg/mL), whereas H37Rv:pSODIT/rv3405c

showed the same susceptibility to Ty38c as H37Rv:pSODIT.
Importantly, transformation of pSODIT/rv3405c into the
Ty38c-resistant mutant TRC5 complemented the resistance

phenotype of TRC5 (MIC99 2.5 — 5 pg/mL) compared to the

vector control (MIC99 >20 pg/mL). This confirmed that
mutations in Rv3405c prevent transcriptional repression of
rv3406 and that Rv3406 overexpression leads to Ty38c
resistance.

Rv3406 Inactivates Ty38c. To understand the putative

resistance mechanism caused by Rv3406, we expressed and
purified this protein (Supporting Information Figure 1). The
activity of the recombinant Rv3406 enzyme was followed by
the rate of oxygen consumption using a-KG and 2-EHS as
substrates (Table 2). First, we tested whether Ty38c (up to 250
uM) could inhibit Rv3406 under standard assay conditions, but
this was not the case. We then determined whether Ty38c¢
could replace either aKG or 2-EHS as a substrate and be
metabolized by the enzyme. Rv3406 was enzymatically active in
the presence of Ty38c and 2-EHS (in the absence of a-KG),

but not when incubated with Ty38c and a-KG in the absence

of EHS, showing that Rv3406 can use Ty38c instead of a-KG

as a substrate. Subsequent kinetic analysis showed that Ty38c
Table 1. Biological Profile of the Three Confirmed Hits in

the Quinoxaline Library Screening

presents a 14-fold lower ket value and a 17-fold higher Kmvalue
as compared to a-KG (Table 2), indicating that Rv3406
metabolizes Ty38c significantly less efficiently than a-KG under
the assay conditions. We isolated and purified the products



from the reaction mixture, and through NMR and mass
spectrometry, the main metabolite was identified as a keto
derivative of Ty38c (QN113), resulting from oxidative
decarboxylation by Rv3406 (Figure 2B). In parallel, we
independently synthesized and characterized QN113 and thus
confirmed the metabolite’s identity (see Supporting Information).
QN113 was inactive against wild-type H37Rv and the

TRC5 mutant (MICo9 > 40 pg/mL). Together, the data clearly
demonstrate that resistance results from decarboxylative
inactivation of Ty38c by Rv3406 in vitro and most likely in

M. tuberculosis as well, following derepression of the rv3406
gene.

To obtain structural information regarding the mode of
binding of Ty38c to Rv3406 and potentially use a structurebased
approach to design improved Ty38c analogs that avoid
decarboxylation, we attempted to obtain crystal structures of
the complex. However, only crystals of native Rv3406 protein
with bound Fez+ were obtained, which diffracted to 2.0 A
(Supporting Information Figure 2 and Table 7).

DprE1l Is the Target of Ty38c. To find the actual target of

Ty38c, responsible for its antimycobacterial activity, we

constructed H37Rv A rv3406, an H37Rv strain lacking

Rv3406, by recombineering,1z and confirmed the correct
replacement of rv3406 with a hygromycin cassette by PCR.

The susceptibility of H37Rv A rv3406 to Ty38c was identical to
that of wild type H37Rv. We then isolated spontaneous Ty38cresistant
mutants in H37Rv A rv3406, which arose at a much

lower frequency (1 x 10-8) than was seen with H37Rv. Two

mutants (TRC11 and TRC12) showed 4-fold resistance to

Ty38c but were as susceptible to moxifloxacin as wild-type

H37Rv. Whole genome sequencing revealed two different

nonsynonymous SNPs in the dprE1 gene (g49t and t1103c,

translating to G17C and L368P, respectively). No crossresistance

was observed between either of these dprE1 mutants

and the prototypic DprE1 inhibitor BTZ043, but mutations

that result in resistance to benzothiazinones (NTB1 mutant,

C387S13) conferred cross-resistance to Ty38c (4-fold increase

in MICo9). These data suggested that Gly17, Leu368, and

Cys387 are involved in Ty38c binding.

Figure 1. Single-cell analysis of bactericidal activity of Ty38c. M. tuberculosis expressing GFP was grown in a microfluidics device
and exposed to 5

uM Ty38c between days 5 and 12. Imaging was carried out at 1-h intervals during 18 days on fluorescence (FITC) and phase
channels.

Representative time-series snapshots of an imaged xy point in the microfluidic device are shown. The medium conditions are
indicated on the top

left (7H9 - no drug; Ty38c). Days are indicated on the top right. The scale bar shown at bottom left represents 5 pm.

Figure 2. Reactions catalyzed by Rv3406. (A) Oxidation of a-KG by Rv3406 in the presence of 2-EHS leads to the formation of
succinate and 2-

ethylhexanal. (B) Oxidation of Ty38c and its analogs by Rv3406 under the same conditions leads to the decarboxylation of the
compound, affording

the respective keto derivative.

Table 2. Kinetic Analysis of the Enzymatic Activity of M.

tuberculosis Rv3406

substrate Km (mM) keat (min-1) Keat/Km (min-1mM-1)

a-KGa 0.0094 +0.0012 21.8 + 1.0 2319 £ 106

Ty38ca0.16 + 0.01 1.54+ 0.089.6 £ 0.3

2-EHS»0.0088 £ 0.0005 19.2 + 0.9 2186 + 97

aAssays were performed at a concentration of 0.05 mM 2-EHS. vThe

kinetic analysis for 2-EHS was performed at a concentration of 0.5 mM

ao-KG.

Additional genetic validation of DprE1 as the target of Ty38c

was performed using a conditional expression system in M.



tuberculosis, in which dprE1 is overexpressed following the
addition of pristinamycin. Overexpression of dprE1 caused a
>16-fold increase in resistance to both BTZ043 and Ty38c,
while not affecting susceptibility to the control drug
(Supporting Information Table 5).

Biochemical assays using recombinant M. tuberculosis DprE1
and the G17C and L368P mutant enzymes were used to assess
enzyme inhibition. As previously reported for M. smegmatis

DprE1l,14 the M. tuberculosis enzyme presents non-Michaelis —

Menten behavior, with a sigmoidal-shaped initial velocity versus
substrate concentration curve, so the data were fitted to the Hill
equation.is The G17C and L368P mutants presented Kos

values similar to those of the wild type enzyme but were 34-
and 6.6-fold less efficient, respectively, based on the determined
keat values (Table 3). Ty38c effectively inhibited wild-type
DprE1 with an ICso of 41 nM and behaved as a noncompetitive
inhibitor, with a Kiof 25.9 nM. The G17C and L368P mutants
were significantly less susceptible to Ty38c, with ICso values of
0.15 and 1.3 uM, respectively (Table 3), in agreement with the
MICo9 determined against the corresponding Ty38c-resistant

H37Rv A rv3406 dprE1 mutants.

SAR Studies on Ty38c Reveal Key Features Required
for DprE1 Inhibition. Given the potency of Ty38c and the
novelty of this scaffold as an antitubercular agent, we pursued

Structure — Activity Relationship (SAR) studies to improve it

and understand the substituent requirements needed to achieve
DprE1 inhibition and activity against M. tuberculosis, while
trying to avoid inactivation by Rv3406. SAR studies focused on
the 2-carboxylate, the 6-trifluoromethyl, and the 3-benzylamine
moieties (synthesis described in the Supporting Information).
All Ty38c analogs were tested in biochemical assays as
substrates for Rv3406 or inhibitors of DprE1 (Tables 4 and 5
and Supporting Information Table 6), and for their activity
against M. tuberculosis H37Ryv, its rv3405c (TRC4) and

Arv3406 DprE1 mutants (G17C and L368P), and against

intracellular H37Rv in the macrophage model of infection.
Compounds designed to resist the activity of Rv3406, where
the 2-carboxylate group was replaced by a methyl group
(QN106,QN107,QN108, and QN109) or by a carboxamide
(QN102,QN104, QN103, and QN105), were not active
against M. tuberculosis and showed only residual inhibition of
DprE1 (Table 4). As mentioned above, the keto analogue
QN113 was inactive against DprE1. Interestingly, some of the
2-carboxyl ethyl esters (Tables 4 and Supporting Information
Table 6), namely Ty21c, QN101, QN144, and QN141,
presented reasonable MIC99 against M. tuberculosis H37Rv

(3.1 —12.5 uM), but none was significantly active against DprE1

Table 3. Enzymatic Characterization and Ty38c Inhibition
of M. tuberculosis DprE1 Wild Type, G17C and L368P
Mutants

wild type G17C L368P

Ko.s

a(mM) 242+8311+20308+13

ha2.6+0.22.6+0.43.3+04

Keat (min-1)b4.1£0.6 0.12+ 0.01 0.62 + 0.02

ICs0 Ty38¢ (M) 0.041 0.15 1.3

Ki (uM) 0.0259 n.d.cn.d.

aData were fitted to the Hill equation for enzymes with sigmoidal
behavior. bThe enzyme concentration in the assay was 0.3, 1.5, and 1.2
uM for the wild type, G17C, and L368P mutants, respectively. cn.d.:
not determined.



Table 4. Biological and Biochemical Characterization of Ty38c Analogs with Modifications in Positions 2 and 6 of the
Quinoxaline Ring

aRv3406 rate determined at 200 uM of the test compound and calculated by dividing the measured enzyme velocity by the
enzyme concentration. bn.i.: no inhibition.

(ICso = 50 uM). These results indicate that the esters’ activity

against the bacterium is likely due to hydrolysis to the free acid,
during the long incubation period in culture medium, or to the
action of mycobacterial esterases.

Absence of the 6-trifluoromethyl moiety in quinoxalines
QN110,QN111 and QN112 (Table 4), led to near complete

loss of whole cell activity (MIC99 =50 uM) and DprE1

inhibition (ICso between 16 and 33 uM) but did not prevent
decarboxylation by Rv3406, with turnover rates between 0.35
and 0.62 min-1.

In the 2-carboxy-6-trifluoromethyl-quinoxaline series (Table
5), there was significant modulation of the various parameters
tested depending on the modifications introduced in position 3
of the quinoxaline ring. A benzyl group (present in Ty38c) is
preferred to a phenyl in this position (QN131 versus Ty38c),
likely due to the flexibility introduced by the methylene spacer,
which may improve interaction with the active site of DprE1.
QN130, a synthetic intermediate lacking the benzyl moiety was
not active. The remaining 18 Ty38c analogs had benzyl groups
with varied substitution patterns (Table 5). The best
compounds in this series, with an MIC99 of 3.1 uM, were

Ty38¢, QN114, and QN124, which had single substitutions in
the para position of the benzene ring (OMe, OEt, and Cl,
respectively) and were also among the most potent DprE1

inhibitors (ICso’s of 0.041 — 0.088 uM). Minor modifications on

the benzyl group were not favorable, leading to a 2- to 16-fold

increase in MIC99 (e.g., replacing the methoxy group by methyl,

fluoro, trifluoromethyl, or nitrile: Ty38c versus QN119, Ty36c,

QN127, or QN129, respectively). However, these compounds

retained DprE1 inhibition (ICs0’s of 0.072 — 0.12 uM), implying

that they might not reach the target as efficiently in the

bacterium. Compounds with a single substituent in the meta

position, or with double substitutions in the meta and para

positions, showed a significant increase in MIC99 accompanied

by a drop in potency against DprE1 (Table 5).

A modest positive correlation (Rz= 0.21) was found between

MICo9 values and DprE1 inhibition for the Ty38c analogs

modified in the 3-benzyl moiety (Table 5 and Supporting

Information Figure 3A). All compounds in this series were

decarboxylated by Rv3406, with rates varying between 0.08

min-1for QN122 and 1.19 min-1for Ty36c. These data show

that modifications in the substituent in position 3 of the

quinoxalines can effectively modulate the Rv3406-substrate

ability. Importantly, there was no correlation between MICo9

values and Rv3406 activity (Supporting Information Figure

3B), and Ty38c, the compound with the lowest MICo9, was also

the best substrate for Rv3406. Therefore, despite playing a role

in the development of resistance to the 2-carboxyquinoxalines

in vitro, Rv3406 does not seem to significantly affect their

antitubercular activity against exponentially growing wild type

Table 5. Biological and Biochemical Characterization of Ty38c Analogs on the 3-Benzyl Moiety
aRv3406 rate determined at 200 uM of the test compound and calculated by dividing the measured enzyme velocity by the
enzyme concentration.

Figure 3. Crystal structures of DprE1 in complex with Ty38c and analogs. (A) Active site with Ty36c¢ bound in a planar
conformation (monomer A



in the asymmetric unit). (B) Superposed structures of Ty38c and six analogs, in the conformation observed in monomer A. The
inhibitor QN118

presented two alternative conformations in this monomer. (C) Active site with Ty36c bound in a bent conformation (monomer
B), with the

disordered loop (316 —331) represented by a dashed line. Gly17 and Leu368 (represented as spheres), when mutated to Cys
and Pro, respectively,

confer resistance. The residues forming the pocket where the trifluoromethyl group is bound are shown as a semitransparent
surface. (D)

Superposed structures of Ty38c and six analogs, in the conformations observed in monomer B. (E) 2F, — Fcelectron density map
contoured at 1.0

RMSD (0.2291 e/A3) for QN124 and tripropylene-glycol (tri-PG), showing the surrounding residues in the DprE1 — QN124
complex. (F)

Superposition of the DprE1 active site-bound conformations of PBTZ169 (PDB 4NCR (16)), TCA1 (PDB 4KWS5 (18)), and Ty38c.
ACS Chemical Biology
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M. tuberculosis probably due to its repression mediated by
Rv3405c.

The SAR data presented above shows that the 6-
trifluoromethyl-2-carboxyquinoxalines with a para-substituted
benzyl group in position 3 are the best compounds at inhibiting
DprEl, and at killing M. tuberculosis in vitro. All compounds
displayed 2-fold higher MICo9 against a selected rv3405c
mutant compared to H37Rv, and in most cases, the MICo9
increased 4-fold against the G17C and L368P DprE1 mutants
(TRC11 and TRC12, respectively). Good MICo9in vitro did

not always translate into activity against intracellular bacteria, as
only Ty38c and Ty21c were bactericidal intracellularly, with
[Cso values in the same range as their MICo9. This fact
underlines the importance of evaluating compounds not only
against M. tuberculosis in culture but also in infected host cells,
to have a complete view of their potential efficacy in vivo. All
the modified benzyl analogs of Ty38c showed ICs0’s between
41 and 220 nM, hence this moiety has the potential to
accommodate substantial modifications in order to improve
stability, cytotoxicity, or even to prevent inactivation by
Rv3406.

Ty38c and Analogs Interact with Key Residues in the

Active Site of DprEl. To understand the SAR data at a

structural level, we cocrystallized M. tuberculosis DprE1 with
several Ty38c analogs. Complexes with eight quinoxalines
(Ty38c, Ty21c, QN114, Ty36¢, QN118, QN124, QN127, and
QN129) were obtained, diffracting to 1.8 — 2.5 A&, with crystals

in the space group previously found for the PBTZ169
complexie (Supporting Information Table 7). Co-crystallization
attempts with analogs lacking the 2-carboxylate or the 6-CF3
groups generally led to good quality crystals that displayed no
electron density for the compounds in the active site of DprE1.
The overall structure of DprE1 in the quinoxaline complexes
was identical to that of previously reported structures.i4,16-18
The two loops that were disordered in most available DprE1
structures are resolved to different extents in the new

complexes. While the 267 — 298 loop is fully resolved in
monomer A of almost all structures, electron density was
observed for the whole 315 — 329 loop in only two cases (Ty36¢
and QN129 complexes), providing important clues regarding
the flexibility and potential interactions of these residues with
the 2-carboxyquinoxalines. This loop could also be involved in
interactions with the cell membrane or with other protein

partners involved in the DPA biosynthetic pathway.14,19
Residue Tyr314, which when mutated to a histidine leads to



resistance to TCAlisand other reported noncovalent DprE1
inhibitors (Supporting Information Figure 7), is located at the
edge of this loop and close to the active site but does not
interact with the quinoxalines presented here.

In all complexes, the common 2-carboxy-6-trifluoromethylquinoxaline
core is invariably observed in the same position,

next to the FAD flavin ring, with an angle of 22° between the
planes defined by the two ring systems (Figure 3). The
trifluoromethyl group is located in a small hydrophobic pocket
formed by His132, Gly133, Lys367, Lys134, Ser228, and
Phe369, as previously observed for the same group in BTZ043
or PBTZ169.14,16 Key hydrogen bonds are formed between the
side-chain of Lys418, an essential catalytic residue,14and the
carboxylate group and nitrogen 1 of the quinoxaline ring. The
hydroxyl group of Tyr60 also forms a hydrogen bond with the

carboxylate. In the Ty36¢c and QN129 complexes, the 315 —329

loop seems to be stabilized by an extra electrostatic interaction
between the side-chain of Arg325 and the quinoxaline’s
carboxylate. However, this loop presents high B-factors and

adopts alternative conformations in other DprE1 — quinoxaline

complexes (Supporting Information Figure 4).
Major differences were observed in the mode of binding of

the benzyl moiety of Ty38c and its analogs (Figure 3A — D). In

monomer B, these inhibitors were always present in a bent
conformation, the planes defined by the quinoxaline and
benzene rings being approximately perpendicular in the various
structures (Figure 3C and D). The benzene ring is placed near
the side chain of Leu363 and induces a conformational change
of the side-chain of Trp230 compared to previously published
structures. In monomer A, the situation varied between
inhibitors: QN124, QN127, and QN129 adopt the bent
conformation (identical to that observed in monomer B);
Ty38c, Ty36c, and QN114 are present in a planar
conformation (benzyl and quinoxaline rings approximately
coplanar); and QN101 is apparently in two populations of bent
and coplanar conformations (Figure 3A and B). In the planar
conformation, the benzyl group is surrounded by the sidechains
of Leu317, Asn324, and Arg325.

Interestingly, when the compound was present in the bent
conformation in monomer A, extra electron density was
observed in its vicinity (Figure 3E), and here we modeled a
tripropylene-glycol (tri-PG) molecule, as polypropylene glycol
is present under the crystallization conditions. Following
refinement, the modeled tri-PG molecule presented average

B-factors of 59 — 75 Az, compared to 40 — 45 Az for the inhibitors

in the same monomer. The tri-PG was located between the
quinoxaline ring and residues Pro316, Leu363, Trp230, Ala244,
Ser246, and Ser228, in approximately the same location where
extra electron density was found in the DprE1 complex with
PBTZ169,16 and this pocket may correspond to the binding site
of the DPR substrate of DprE1.

In addition, a cocrystal structure of Ty21c (ethyl ester of
Ty38c) was obtained, in which electron density was clearly
observed in the active site of monomer A (Supporting
Information Figure 5B). The structure was refined after fitting

Ty38c here, bound in the same manner as in the DprE1 —

Ty38c complex (Supporting Information Figure 5A and B). No
electron density to account for the ethyl moiety of the ester was
observed, which could have undergone hydrolysis according to



our hypothesis discussed above.

Gly17 and Leu368, mutated to Cys and Pro, respectively, in
DprE1l in Ty38c-resistant mutants do not interact directly with
the quinoxaline inhibitors (Figures 3A,C, Supporting Information
Figure 6A and B). Gly17 is located near Tyr60

(Supporting Information Figure 6A), therefore a mutation to

a cysteine might induce conformational adjustments affecting
the interaction of this residue with the carboxylate of the
inhibitors. A Leu368Pro mutation could affect adjacent
residues, including Lys367, part of the trifluoromethyl binding
pocket (Supporting Information Figure 6B), eventually
interfering with binding of Ty38c and its analogs.

Overall, despite substantial structural differences when
compared to the benzothiazinones, the quinoxalines occupy
approximately the same space in the active site as BTZ043 or
PBTZ169, and the noncovalent inhibitor TCA1 (Figure 3F).
The main difference between PBTZ169 and the quinoxaline
family of inhibitors resides in the absence of the covalent bond
with Cys387 for the quinoxalines, which seems to be
compensated, in part, by strong electrostatic interactions
between Lys418 and Arg325, and the carboxylate group.

CONCLUSIONS

A change in the TB drug discovery paradigm in recent years led
to a move away from target-based screens to whole-cell
screens.2o Surprisingly, despite the use of distinct chemical
libraries with broad chemical diversity, many of the hit
compounds were found to inhibit a very limited number of
targets in mycobacteria. Examples of these “promiscuous
targets,” inhibited by a range of structurally unrelated
molecules, are the trehalose monomycolate transporter
MmpL3 (targeted by compounds SQ109, AU1235, BM212,

and C215 among others) and DprE1.s

DprE1 is a highly vulnerable and fully validated TB drug

target, essential for the decaprenylphosphoarabinose (DPA)
pathway, crucial for cell wall biosynthesis and mycobacterial
growth.21-23 BTZ043 and PBTZ169, among the most potent

TB drug candidates discovered so far (MIC99 of 1 and 0.3 ng/
mlL, respectively), are suicide, covalent inhibitors of DprE1;14,16
PBTZ169 is expected to enter clinical trials in the near future.is
An impressive range of eight compound scaffolds with
antitubercular activity has been recently shown to target
DprE1 as covalent or noncovalent inhibitors (Supporting
Information Figure 7).

Here, we report a new family of DprE1 inhibitors, the 2-
carboxy-6-trifluoromethylquinoxalines, discovered in a wholecell
screen, and disclose initial SAR data. The best compound

Ty38c exhibits strong activity against replicating M. tuberculosis
in vitro as well as in macrophages. Target finding for Ty38c was
not straightforward. Spontaneous resistant mutants of M.
tuberculosis to Ty38c presented mutations in Rv3405c, which
controls expression of rv3406.11 Rv3406 is an a-ketoglutaratedependent
sulfate ester dioxygenase of broad substrate

specificity,10 which decarboxylates Ty38c to an inactive keto
metabolite. The decarboxylating activity of Rv3406 on aromatic
carboxylates reported here could prove important for other
potential antitubercular drugs with carboxyl groups, which
might undergo similar inactivation.

To find the actual target of Ty38c, we constructed a

H37Rv A rv3406 knockout mutant and used this to generate



new Ty38c-resistant mutants, which contained dprE1 point
mutations. DprE1 was then confirmed as the target of Ty38c by
genetic and biochemical means. The most potent Ty38c
analogs displayed ICso’s < 100 nM, and Ty38c was found to be
a noncompetitive inhibitor of DprE1, with a Kiof 25.9 nM.

SAR studies on the Ty38c scaffold, supported by crystallographic
data, have shown that the carboxylate group forms

crucial electrostatic and hydrogen bond interactions with
Lys418, Tyr60, and possibly Arg325. The 6-trifluoromethyl
group of Ty38c seems to be optimal for binding. Position 3 in
the quinoxaline ring was found to be more amenable to
modifications. Interestingly, the 3-benzyl group in these
compounds mimics the cyclohexylmethylpiperazine moiety of
PBTZ169 (Figure 3D), which was found to accommodate
various modifications and fully retain MIC against M.
tuberculosis. These moieties in Ty38c and PBTZ169 have a
hydrophobic character and project toward the exposed surface
of the protein and so they might also interact with protein
partners of DprE1, or with the cell membrane. Importantly, the
apparent lack of specific interactions of the benzyl group in
Ty38c offers the opportunity to introduce structural changes in
order to improve potency and ADME/T properties.

A major strength of the present work is the richness of the
high-resolution structural data presented for DprE1 in complex
with a variety of 2-carboxyquinoxaline derivatives. Combined
with previous structural information,14,16-18a detailed model of
the various interactions possible between small molecule
inhibitors and the active site of the enzyme can now be
generated. This interaction map is extended by two new
positions in DprE1 that modulate quinoxaline binding, Gly17
and Leu368. The apparent promiscuity of DprE1 in binding a
large range of chemical scaffolds might be attributable to the
space available close to the FAD flavin ring, which is then able
to form stacking interactions with various heterocyclic ring
systems, thereby occluding part of the expected substrate

binding site. In addition, the flexibility of the 315 — 329 loop,

located immediately above the active site cavity, may also favor
access of compounds to the active site and thus account for the
large range of scaffolds. Furthermore, the association of DprE1
with the cell membrane should facilitate access to more
hydrophobic inhibitors.24 The wealth of new structural insight
obtained in the present study will underpin structure-based
drug design of DprE1 inhibitors.

METHODS

Synthesis of Ty38c and Analogs. Ty38c and its

derivatives were synthesized through the adaptation of
previously published procedures.2s Synthetic routes, experimental
details, and compound characterization data are

provided in the Supporting Information.

Library Screening. A library of 266 quinoxaline analogs

was screened at a concentration of 20 uM for antituberculosis
activity on log-phase M. tuberculosis H37Rv using the resazurin
reduction assay (REMA).26 Compounds that showed >80%
inhibition of H37Rv growth were subsequently analyzed for
their minimal inhibitory concentrations (MICo9) against log
phase H37Rv, nonreplicating ss18b;27,2s intracellular activity
against H37Rv;29 and cytotoxicity against the human
hepatocellular carcinoma cell line, HepG2. The minimum
bactericidal activity (MBC) of the lead compound, Ty38c, was



then determined using a colony forming unit (cfu) inhibition
assay.

Rv3406 Enzymatic Assays and Steady State Kinetics.

The enzymatic activity of Rv3406 was determined by
measuring the rate of oxygen consumption with a Hansatech
Oxygraph oxygen electrode, using a-ketoglutarate (aKG) and
2-ethylhexylsulfate (2-EHS) as substrates, at 25 °C with
atmospheric oxygen. The standard reaction mixture contained
20 mM imidazole pH 7.0, 0.05 mM 2-EHS, 0.5 mM aKG, 0.1
mM FeS04, and 0.2 mM sodium ascorbate, in a final volume of
1 mL, and the reaction was started by adding enzyme solution
(5 uM).

Steady-state kinetics parameters were determined as follows:
for a-KG and Ty38c at a fixed concentration of 0.05 mM 2-
EHS; for 2-EHS at 0.5 mM a-KG. In all cases, the reaction was
started by the addition of the enzyme and activity assayed at >8
different substrate concentrations. All experiments were
performed in duplicate, and the kinetic constants, Kmand

keat, were determined fitting the data to the Michaelis — Menten

equation using Origin 8 software. Rv3406 activity toward
Ty38c analogs was determined in triplicate, using 0.2 mM of
each compound. The metabolite resulting from the inactivation
of Ty38c by Rv3406 was isolated following incubation with the
enzyme at 37 °C for 5 h (details in the Supporting

Information).

DprE1 Inhibition Assays. DprE1 assays were performed

on the M. tuberculosis enzyme, in black 96-well half area plates
(Corning 3686), in a final volume of 30 pL. DprE1 (300 nM),
FAD (1 uM), Horseradish peroxidase (0.2 pM, Sigma-Aldrich
P-6782), and Amplex Red (50 uM, Life Technologies A-22177)
in 50 mM glycylglycine at pH 8.0, 200 mM potassium
glutamate, and 0.002% Brij-35 was incubated at 30 °C with the
test compound (DMSO stock, final conc.: 1%) for 10 min,
followed by the addition of farnesyl-phosphoryl-B-p-ribofuranose
(FPR) to 300 uM. The conversion of Amplex Red to

resorufin was followed by fluorescence measurement (excitation/
emission: 560/590 nm) on a Tecan M200, in kinetic

mode, at 30 °C. A negative control with no inhibitor was used,
and the background rate (no added FPR) was subtracted from
measured rates. Fluorescence units were converted to resorufin
concentration using a calibration curve in assay buffer. Kinetic
constants were calculated using Prism (GraphPad Software).
Steady-state kinetic constants were determined by fitting data
to the Hill equation (eq 1).15 ICso values were determined by
fitting log[I] and normalized response to eq 2, and the Kifor
Ty38c was determined using an adapted equation for
noncompetitive inhibition of enzymes with sigmoidal behavior
(eq 3).

DprE1 Crystallization and Structure Determination.

Crystals of M. tuberculosis DprE1 in complex with Ty38c,
Ty36¢, Ty21c, QN127, QN124,QN129,QN118,and QN114
were obtained by the hanging-drop vapor diffusion method at
18 °C. Either 1 or 0.5 pL of DprE1 (7 mg mL-1) in 20 mM

Tris at pH 8.0, 100 mM NacCl, and 0.7 mM of the
carboxyquinoxaline (DMSO stock, final conc.: 7%), was

mixed with 1 pL of the reservoir solution containing 100

mM imidazole pH 6.9 — 7.5 and 34 —39% polypropylene glycol
400. Yellow crystals grew in approximately 1 — 3 days and were
transferred to a cryo-protectant (reservoir solution with 25%



glycerol) prior to, or frozen directly by, flash-cooling in liquid
nitrogen. X-ray data were collected at the X06DA beamline of
the Swiss Light Source synchrotron (Villigen). Data processing
and scaling are described in the Supporting Information.
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