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ABSTRACT: M. tuberculosis thymidylate kinase (Mtb TMK) has been shown in vitro to be an essential enzyme in DNA
synthesis. In order to identify novel leads for Mtb TMK, we performed a high throughput biochemical screen and an NMR based
fragment screen through which we discovered two novel classes of inhibitors, 3-cyanopyridones and 1,6-naphthyridin-2-ones,
respectively. We describe three cyanopyridone subseries that arose during our hit to lead campaign, along with cocrystal
structures of representatives with Mtb TMK. Structure aided optimization of the cyanopyridones led to single digit nanomolar
inhibitors of Mtb TMK. Fragment based lead generation, augmented by crystal structures and the SAR from the cyanopyridones,
enabled us to drive the potency of our 1,6-naphthyridin-2-one fragment hit from 500 μM to 200 nM while simultaneously
improving the ligand efficiency. Cyanopyridone derivatives containing sulfoxides and sulfones showed cellular activity against M.
tuberculosis. To the best of our knowledge, these compounds are the first reports of non-thymidine-like inhibitors of Mtb TMK.

■ INTRODUCTION
There is an urgent need for new drugs for tuberculosis (TB)
with novel modes of action to combat the life-threatening
multidrug resistant TB.1 The complete genome sequencing of
Mycobacterium tuberculosis (Mtb) followed by a series of
seminal works to determine gene essentiality has opened up
new targets for lead generation.2 Additionally, the mode of
action studies for the novel hits and leads emerged from
phenotypic screenings utilizing methods such as resistant
mutant mapping, proteomics followed by biochemical studies
have played equally important role in delivering novel targets
for TB drug discovery.3 Mtb thymidylate kinase (Mtb TMK) is
one of the essential targets that came from the first approach.
Mtb TMK is involved in DNA synthesis and is reported to be
an essential target for the survival of the mycobacterium.4

Furthermore, Mtb TMK is amenable to biochemical and

biophysical studies, and several crystal structures of complexes
with TMP and other close analogs have been reported.5 This
makes it an attractive target for structure based drug design. In
Gram positive pathogens such as Streptococcus pneumoniae and
Staphylococcus aureus, inhibition of TMK has resulted in in vivo
efficacy in mouse as demonstrated in a lead optimization
program.6 Lead generation efforts against TMK from Gram
negative pathogens such as Pseudomonas aeruginosa7 and the
malaria parasite Plasmodium falciparum8 reinforces the potential
of the target across a variety of pathogens.
To the best of our knowledge, all of the Mtb TMK inhibitors

reported so far either are thymidine monophosphate (TMP)
analogs9 or contain a thymidine core.10 This is attributable to
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the fact that these inhibitors used a thymidine or pyrimidinone
core as a starting point. In order to identify novel leads that
exploit active site regions that are not explored by TMP
analogs, we invested in high throughput screening (HTS) and
fragment based lead generation (FBLG) approaches against
Mtb TMK. Our objective was to achieve improved potency
against the enzyme that would translate to cellular activity
against mycobacteria (minimum inhibitory concentration, Mtb
MIC). This has been one of the major challenges for lead
generation against Mtb. Our efforts resulted in the
identification of two novel classes of Mtb TMK inhibitors, 3-
cyanopyridones and 1,6-naphthyridin-2-ones. Herein, we
discuss the structure guided optimization of these two series
and their potential as anti-TB agents. To the best of our
knowledge, this is the first report of bona fide Mtb TMK
inhibitors with non-thymidine cores.

■ RESULTS AND DISCUSSION
High-Throughput Screening Identifies 3-Cyanopyr-

idones as Inhibitors of Mtb TMK. SiteMap11 analyses of
Mtb TMK suggest that the TMP site is highly druggable
(Supporting Information S1). This was reflected in the high hit
rate observed from an HTS of 120 000 compounds, a
representative set of our corporate collection. Multiple leadlike
scaffolds were obtained with activity in the range of 1−30 μM.
Protein observed NMR studies confirmed the binding of the
inhibitors to the TMP site. On the basis of potency, preliminary
SAR from analog screening, and opportunity to diversify the
scaffold, we prioritized the 3-cyanopyridone series for our hit to
lead campaign (Figure 1). The ligand efficiency (LE =

0.46)12,13 and lipophilic ligand efficiency (LLE = 3.54)12,13

for compound 1, our chosen starting point, suggested that the
series is leadlike and suitable for further optimization.
In the early stage of the program, publicly available complex

crystal structures of Mtb TMK with TMP analog azido
TMP(AZT) (PDB code 1W2H)5b were used for modeling to
understand the possible binding mode of the cyanopyridones.
The carbonyl oxygen and NH of the pyridone ring form the key
hydrogen bonding contact, interacting with the sidechains of
Asn100 and Arg74 of Mtb TMK, whereas the pyridone ring
makes a π−π stacking interaction with Phe70 (Supporting
Information S2, Figure S2-1A). An overlay with bound TMP
indicated that the R1 aryl ring aligns with the C2 carbonyl of
TMP (Figure 1). Thus, this non-thymidine-like core gave
access to a novel diversification point. We utilized this
knowledge in our design and were able to reach submicromolar
potency within 10 molecules from the starting hit (Table 1,

compound 8). The predicted binding mode was later
confirmed by cocrystallization of cyanopyridone (8) with Mtb
TMK. Features of the Mtb TMK TMP binding site and
differentiation with respect to other bacterial TMKs and human
TMK are discussed in the following sections.
Key derivatives that helped in understanding the structure−

activity relationship (SAR) for this series are shown in Table 1.
Several aryl and heteroaryl groups at R1 were tried (1−7, Table
1) among which we found 3-methoxyphenyl as the preferred
group with an IC50 of 1.5 μM (5). Keeping the 3-
methoxyphenyl at R1 fixed, we next explored substituted aryl
rings at R2 (8−14). Aromatic rings at R2 showed promising
results, and a limited exploration of smaller substituents on the
R2 aryl ring resulted in several compounds with submicromolar
potency. Para substituted derivatives such as the carboxylic acid,
urea, and amide (8, 12, and 14, Table 1) were generally more
potent.
While both pyridone and pyrimidinone cores (matched pair,

5/15, Table 1 and Figure 2) were active, pyridones were found

to be more potent. Similarly, replacement of pyridone with
pyranone (matched pair, 1/16, Table 1 and Figure 2) led to
complete loss of activity against Mtb TMK. Replacement of
cyano with other groups such as amide (matched pair, 3/17,
Table 1 and Figure 2) and methyl (matched pair, 8/18, Table 1
and Figure 2) produced less potent or inactive compounds.

Figure 1. 3-Cyanopyridone scaffold identified as a hit from an HTS:
2D-overlay of TMP (black) and compound 1 (red) based on the
predicted docking pose. The key H-bonding interactions are with
Arg74 and Asn100.

Table 1. SAR Exploration of 3-Cyanopyridones

Figure 2. Limited SAR exploration of core ring and nitrile
replacement.
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This can be attributed to the electron withdrawing nature of the
nitrile group which makes the pyridine ring electron deficient
and thus strengthens the H-bonds between the pyridone
carbonyl and NH, and the protein. Furthermore, modeling
suggested that the nitrile group may be involved in a favorable
dipolar contact with the side chain of Arg74.
Crystal Structures of Mtb TMK in Complex with 3-

Cyanopyridones Rationalize SAR and Drive Improve-
ments in Potency. We solved the crystal structure of the

complex of Mtb TMK with compound 8 (Figure 3) and were
gratified to note that the binding mode predicted from docking
was in agreement with the crystallographic pose to within 1.0 Å
RMSD (Supporting Information S2, Figure S2-1B). Figure 3A
and Figure 3B show the key interactions of TMP and 8 in the
Mtb TMK active site. The π−π stacking of the pyridone ring
with Phe70 and the interactions of the NH and CO of the
pyridone ring with Asn100 and Arg74 side chains, respectively,
are the key interactions for both compounds. The nitrile group,

Figure 3. Crystal structures of Mtb TMK in complex with TMP5a (A, PDB code 1G3U) and compound 8 (B, 2.5 Å resolution): (A) key interactions
exhibited by TMP; (B) key interactions made by compound 8 (PDB code 4UNN). Figures were prepared using PyMol, version 1.2. Protein is
shown in yellow cartoon representation with selected side chains labeled and shown as sticks with carbon atoms colored yellow. Bound ligand is
drawn in stick representation with carbon atoms in green (TMP) or cyan (compound 8). H-bond interactions are shown as dotted green lines.
Electron density for compound 8 is contoured at 1.0σ using 2fo fc coefficients and is displayed as a gray mesh.

Figure 4. Molecular surface for the active site of Mtb TMK in complex with 8. The color of the surface indicates the nature of the active site, where
red and blue are hydrophilic areas and gray is the hydrophobic surface. Shown are structure and potency of compounds 19 and 20.
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while not making an ideal hydrogen bond, is close to the side
chain of Arg74 and is involved in favorable polar contacts with
this residue. The hydrophobic pocket into which the
methoxyphenyl projects and that comprises the side chains of
Leu52, Ala53, Val63, Met66, Ala67, Phe70, Tyr165, and
Leu171 is unique to the Mtb TMK active site. This is an
important factor in the search for selective inhibitors. The para-
benzoic acid at R2 makes critical interactions with Arg95. In
addition to a salt bridge between the carboxylate anion and the
guanidine cation, the aromatic ring stacks against the π-system
of the Arg95 side chain. This interaction may be responsible for
the marked improvement in potency observed for cyanopyr-
idones carrying this substituent.
Further analysis of the cocrystal structure of Mtb TMK with

8 suggested that the aforementioned hydrophobic pocket could
be exploited to improve the potency (Figure 4). Of several
medicinal chemistry designs investigated, two ideas led to single
digit nanomolar potency. First, extension of the OMe group of
8 using a larger hydrophobic group (19) resulted in dramatic
improvement in IC50. Second, the torsion angle between the
pyridone ring and the phenyl ring at R1 in the cocrystal
structure was noted to be 18°. Thus, introduction of an
ethylene bridge between the two rings, and hence conforma-
tionally locking the rings, was predicted to lead to an
improvement in potency due to a reduction in the entropic
penalty combined with additional hydrophobic contacts with
the ethylene group. This design led to compound 20, a fused
cyanopyridone, which showed a similar leap in potency as seen
for 19 and had excellent ligand efficiency (Figure 4). Hence, we
focused on the exploration of fused cyanopyridones as a means
to overcoming one of the major challenges for bacterial TMK
inhibitors, that of translating enzymatic activity into cellular
activity.
We were successful in obtaining a cocrystal structure of the

fused cyanopyridone, 23, with Mtb TMK which indicated that
this subseries holds promise to drive the potency further to the
picomolar range likely required for adequate cellular activity
(Figure 5). The position, orientation, and interactions of the
core ring and substituents at R1 and R2 are similar to those
observed for the open form of the cyanopyridone as predicted.
The improvement in potency observed for the fused
cyanopyridones can, therefore, be attributed to optimal

interaction with the hydrophobic pocket and entropic
advantage from the conformationally locked system.
A limited set of substituents were tested at R1 to explore the

possibility of picking up interactions with residues such as
Ala60, Val63, and Arg107 (Table 2). The complex crystal
structure of Mtb TMK with compound 23 suggests that the
pyrazole ring NH forms an H-bond with the backbone carbonyl
of Ala60. Compound 24, a fused cyanopyridone with a longer
aryl ether substituent at R1, was the most potent compound in
the series. This suggests that hybridization of designs based on

Figure 5. Cocrystal structure at 2.0 Å resolution of compound 23 with Mtb TMK (PDB code 4UNR). Protein is shown in yellow cartoon
representation with selected side chains labeled and shown as sticks with carbon atoms colored yellow. Bound ligand is drawn in stick representation
with carbon atoms in magenta. H-bond interactions are shown as dotted green lines. Electron density for compound 23 is contoured at 1.0σ using
2fo fc coefficients and is displayed as a gray mesh.

Table 2. SAR Exploration for Fused Cyanopyridones
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the limited SAR obtained for compounds 19 and 20 is a
promising approach and can be further exploited to optimize
this series.
Despite high in vitro enzyme potency, the fused cyanopyr-

idones did not exhibit any cellular activity even at the highest
concentration tested in an Mtb whole cell assay (Mtb MIC >
32 μg/mL) (Table 2). We hypothesize that poor cellular
permeability could be one of the reasons for the lack of Mtb
MIC, and the ionic nature of the compounds (21−24,
carboxylic acids) may be responsible for this. Thus, compounds
with varying pKa such as acyl sulfonamides, ureas, and amides
(25−27) were synthesized and tested. Unfortunately, these
compounds also failed to show any inhibition in a whole cell
assay (Mtb MIC > 32 μg/mL) despite their potent enzymatic
activity.

Fragment Based Lead Generation Identifies Alter-
native Core Scaffolds. In our pursuit of alternative cores and
novel scaffolds with the potential for cellular activity, we
screened a fragment library against Mtb TMK using a 2D-
TROSY based NMR method. A set of 1200 fragments was
screened in mixtures of 6. Hit mixtures were deconvoluted and
the Kd values of the individual hits determined. This effort led
to the identification of multiple fragment hits (FRITs) with LE
of 0.25 or above. We generated cocrystal structures of a subset
of the FRITs with Mtb TMK in order to understand their
binding modes. In combination with the IC50 of close analogs
this allowed us to understand the FRIT SAR and prioritize
scaffolds for FRIT to hit optimization.
1,6-Naphthyridin-2-one (28, Figure 6B) was one of the most

promising scaffolds resulting from this campaign. The chemical

Figure 6. Identification of 1, 6-naphthyridinone fragment hit, 28, from NMR based fragment screening. (A) Overlaid 2D NMR spectra showing the
chemical shift perturbation at 0.2, 0.6, 1.2, and 2.4 mM compound 28. (B) Crystal structure at 2.3 Å resolution showing the binding of FRIT 28
drawn in stick representation with carbon atoms in magenta in the TMP site of Mtb TMK (PDB code 4UNP). The crystallographic pose of
cyanopyridone (8, cyan) has been overlaid for comparison. Protein from 4UNP is shown in yellow cartoon representation with selected side chains
labeled and shown as sticks with carbon atoms colored yellow. H-bond interactions for 28 with the protein are shown as dotted green lines. Electron
density for compound 28 is contoured at 1.0σ using 2fo fc coefficients and is displayed as a gray mesh. (C) 2D-interaction diagram. NHAC = number
of heavy atom counts. LE = ligand efficiency.
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shifts observed when this ligand binds to Mtb TMK are shown
in Figure 6A.
To gain insight into the FRIT binding mode, 1,6-

naphthyridinone, 28, was cocrystallized with Mtb TMK (Figure
6B and Figure 6C). The carbonyl oxygen and NH hydrogen of
the naphthyridinone ring make the critical hydrogen bond
contacts with Arg74 and Asn100, respectively. The naphthyr-
idinone ring is involved in a π−π stacking interaction with
Phe70. An overlay with TMP and the cyanopyridone, 8,
indicated that the C-4 and C-7 positions of the ring can be
exploited for further expansion.
We used the knowledge from this cocrystal structure,

combined with the cocrystal structures and SAR for the
cyanopyridone series, for the FRIT expansion campaign based
on 1,6-naphthyridinone, 28. A virtual library was designed via
enumeration with suitable substituents at R1 and R2. The
predicted binding modes of the virtual library and synthetic
feasibility were used to prioritize compounds for synthesis.
Encouragingly, we could achieve submicromolar potency for
the 1,6-naphthyridinone series together with improved ligand
efficiency with a limited set of compounds (Table 3).

Compound 33, the most potent in the series, was
successfully cocrystallized with Mtb TMK (Figure 7). The
position, orientation, and key interactions of the core ring were
retained with respect to the starting FRIT, 28. The aryl
substituent at C-4 of the napthyridinone extends into the ribose
and phosphate binding region, where it makes a number of new
polar contacts. The NH of the sulfonamide group makes a
hydrogen bond interaction with Asp9. The oxygen atoms of the
sulfonamide group make water-mediated interactions with
Tyr39 and Arg95. The ring nitrogen (6-aza) is involved in a
water-mediated hydrogen bond with Arg107.
Exploration of substitution at C-7 indicated that an ethyl

group is optimal (Table 3). Further extension led to a drop in

potency (matched pairs 31/32 and 33/34). Overlay of the
docking poses of these matched pairs in the TMP binding site
(not shown) showed a shift of the core ring for propyl
derivatives so as to better accommodate the propyl group
which clashes with residues in the hydrophobic pocket. Overlay
of the complex crystal structures of compound 28 (propyl
group at C-7) and compound 33 (ethyl group at C-7)
confirmed the docking based predictions (Supporting In-
formation S2, Figure S2-2), thus explaining the observed drop
in potency upon homologation at this position. The relatively
potent compounds (31−34, Table 3) when tested in the whole
cell assay did not exhibit any activity (Mtb MIC > 32 μg/mL).
Thus, our FBLG campaign, with the application of limited

synthetic chemistry, was able to deliver a novel chemical class,
the 1,6-naphthyridinones, that shows submicromolar potency
and improved ligand efficiency (0.35−0.40). However, further
exploration is required to improve the potency and establish the
potential of this chemical class as an antitubercular agent. The
observed SAR and experimental binding modes lay the
foundation for further investment in this series. For example,
probing the C-5 and C-7 diversification points of the
naphthyridinone ring so as to optimize the hydrophobic
contacts in the unique hydrophobic pocket of Mtb TMK may
lead to improvements in potency. Furthermore, substitution at
the para position of the phenyl at C-4 can be further extended
by applying the SAR knowledge from the cyanopyridones. No
further work was done on the 1,6-naphthyridinone series as our
focus shifted to the cyanopyridones which were in an advanced
stage of lead generation.

Sulfoxide and Sulfone Subseries of the Cynanopyr-
idones Exhibit Mtb MIC. During the course of initial
exploration of SAR at the R1 and R2 positions of the 3-
cyanopyridone ring, we found that the oxidized form of
compound 1, the sulfoxide 35, exhibited moderate Mtb MIC
(12 μg/mL, Table 4). This encouraged us to investigate this
subseries further. We synthesized and tested a selected set of
sulfoxides (36, 37, 39, and 41) and sulfones (38 and 40). Our
SAR knowledge from earlier exploration of the cyanopyridones
was used to select appropriate R1 substituents. We were
encouraged to see that both sulfoxide and sulfone subseries of
the cyanopyridones exhibited cellular activity and that the Mtb
MIC improved concurrently with optimization of the IC50
against Mtb TMK (Table 4). Extension of the aryl ring at
position R1, in a similar manner to compound 19, led to a 10-
fold improvement in Mtb TMK IC50 (40 and 41) with
retention of Mtb MIC. The sulfone 42, which lacks the critical
nitrile group, did not show any inhibition in our biochemical
assay up to 25 μM and thus, unsurprisingly, had no measurable
Mtb MIC (>32 μg/mL). In contrast to the equivalent aryl
derivatives, compound 43, the sulfone derivative of the fused
cyanopyridone, exhibits weak activity against the enzyme
(Table 2). Overall, we noted a reasonable correlation between
IC50 and MIC within our limited data set, suggesting an on-
target basis for the observed Mtb MIC.
In order to understand the mode of binding of this subseries,

we cocrystallized compound 36 with Mtb TMK. Our structure
revealed that the sulfoxide subseries binds in a similar manner
as observed for other cyanopyridones (Figure 8). The sulfoxide
moiety lies adjacent to the guanidine moiety of Arg95,
suggesting they may form a cation/dipole interaction.
The observed correlation between Mtb TMK IC50 and Mtb

MIC, in conjunction with confirmation of Mtb TMK binding in
the form of complex crystal structures, is indicative of target

Table 3. SAR Exploration for 1,6-Naphthyridinone
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engagement. Further mode of action studies including
resistance mutation mapping would be required to fully
establish the target link.
Comparison of all the cyanopyridone subseries indicated that

sulfoxides and sulfones may possess suitable physicochemical
properties for further exploration so as to improve their
antimicrobial activity against Mtb. Some of the differentiating
properties associated with sulfoxides and sulfones are ionic
nature (sulfone/sulfoxide are neutral; the potent aryl
substutited pyridones in Tables 1 and 2 are mostly acidic),
with pKa of pyridone NH (calculated pKa values are 6−7 for
sulfones/sulfoxides, whereas for the aryl substituted derivatives
the values are in the range 8−9; Supporting Information S3,
Table S3-1). Further investigation such as experimental
measurement of pKa and design of neutral cyanopyridone
derivatives with the desired pKa is required to establish this
hypothesis.
Inhibitor Selectivity: Comparison of the TMP Binding

Sites in Mtb, Human, and Bacterial TMKs. Comparison of
the Mtb TMK TMP binding site with that from other bacterial
TMKs and human TMK revealed key differences in the active
site (Supporting Information, S4, Figure S4-1 and Table S4-1).

An overlay of the human TMK-TMP and Mtb TMK-
compound 8 crystal structures shows that the aryl ring at R1

of the cyanopyridone core may not be tolerated in human
TMK (Figure 9). The methoxy substituted phenyl ring of 8
cannot be accommodated within the human TMK active site
without a change in either the binding mode or the protein
conformation (Figure 9). Residues in human TMK such as
Thr106, Lys109, and Tyr151 would clash with the methoxy
phenyl ring of 8, suggesting that similarly substituted
cyanopyridones will not inhibit human TMK.
Selected potent cyanopyridones (5, 12, 21, 27, and 36) were

tested in a human TMK enzyme assay to confirm the structure-
based prediction. None of the compounds showed any activity
up to 200 μM (Supporting Information, Table S4-1), the
highest concentration tested that confirmed the selectivity of
cyanopyridones and the unique nature of Mtb TMK active site.
A similar comparison of Mtb TMK with the TMP binding sites
of other bacterial TMKs (E. coli, S. aureus, and H. inf luenzae)
indicated that the cyanopyridones are likely to be selective for
Mtb TMK (Supporting Information S4, Figure S4-1 and Table
S4-1). This prediction was supported by IC50 data against other

Figure 7. (A) Cocrystal structure at 2.2 Å resolution of compound 33 with Mtb TMK (PDB code 4UNS). (B) 2D-interaction diagram. Protein is
shown in yellow cartoon representation with selected side chains labeled and shown as sticks with carbon atoms colored yellow. Bound ligand is
drawn in stick representation with carbon atoms in magenta. H-bond interactions are shown as dotted green and yellow lines. Electron density for
compound 3 is contoured at 1.0σ using 2fo fc coefficients and is displayed as a gray mesh. (C) Overlay of bound ligands and active site residues from
cocrystal structures of Mtb TMK with cyanopyridone (8, cyan) and 1,6-naphthyridinone (33, magenta).
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bacterial TMKs obtained for selected compounds from the
series (Supporting Information S5, Figure S5-1).
The aforesaid results from our hit to lead for cyanopyridones

and limited exploration of 1,6-naphthyridinones and selectivity
against human TMK and other bacterial TMK clearly
demonstrated that the development of selective and potent

inhibitors against Mtb TMK is achievable. The antimycobacte-
rial activity exhibited by sulfone and sulfoxides subseries (Table
4) was promising and indicated that modulation of
physicochemical properties is vital in conjunction with potency
against Mtb TMK to achieve cellular activity.

■ CONCLUSION
High throughput screening and fragment based lead generation
approaches against Mtb TMK resulted in two novel chemical
series, 3-cyanopyridone and 1,6-naphthyridinone, respectively.
Structure guided optimization of the 3-cyanopyridone hit, 1, led
to compounds with single digit nanomolar potency in vitro,
albeit devoid of any cellular activity. Interestingly, a subseries
containing sulfoxide or sulfone substituents showed low
micromolar Mtb MIC. While the IC50−MIC correlation
indicates that Mtb TMK may be one of the targets responsible
for the observed cellular activity, the target link remains to be
conclusively established. The 1,6-naphthyridin-2-ones were
optimized to submicomolar potency within a limited number

Table 4. Limited SAR Exploration of Sulfoxides and Sulfones

Figure 8. Cocrystal structure at 2.3 Å resolution of compound 36 with Mtb TMK (PDB code 4UNQ). (B) 2D-interaction diagram. Protein is shown
in yellow cartoon representation with selected side chains labeled and shown as sticks with carbon atoms colored yellow. Bound ligand is drawn in
stick representation with carbon atoms in cyan. H-bond interactions are shown as dotted green lines. Electron density for compound 36 is contoured
at 1.0σ using 2fo fc coefficients and is displayed as a gray mesh.

Figure 9. Comparison of the TMP binding sites of human and Mtb
TMK. (A) Molecular surface of the TMP binding site of human TMK
(PDB code 1E2D) is shown in gray. The binding mode of compound
8 (cyan carbon atoms) in Mtb TMK is overlaid with TMP (green
carbon atoms) using protein atoms of the respective protein
complexes (selected human TMK residues are colored yellow and
labeled).
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of compounds using cocrystal structures and SAR from the
earlier series. Comparison of the active sites of Mtb, human,
and bacterial TMKs indicates that these two classes of inhibitor
are likely to be selective toward Mtb TMK, in agreement with
the limited biochemical selectivity assay data to date. The SAR
for both series, combined with the insights obtained from
complex crystal structures generated during this lead generation
program, paves the way for further optimization of the
cyanopyridone and 1,6-naphthyridinone series toward identi-
fication of a candidate drug for the treatment of tuberculosis.

■ EXPERIMENTAL SECTION
Chemistry. General Procedures for the Synthesis of

Compounds in Table 1 (Scheme 1). To the solution containing
the corresponding acetyl derivative (0.599 mL, 5.55 mmol) in DMSO
(25 mL) were added 2-cyano-3,3-bis(methylthio)acrylamide (1044
mg, 5.55 mmol) and powdered NaOH (444 mg, 11 mmol). The
resulting reaction mixture was stirred at room temperature for 12 h.
After the completion of the reaction, the reaction mixture was poured
into water and neutralized with aqueous 1 N hydrochloric acid. The
solid obtained was filtered, washed with water, and dried.
The crude compound was purified by flash chromatography using

silica gel and ethyl acetate/hexane as eluent to obtain the
corresponding pyridones. Subsequently preparative HPLC was used
to provide compounds with >95% purity.
Procedure for the Synthesis of Compound 16. To the solution

containing the corresponding acetyl derivative (500 mg, 3.96 mmol) in
DMSO (25 mL) were added 2-cyano-3,3-bis(methylthio)acrylate (861
mg, 3.96 mmol) and powdered NaOH (317 mg, 7.93 mmol). The

resulting reaction mixture was stirred at room temperature overnight.
After the completion of the reaction, the reaction mixture was poured
into water and neutralized with aqueous 1 N hydrochloric acid. The
solid obtained was filtered, washed with water, and dried.

The crude compound was purified by flash chromatography using
silica gel and ethyl acetate/hexane as eluent to obtain 4-(methylthio)-
2-oxo-6-(thiophen-2-yl)-2H-pyran-3-carbonitrile in 58% yield. Sub-
sequently preparative HPLC was used to provide compounds with
>95% purity.

General Procedures for the Synthesis of Compounds in
Table 2 (Scheme 2). To the solution of 1-(3-methoxyphenyl)-
ethanone (0.457 mL, 3.33 mmol) in ethanol (50 mL) were added the
corresponding aromatic aldehyde (3.33 mmol), ethyl 2-cyanoacetate
(377 mg, 3.33 mmol), and ammonium acetate (1283 mg, 16.65
mmol). The resulting reaction mixture was refluxed overnight.

After the completion of the reaction, volatiles were removed under
high vacuum in a rotaevaporator. The residue so obtained was
triturated with water, filtered, and dried.

The crude compound was purified by flash chromatography using
silica gel and methanol/dichloromethane as eluent to obtain the
corresponding pyridones. Subsequently preparative HPLC was used to
provide compounds with >95% purity.

Procedure for the Synthesis of Compound 18. To a solution
of (E)-4-(3-(3-methoxyphenyl)-3-oxoprop-1-enyl)benzoic acid (148
mg, 0.53 mmol) in ethanol (15 mL) were added 2-(1H-benzo[d]-
[1,2,3]triazol-1-yl)propanamide (100 mg, 0.53 mmol) and NaOH
(52.6 mg, 1.31 mmol). The resulting suspension was refluxed
overnight. After the completion of the reaction, the reaction mixture
was cooled and the solid filtered and washed thoroughly with water.
The crude compound was purified by flash chromatography using
silica gel and methanol/dichloromethane as eluent to obtain 4-(6-(3-

Scheme 1a

aReagents and conditions: (a) 2-cyano-3,3-bis(methylthio)acrylamide, NaOH, DMSO, rt; (b) potassium monopersulfate triple salt, NMP, rt, 12 h;
(c) 2-cyano-3,3-bis(methylthio)acrylate, NaOH, DMSO, rt; (d) dilute H2SO4, 50 °C, 4 h.

Scheme 2a

aReagents and conditions: (a) aromatic aldehyde, NaOH, ethanol, rt, 3 h; (b) 2-(1H-benzo[d][1,2,3]triazol-1-yl)propanamide, NaOH, ethanol,
reflux, 12 h; (c) aromatic aldehyde, ethyl cyanoacetate, ammonium acetate, ethanol, reflux, 12 h.
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methoxyphenyl)-3-methyl-2-oxo-1,2-dihydropyridin-4-yl)benzoic acid
in 25% yield.
Procedure for the Synthesis of 2-(1H-Benzo[d][1,2,3]triazol-

1-yl)propanamide. To the reaction mixture containing sodium
benzo[d][1,2,3]triazol-1-ide (2 g, 14.17 mmol) and 2-bromopropana-
mide (2.154 g, 14.17 mmol) in toluene (50 mL) was added 18-crown-
6 (100 mg, 0.38 mmol). The reaction mixture was refluxed overnight.
After the completion of the reaction, the reaction mixture was cooled
and extracted with ethyl acetate. The ethyl acetate layer was washed
with water and brine solution and dried over anhydrous sodium
sulfate. The organic layer was evaporated at high vacuum. The solid
obtained was taken for the next step without purification. The reaction
mass, water, and the toluene layer were separated and evaporated to
obtain 2-(1H-benzo[d][1,2,3]triazol-1-yl)propanamide in 74.2% yield.
MS (ES+): m/z = 191 (M + H).
Procedure for the Synthesis of (E)-4-(3-(3-Methoxyphenyl)-

3-oxoprop-1-enyl)benzoic Acid. To a solution of 1-(3-
methoxyphenyl)ethanone (0.457 mL, 3.33 mmol) in ethanol (10
mL) were added 4-formylbenzoic acid (500 mg, 3.33 mmol) and
sodium hydroxide (266 mg, 6.66 mmol). The reaction mixture was
stirred at room temperature for 2 h. After the completion of the
reaction, the volatiles were evaporated under vacuum. The solid
obtained was taken up in water and neutralized cautiously to get the
solid. The solid so obtained was filtered, washed with water, and dried.
Yield: 53.2%. Subsequently preparative HPLC was used to provide
compounds with >95% purity. MS (ES+): m/z = 282.9 (M + H).
General Procedures for the Synthesis of Compounds in

Table 2 (21−25) (Scheme 3). To the corresponding 3,4-
dihydronaphthalen-1(2H)-one (0.34 mmol) in ethanol (15 mL)
were added the corresponding aldehyde (0.34 mmol), ethyl 2-
cyanoacetate (0.34 mmol), and ammonium acetate (1.7 mmol). The
resulting suspension was refluxed overnight. After the completion of
the reaction, volatiles were evaporated and the residue so obtained was
taken up in water, triturated, and filtered. The compound was purified
by chromatography using silica gel and methanol/dichloromethane as
eluent. Yield: 60−80%. Subsequently preparative HPLC was used to
provide compounds with >95% purity.
General Procedures for the Synthesis of Compounds in

Table 2 (26 and 27). To the corresponding chroman-4-one (1.73
mmol) in ethanol (15 mL) were added the corresponding aldehyde
(1.73 mmol), ethyl 2-cyanoacetate (1.73 mmol), and ammonium
acetate (8.64 mmol). The resulting suspension was refluxed overnight.
After the completion of the reaction, volatiles were evaporated, the
residue obtained was taken up in water, triturated, and filtered. The
compound was purified by chromatography using silica gel and
methanol/dichloromethane as eluent. Yield: 60−80%. Subsequently
preparative HPLC was used to provide compounds with >95% purity.
General Procedures for the Synthesis of Compounds in

Scheme 4. To the solution of cyanoacetic acid in ethyl acetate was
added T3P and triethylamine. The reaction mass was stirred at room
temperature for 10 min. Compound i was added and heated at 110 °C

overnight. After completion of the reaction, the reaction mass was
cooled to room temperature and partitioned between ethyl acetate and
water. The organic layer was washed with water and brine solution.
The organic layer was then dried over sodium sulfate and evaporated
under high vacuum to obtain the crude compound, which upon
purification by chromatography using silica gel and methanol/
dichloromethane as eluent gave the compounds in 25−50% yield.
Subsequently preparative HPLC was used to provide compounds with
>95% purity.

The compounds 28, 29, and 30 were procured from AstraZeneca
fragment repository, and purity of the samples was confirmed to be
>95% based on standard analytical method. The syntheses of these
fragments are reported in the literature.14

General Procedures for the Synthesis of Compounds in
Table 4 (Compounds 35−43). To the solution of the corresponding
4-(methylthio)-2-oxo-1,2-dihydropyridine-3-carbonitrile (0.29 mmol)
in NMP (10 mL) was added potassium monopersulfate triple salt
(1763 mg, 2.87 mmol). The reaction mixture was stirred at room
temperature overnight. Both sulfone and sulfoxide were formed in the
reaction.

After completion, the reaction was poured into water. The solid
obtained was filtered, washed with water, and dried. The crude solid
was purified by chromatography using silica gel and ethyl acetate/
hexane as eluent to isolate the sulfoxide (yield, 10−30%) and sulfone
(yield, 20−40%). Subsequently preparative HPLC was used to provide
compounds with >95% purity.

4-(Methylthio)-2-oxo-6-(thiophen-2-yl)-1,2-dihydropyri-
dine-3-carbonitrile (1). 1H NMR (300 MHz, DMSO-d6) δ 2.70 (s,
3H), 6.65(s, 1H), 7.25−7.35(m, 1H), 7.95(dd, J = 2.17, 8.52 Hz, 1H),
8.05−8.15 (m, 1H), 12.50 (br, s, 1H). HRMS: m/z (ES+) 248.0078
(MH+) for C11H8N2OS2.

4-(Methylthio)-2-oxo-6-phenyl-1,2-dihydropyridine-3-car-
bonitrile (2). 1H NMR (300 MHz, DMSO-d6) δ 2.70 (s, 3H), 6.60 (s,

Scheme 3a

aReagents and conditions: aromatic aldehyde, cyanoethyl acetate, NH4OAc, reflux, overnight.

Scheme 4. a: Synthesis of 1,6-Naphthyridinones (Table 3,
Compounds 31−34)

aReagents and conditions: cyanoacetic acid (6 equiv), T3P (20 equiv),
TEA (2 equiv), ethyl acetate (10 vol), 110 °C, overnight.
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1H), 7.50−7.70 (m, 3H), 7.80−7.95 (m, 2H), 12.50 (br, s, 1H).
HRMS: m/z (ES+) 243.0583 (MH+) for C13H10N2OS.
6-(3-Chlorophenyl)-4-(methylthio)-2-oxo-1,2-dihydropyri-

dine-3-carbonitrile (3). 1H NMR (300 MHz, DMSO-d6) δ 2.45 (s,
3H), 6.60 (s, 1H), 7.12−7.18 (m, 1H), 7.38−7.42 (m, 3H),12.00 (br,
s, 1H). HRMS: m/z (ES+) 276.0124 (MH+) for C13H9ClN2OS.
6-(2-Methoxyphenyl)-4-(methylthio)-2-oxo-1,2-dihydropyri-

dine-3-carbonitrile (4). 1H NMR (300 MHz, DMSO-d6) δ 2.85 (s,
3H), 3.90 (s, 3H), 6.60 (s, 1H), 7.10−7.20 (m, 1H), 7.38−7.42 (m,
3H), 12.00 (br, s, 1H). HRMS: m/z (ES+) 273.0687 (MH+) for
C14H12N2O2S.
6-(3-Methoxyphenyl)-4-(methylthio)-2-oxo-1,2-dihydropyri-

dine-3-carbonitrile (5). 1H NMR (300 MHz, DMSO-d6) δ 2.75 (s,
3H), 3.85 (s, 3H), 6.60 (s, 1H), 7.10−7.20 (m, 1H), 7.38−7.42 (m,
3H), 12.00 (br, s, 1H). HRMS: m/z (ES+) 273.0687 (MH+) for
C14H12N2O2S.
6-(4-Methoxyphenyl)-4-(methylthio)-2-oxo-1,2-dihydropyri-

dine-3-carbonitrile (6). 1H NMR (300 MHz, DMSO-d6) δ 2.70 (s,
3H), 3.84 (s, 3H), 6.54 (s, 1H), 7.08 (d, J = 8.85 Hz, 2H), 7.84 (d, J =
8.85 Hz, 2H), 12.37 (br s, 1H). HRMS: m/z (ES+) 273.0686 (MH+)
for C14H12N2O2S.
4-(Methylthio)-2-oxo-6-(pyridin-2-yl)-1,2-dihydropyridine-3-

carbonitrile (7). 1H NMR (300 MHz, DMSO-d6) δ 2.75 (s, 3H),
7.15 (s, 1H), 7.55−7.65 (m, 1H), 8.00−8.10 (m, 1H), 8.30 (d, J = 7.5
Hz, 1H), 8.75 (d, J = 4.5 Hz, 1H), 12.00 (s, 1H). HRMS: m/z (ES+)
244.0534 (MH+) for C12H9N3OS.
4-(3-Cyano-6-(3-methoxyphenyl)-2-oxo-1,2-dihydropyridin-

4-yl)benzoic Acid (8). 1H NMR (300 MHz, DMSO-d6) δ 3.84 (s,
3H), 6.76−6.96 (m, 1H), 7.00−7.15 (m, 1H), 7.32−7.59 (m, 3H),
7.75 (d, J = 8.10 Hz, 2H), 8.05 (d, J = 8.29 Hz, 2H), 12.20 (s, 1H),
13.50 (br, s, 1H). HRMS: m/z (ES+) 347.0945 (MH+) for
C20H14N2O4.
3-(3-Cyano-6-(3-methoxyphenyl)-2-oxo-1,2-dihydropyridin-

4-yl)benzoic Acid (9). 1H NMR (300 MHz, DMSO-d6) δ 3.79 (s,
3H), 6.53 (s, 1H), 6.94−7.07 (m, 1H), 7.32−7.41 (m, 3H), 7.52 (d, J
= 8.29 Hz, 2H), 8.04 (d, J = 8.29 Hz, 2H), 11.71 (br, s, 1H), 12.70 (br,
s, 1H). HRMS: m/z (ES+) 347.1025 (MH+) for C20H14N2O4.
4-(4-Aminophenyl)-6-(3-methoxyphenyl)-2-oxo-1,2-dihy-

dropyridine-3-carbonitrile (10). 1H NMR (300 MHz, DMSO-d6) δ
3.75 (s, 3H), 5.45 (br s, 2H), 6.69−6.76 (m, 2H), 6.80 (d, J = 8.10 Hz,
1H), 6.83−6.86 (m, 1H), 7.05−7.10 (m, 1H), 7.18 (t, J = 7.82 Hz,
1H), 7.39−7.45 (m, 3H), 12.48 (br s, 1H). HRMS: m/z (ES+)
318.1236 (MH+) for C19H15N3O2.
4-(3-Aminophenyl)-6-(3-methoxyphenyl)-2-oxo-1,2-dihy-

dropyridine-3-carbonitrile (11). 1H NMR (300 MHz, DMSO-d6) δ
3.85 (s, 3H), 5.34 (br s, 2H), 6.69−6.76 (m, 2H), 6.80 (d, J = 8.10 Hz,
1H), 6.83−6.86 (m, 1H), 7.07−7.14 (m, 1H), 7.18 (t, J = 7.82 Hz,
1H), 7.41−7.48 (m, 3H), 12.51 (br s, 1H). HRMS: m/z (ES+)
318.1236 (MH+) for C19H15N3O2.
1-(4-(3-Cyano-6-(3-methoxyphenyl)-2-oxo-1,2-dihydropyri-

din-4-yl)phenyl)-3-ethylurea (12). 1H NMR (300 MHz, DMSO-
d6) δ 1.05 (t, J = 12.5 Hz, 3H), 3.15 (q, J = 13.78, 2H), 3.85 (s, 3H),
6.25 (t, J = 10.5 Hz, 1H), 6.80 (br, s, 1H), 7.09−7.15 (m, 1H), 7.38−
7.49 (m, 3H), 7.58 (d, J = 8.50 Hz, 2H), 7.68 (d, J = 8.50 Hz, 2H),
8.80 (s, 1H), 12.65 (br, s, 1H). HRMS: m/z (ES+) 389.1605 (MH+)
for C22H20N4O3.
6-(3-Methoxyphenyl)-2-oxo-4-(pyridin-3-yl)-1,2-dihydropyr-

idin-3-carbonitrile (13). 1H NMR (300 MHz, DMSO-d6) δ 3.85 (s,
3H), 7.04−7.16 (m, 2H), 7.44 (s, 1H), 7.61 (dd, J = 4.71, 7.91 Hz,
2H), 8.18 (td, J = 1.95, 7.96 Hz, 1H), 8.50−8.64 (m, 1H), 8.76 (dd, J
= 1.51, 4.90 Hz, 1H), 8.89−8.98 (m, 1H), 12.84 (br s, 1H). HRMS:
m/z (ES+) 304.1075 (MH+) for C18H13N3O2.
N-(4-(3-Cyno-6-(3-methoxyphenyl)-2-oxo-1,2-dihydropyri-

din-4-yl)phenyl)acetamide (14). 1H NMR (300 MHz, DMSO-d6)
δ 2.09 (s, 3H), 3.85 (s, 3H), 6.82 (br s, 1H), 7.12 (dd, J = 2.17, 9.32
Hz, 1H), 7.35−7.54 (m, 3H), 7.66−7.83 (m, 4H), 10.16−10.34 (m,
1H), 12.71 (br s, 1H). HRMS: m/z (ES+) 360.1259 (MH+) for
C21H17N3O3.
2-(3-Methoxyphenyl)-4-(methylthio)-6-oxo-1,6-dihydropyri-

midine-5-carbonitrile (15). 1H NMR (300 MHz, DMSO-d6) δ 2.60
(s, 3H), 3.85 (s, 3H), 7.24 (dd, J = 2.45, 8.29 Hz, 1H), 7.50 (t, J = 8.01

Hz, 1H), 7.70−7.97 (m, 2H), 13.21 (br, s, 1H). HRMS: m/z (ES+)
273.0570 (MH+) for C13H11N3O2S.

4-(Methylthio)-2-oxo-6-(thiophen-2-yl)-2H-pyran-3-carboni-
trile (16). 1H NMR (300 MHz, DMSO-d6) δ 2.80 (s, 3H), 7.15 (s,
1H), 7.30−7.40 (m, 1H), 8.05 (dd, J = 2.17 Hz, 9.32 Hz, 1H), 8.15−
8.22 (m, 1H). HRMS: m/z (ES+) 249.9990 (MH+) for C11H7NO2S2.

6-(3-Chlorophenyl)-4-(methylthio)-2-oxo-1,2-dihydropyri-
dine-3-carboxamide (17). 1H NMR (300 MHz, DMSO-d6) δ 2.45
(s, 3H), 6.60 (s, 1H), 7.28 (br, s, 1H), 7.50−7.67 (m, 2H), 7.79 (d, J =
7.5 Hz, 1H), 7.93 (s, 1H), 9.20 (br, s, 1H), 12.30 (br, s,1H). HRMS:
m/z (ES+) 295.0297 (MH+) for C13H11ClN2O2S.

4-(6-(3-Methoxyphenyl)-3-methyl-2-oxo-1,2-dihydropyri-
din-4-yl)benzoic Acid (18). 1H NMR (300 MHz, DMSO-d6) δ 1.97
(s, 3H), 3.89 (s, 3H), 6.53 (s, 1H), 6.94−7.07 (m, 1H), 7.32−7.41 (m,
3H), 7.52 (d, J = 8.29 Hz, 2H), 8.04 (d, J = 8.29 Hz, 2H), 11.71 (br s,
1H), 12.84 (br s, 1H). HRMS: m/z (ES+) 336.1157 (MH+) for
C20H17NO4.

4-(3-Cyano-6-(3-(4-isopropylbenzyloxy)phenyl)-2-oxo-1,2-
dihydropyridin-4-yl)benzoic Acid (19). 1H NMR (300 MHz,
DMSO-d6) δ 1.20 (d, J = 6.97 Hz, 6H), 2.89 (td, J = 6.81, 13.70 Hz,
1H), 4.99−5.26 (m, 2H), 6.77−7.01 (m, 1H), 7.19 (d, J = 7.35 Hz,
1H), 7.27 (d, J = 8.10 Hz, 2H), 7.34−7.54 (m, 4H), 7.58 (br s, 1H),
7.85 (d, J = 8.10 Hz, 2H), 8.11 (d, J = 8.10 Hz, 2H), 12.91−13.23 (m,
2H). HRMS: m/z (ES+) 465.1736 (MH+) for C29H24N2O4.

4-(3-Cyano-2-oxo-1,2,5,6-tetrahydrobenzo[h]quinolin-4-yl)-
benzoic Acid (20). 1H NMR (300 MHz, DMSO-d6) δ 2.32 (t, J =
7.54 Hz, 2H), 2.67 (t, J = 7.54 Hz, 2H), 6.99 (d, J = 7.72 Hz, 1H), 7.21
(t, J = 8.01 Hz, 1H), 7.49−7.70 (m, 3H), 7.99−8.26 (m, 2H), 9.74 (br
s, 1H), 12.63−13.28 (m, 2H). HRMS: m/z (ES+) 342.1004 (MH+)
for C21H14N2O3.

4-(3-Cyano-7-hydroxy-2-oxo-1,2,5,6-tetrahydrobenzo[h]-
quinolin-4-yl)benzoic Acid (21). 1H NMR (300 MHz, DMSO-d6)
δ 2.32 (t, J = 7.54 Hz, 2H), 2.67 (t, J = 7.54 Hz, 2H), 6.99 (d, J = 7.72
Hz, 1H), 7.21 (t, J = 8.01 Hz, 1H), 7.49−7.70 (m, 3H), 7.99−8.26 (m,
2H), 9.74 (br s, 1H), 12.63−13.28 (m, 2H). HRMS: m/z (ES+)
359.1025 (MH+) for C21H17N2O4.

4-(3-Cyano-7-methoxy-2-oxo-1,2,5,6-tetrahydrobenzo[h]-
quinolin-4-yl)benzoic Acid (22). 1H NMR (300 MHz, DMSO-d6)
δ 2.32 (br s, 2H), 2.70 (t, J = 7.25 Hz, 2H), 3.82 (s, 3H), 7.17 (d, J =
8.29 Hz, 1H), 7.38 (t, J = 8.01 Hz, 1H), 7.57 (d, J = 8.29 Hz, 2H), 7.72
(d, J = 7.35 Hz, 1H), 8.10 (d, J = 8.29 Hz, 2H), 12.68 (s, 1H), 13.14
(br s, 1H). HRMS: m/z (ES+) 373.1095 (MH+) for C22H16N2O4.

4 - ( 3 -C yano - 2 - o xo - 7 - ( 1H - py r a zo l - 4 - y l ) - 1 , 2 , 5 , 6 -
tetrahydrobnzo[h]quinolin-4-yl)benzoic acid (23). 1H NMR
(300 MHz, DMSO-d6) δ 2.30 (t, J = 7.06 Hz, 2H), 2.78−2.93 (m,
2H), 7.33−7.48 (m, 1H), 7.54 (d, J = 8.29 Hz, 3H), 7.72−7.86 (m,
2H), 8.01 (d, J = 7.91 Hz, 1H), 8.09 (d, J = 8.10 Hz, 2H), 10.98−12.99
(m, 2H), 13.14 (br s, 1H). HRMS: m/z (ES+) 409.1352 (MH+) for
C24H16N4O3.

4-(3-Cyano-7,4-isopropylbenzyloxy)-2-oxo-1,2,5,6-
tetrahydrobenzo[h]quinolin-4-yl)benzoic Acid (24). 1H NMR
(300 MHz, DMSO-d6) δ 1.16−1.21 (m, 6H), 2.32 (br s, 2H), 2.67−
2.80 (m, 2H), 2.81−2.96 (m, 1H), 5.13 (s, 2H), 7.20−7.29 (m, 3H),
7.35 (d, J = 7.72 Hz, 3H), 7.57 (d, J = 8.29 Hz, 2H), 7.73 (d, J = 8.10
Hz, 1H), 8.09 (d, J = 8.48 Hz, 2H), 12.05 (br s, 1H), 12.25 (br s, 1H).
HRMS: m/z (ES+) 491.1985 (MH+) for C31H26N2O4.

1-[4-(3-Cyano-7-methoxy-2-oxo-1,2,5,6-tetrahydrobenzo-
[h]quinolin-4-yl)phenyl]-3-ethylurea (25). 1H NMR (300 MHz,
DMSO-d6) δ 1.15 (t, J = 12.5 Hz, 3H), 2.30 (br s, 2H), 2.80 (br s,
2H), 3.20 (q, J = 13.78, 2H), 3.80 (s, 3H), 6.28 (t, J = 10.5 Hz, 1H),
6.80 (br, s, 1H), 7.09−7.15 (m, 1H), 7.38−7.49 (m, 2H), 7.60 (d, J =
8.50 Hz, 2H), 7.72 (d, J = 8.50 Hz, 2H), 12.65 (br, s, 1H). HRMS: m/
z (ES+) 415.1692 (MH+) for C24H22N4O3.

4-(3-Cyano-2-oxo-2,5-dihydro-1H-chromeno[4,3-b]pyridin-
4-yl)-N-(phenylsulfonyl)benzamide (26). 1H NMR (300 MHz,
DMSO-d6) δ 4.76 (br s, 2H), 6.97−7.09 (m, 1H), 7.17 (t, J = 7.63 Hz,
1H), 7.40−7.58 (m, 3H), 7.59−7.75 (m, 3H), 8.03 (t, J = 7.91 Hz,
4H), 8.12 (d, J = 7.35 Hz, 1H), 12.72 (br s, 1H), 12.94 (br s, 1H).
HRMS: m/z (ES+) 484.0954 (MH+) for C26H17N3O5S.

N-4-(3-Cyano-2-oxo-2,5-dihydro-1H-chromeno[4,3-b]-
pyridin-4-yl)phenyl)methanesulfonamide (27). 1H NMR (300
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MHz, DMSO-d6) δ 2.95 (s, 3H), 4.76 (br s, 2H), 6.97−7.09 (m, 1H),
7.17 (t, J = 7.63 Hz, 1H), 7.40−7.58 (m, 3H), 7.59−7.75 (m, 2H),
8.12 (d, J = 7.35 Hz, 1H), 12.72 (br s, 1H), 12.94 (br s, 1H). HRMS:
m/z (ES+) 393.1654 (MH+) for C20H15N3O4S.
7-Ethyl-5-methyl-2-oxo-4-phenyl-1,2-dihydro-1,6-naphthyr-

idine-3-carbonitrile (31). 1H NMR (300 MHz, DMSO-d6) δ 1.21 (t,
J = 7.54 Hz, 3H), 1.84 (s, 3H), 2.72 (q, J = 7.60 Hz, 2H), 7.10 (s, 1H),
7.35−7.42 (m, 2H), 7.52−7.65 (m, 3H), 12.69 (br s, 1H). HRMS: m/
z (ES+) 290.12946 (MH+) for C18H15N3O.
5-Methyl-2-oxo-4-phenyl-7-propyl-1,2-dihydro-1,6-naph-

thyridine-3-carbonitrile (32). 1H NMR (300 MHz, DMSO-d6) δ
0.92 (t, J = 7.35 Hz, 3H), 1.55−1.73 (m, 2H), 1.84 (s, 3H), 2.67 (t, J =
7.44 Hz, 2H), 7.04 (s, 1H), 7.32−7.50 (m, 2H), 7.52−7.64 (m, 3H),
12.17 (brs, 1H). HRMS: m/z (ES+) 304.1371 (MH+) for C19H17N3O.
N-[4-(3-Cyano-7-ethyl-5-methyl-2-oxo-1,2-dihydro-1,6-

naphthyridin-4-yl)phenyl]methanesulfonamide (33). 1H NMR
(300 MHz, DMSO) δ 1.12−1.36 (m, 3H), 1.90 (s, 3H), 2.54 (s, 3H),
2.61−2.82 (m, 2H), 7.05 (s, 1H), 7.35−7.42 (m, 2H), 7.46−7.53 (m,
2H), 10.52 (s, 1H), 12.69 (br s, 1H). HRMS: m/z (ES+)383.1172
(MH+) for C19H18N4O3S.
N-[4-(3-Cyano-7-propyl-5-methyl-2-oxo-1,2-dihydro-1,6-

naphthyridin-4-yl)phenyl]methanesulfonamide (34). 1H NMR
(300 MHz, DMSO-d6) δ 0.92 (t, J = 7.35 Hz, 3H), 1.55−1.72 (m,
2H), 1.88 (s, 3H), 2.52 (s, 3H), 2.67 (t, J = 7.44 Hz, 2H), 7.02 (s, 1H),
7.38−7.42 (m, 2H), 7.48−7.53 (m, 2H), 10.45 (s, 1H), 12.50 (br s,
1H). HRMS: m/z (ES+) 397.1265 (MH+) for C20H20N4O3S.
4-(Methylsulfinyl)-2-oxo-6-(thiophen-2-yl)-1,2-dihydropyri-

dine-3-carbonitrile (35). 1H NMR (300 MHz, DMSO-d6) δ 2.97 (s,
3H), 7.21 (dd, J = 3.77, 5.09 Hz, 1H), 7.73 (d, J = 3.77 Hz, 1H), 7.91
(dd, J = 1.13, 5.09 Hz, 1H), 8.40 (s, 1H), 13.08 (br s, 1H). HRMS: m/
z (ES+) 265.0031 (MH+) for C11H8N2O2S2.
4-(Methylsulfinyl)-2-oxo-6-(3-(trifluoromethoxy)phenyl)-

1,2-dihydropyridine-3-carbonitrile (36). 1H NMR (300 MHz,
DMSO-d6) δ 2.98 (s, 3H)., 7.17 (br s, 1H), 7.56−7.66 (m, 1H), 7.72
(t, J = 8.19 Hz, 1H), 7.85−7.93 (m, 2H), 13.36 (br s, 1H). HRMS: m/
z (ES+) 343.0370 (MH+) for C14H9F3N2O3S.
6-(3-Bromophenyl)-4-(methylsulfinyl)-2-oxo-1,2-dihydro-

pyridine-3-carbonitrile (37). 1H NMR (300 MHz, DMSO-d6) δ
2.80 (s, 3H), 7.15 (br s, 1H), 7.53−7.70 (m, 2H), 7.87 (d, J = 7.35 Hz,
1H), 8.00 (s, 1H), 13.18 (br s, 1H). HRMS: m/z (ES+) 336.9558
(MH+) for C13H9BrN2O2S.
6-(3-Bromophenyl)-4-(methylsulfonyl)-2-oxo-1,2-dihydro-

pyridine-3-carbonitrile (38). 1H NMR (300 MHz, DMSO-d6) δ
2.97 (s, 3H), 7.15 (br s, 1H), 7.53−7.70 (m, 2H), 7.87 (d, J = 7.35 Hz,
1H), 8.00 (s, 1H), 13.18 (br s, 1H). HRMS: m/z (ES+) 352.9517
(MH+) for C13H9BrN2O3S.
6-(3-(Isopentyloxy)phenyl)-4-(methylsulfinyl)-2-oxo-1,2-di-

hydropyridine-3-carbonitrile (39). 1H NMR (300 MHz, DMSO-
d6) δ 0.96 (d, J = 6.59 Hz, 6H), 1.65 (q, J = 6.78 Hz, 2H), 1.82 (td, J =
6.55, 13.28 Hz, 1H), 2.97 (s, 3H), 4.11 (t, J = 6.50 Hz, 2H), 7.17−7.25
(m, 2H), 7.40−7.60 (m, 3H), 12.78 (br, s, 1H). HRMS: m/z (ES+)
345.1284 (MH+) for C18H20N2O3S.
6-(3-(3-Chlorobenzyloxy)phenyl)-4-(methylsulfonyl)-2-oxo-

1,2-dihydropyridine-3-carbonitrile (40). 1H NMR (300 MHz,
DMSO-d6) δ 3.49 (s, 3H), 5.24 (s, 2H), 7.27−7.35 (m, 2H), 7.39−
7.58 (m, 6H), 7.62(br s, 1H), 12.78 (br, s, 1H). HRMS: m/z (ES+)
415.0321 (MH+) for C20H15ClN2O4S.
6-(3-(4-Isopropylbenzyloxy)phenyl)-4-(methylsulfinyl)-2-

oxo-1,2-dihydropyridine-3-carbonitrile (41). 1H NMR (300
MHz, DMSO-d6) δ 1.21 (d, J = 6.97 Hz, 6H), 2.82−2.93 (m, 1H),
2.97 (s, 3H), 5.17 (s, 2H), 7.06 (br s, 1H), 7.19−7.32 (m, 3H), 7.36−
7.43 (m, 2H), 7.43−7.51 (m, 2H), 7.55 (s, 1H), 13.15 (br s, 1H).
HRMS: m/z (ES+) 406.13511 (MH+) for C23H22N2O3S.
6-(3-Bromophenyl)-4-(methylsulfonyl)pyridin-2(1H)-one

(42). 1H NMR (300 MHz, DMSO-d6) δ 2.97 (s, 3H), 6.95 (s, 1H),
7.40−7.50 (m, 2H), 7.87 (d, J = 7.35 Hz, 1H), 8.02 (d, J = 7.35 Hz,
1H), 8.20 (s, 1H), 11.50 (br s, 1H). HRMS: m/z (ES+) 327.9565
(MH+) for C12H10BrNO3S.
4-(Methylsulfonyl)-2-oxo-1,5-dihydro-2H-chromeno[4,3-b]-

pyridine-3-carbonitrile (43). 1H NMR (300 MHz, DMSO d6) δ
2.98 (s, 3H), 4.76 (br s, 2H), 6.97−7.09 (m, 1H), 7.20 (t, J = 7.63 Hz,

1H), 7.59−7.75 (m, 1H), 8.03 (t, J = 7.91 Hz, 1H), 12.72 (br s, 1H).
HRMS: m/z (ES+) 303.0282 (MH+) for C14H10N2O4S.

Determination of Mtb TMK IC50. Mtb TMK activity was
measured using a pyruvate kinase−lactate dehydrogenase (PK-LDH)
coupled assay. A previously reported assay15 was modified and adapted
for the Mtb enzyme in 384-well format. All reactions were performed
at 37 °C. Enzyme inhibition studies were done in a 75 μL reaction
mixture containing 50 mM HEPES−NaOH (pH 7.5), 75 mM KCl, 2
mM DTT, 0.13 mM EDTA, 0.002% Brij, 0.5 mM phosphoenol
pyruvate (PEP), 0.3 mM NADH, 10 U/mL PK-LDH, and 2 nM Mtb
TMK. The reaction was started with the addition of MgCl2 (to a final
concentration of 5 mM) to the reaction mix. Change in absorbance at
340 nm (NADH consumption) was monitored for 120 min in a
SpectraMax (Molecular Devices, Sunnyvale, CA) spectrophotometer.

The screening assay contained 1 μL of DMSO in the complete
reaction wells (maximum signal), 20 mM EDTA in the blank reaction
wells, and various concentrations of the test compound dissolved in
DMSO in the test wells. The percentage inhibition values were
calculated as the amount of enzyme activity inhibited in the test wells
as compared to the complete reaction wells. EC50 values were
calculated by plotting the calculated percentage inhibition values
against the logarithm of inhibitor concentration. The data analysis was
done using Excel-fit4 software (ID Business Solutions Ltd., U.K.) by
nonlinear regression (curve fitting). The EC50 of the compound is
calculated from the regression fit as the test compound concentration
at which 50% inhibition of the enzyme activity is observed.

Determination of Whole Cell Activity against Mtb (Mtb
MIC). All test compound stocks and dilutions were prepared in
DMSO. Mtb MICs of test compounds were determined in 7H9
medium by the standard microdilution method16 with some
modifications. Briefly, 1 μL of serial 2-fold dilutions of test compound
was dispensed in a 384-well microtiter plate (Corning 3702) at final
concentrations ranging from 100 to 0.19 μM. An amount of 40 μL
((3−7) × 105 CFU/mL) of the bacterial culture was added to all the
wells except the media control wells. Control wells included media and
culture controls. The plates were packed in gas permeable polythene
bags and incubated at 37 °C for 5 days. Following this incubation
period, 8 μL of a freshly prepared 1:1 mixture of resazurin (0.02% in
water) and 10% Tween 80 was added to all the wells. The plates were
reincubated for an additional 24 h at 37 °C, and the color conversion
of all wells was recorded. MIC is defined as the lowest drug
concentration that prevented the color change from blue to pink. In
order to determine the MICs, absorbance was monitored at 575 and
610 nm and their ratio calculated. By use of the ratio values, the media
control and the no inhibitor/culture controls are assigned as
equivalent to 100% and 0% inhibition, respectively. Within the
concentrations screened with the test compounds, the least
concentration that yielded 80% inhibition was considered as MIC.

Human Thymidylate Kinase (Hu TMK) Assay. Activity was
assayed in the reverse direction by measuring the conversion of dTDP
to dTMP with concomitant conversion of ADP to ATP. The
production of ATP was coupled to E. coli D-ala-D-ala ligase A (DdlA),
and the inorganic phosphate thus produced was measured using
Malachite green reagent. The assay mixture consisted of 50 μM dTDP,
2 μM ADP and was initiated by addition of 50 nM Hu TMK, 500 nM
E. coli DdlA in 50 mM HEPES−NaOH, pH 7.5, 25 mM KCl, 5 mM
dithiothreitol, 10 mM MgCl2, 0.01% Triton X-100, 10 mM D-alanine.
The assay was performed in a final assay volume of 30 μL and
incubated for 60 min at room temperature in 384-well clear microtiter
plates (Matrix no. 4310). Malachite green reagent (45 μL) was added
postincubation and absorbance was read at 650 nm.

Protein Nuclear Magnetic Resonance (NMR) Spectroscopy.
The 15N-labeled Mtb TMK samples were produced in E. coli using M9
minimal media supplemented with 5 g/L Celtone base powder (15N,
98%; Cambridge Isotope Laboratories, Inc.). The protein was purified
using immobilized metal affinity chromatography (NiNTA, QIAGEN)
followed by size exclusion chromatography (SEC) using a Superdex75
column (GE Healthcare). The purified protein sequence comprises
the native Mtb TMK sequence followed by three histidine residues.
NMR spectra were recorded at 298 K on a Bruker Avance 600 MHz
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spectrometer running Topspin 1.3 equipped with a 5 mm TCI
Cryoprobe with Z-axis gradients. The Mtb TMK samples for
compound screening and subsequent compound titration comprised
0.1 mM 15N-labeled protein in 500 μL of 50 mM Tris, pH 7.5, 50 mM
NaCl, 1 mM TCEP, and 0.02% NaN3. Compounds were screened in
mixtures of 6 at a final concentration of 1.0 mM of each compound by
diluting from 200 mM stock solutions in DMSO-d6 into the sample.
Binding was detected by 1H−15N 2D TROSY (transverse relaxation
optimized spectroscopy)17 spectra of the protein (F2xF1) 2048 × 50
complex pairs (in echo−antiecho mode), 12019 × 2000 Hz sweep
width, 85.3 ms × 25.0 ms acquisition times. Mixtures were considered
to contain a hit if peaks in the spectrum were shifted with respect to a
reference spectrum by 1/2 of the line width.
The binding component of a mixture was identified by recording a

200 ms mixing time T1ρ filtered 1D NMR spectrum18 of the mixture
(0.2 mM per compound) (1) without protein and (2) after addition of
the protein (8 μM). Binding ligands are attenuated in spectrum 2 and
revealed in the difference spectrum, (spectrum 2) − (spectrum 1). The
active component was then identified by comparing the difference
spectrum with reference spectra for each of the components.
Compound titrations were recorded from fresh compound stocks

made up at 100 mM in DMSO-d6, and spectra were recorded at typical
ligand concentrations of 0.2, 0.6, 1.2, and 2.0 mM. The affinity of the
compounds was determined via simultaneous nonlinear fitting of
chemical shift perturbations, typically for at least three residues, versus
compound concentration using the law of mass action.
Protein Expression and Purification. Two variants of Mtb TMK

were used for crystallization. These were untagged, full length Mtb
TMK and a truncated variant referred to as C2 which lacks the four C-
terminal residues.
Proteins were expressed in E. coli BL21* grown in LB media in the

presence of ampicillin (100 μg/mL). Cells were initially grown at 37
°C until OD600 = 0.6 was reached, at which point cells were cooled to
25 °C, induced with IPTG, and growth allowed to continue for 20 h
before harvesting by centrifugation. Cells were resuspended in lysis
buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 0.25
mg/mL lysozyme) supplemented with EDTA free Complete protease
inhibitors (Roche). Cells were lysed using a cell disruptor (Constant
Systems Basic Z). The lysate was centrifuged at 35 000 rpm
(100 000g) for 60 min using a Beckman ultracentrifuge. The cleared
supernatant was loaded onto 40 mL of Blue Sepharose resin which had
been equilibrated with lysis buffer. The resin was then washed with 3 ×
40 mL buffer A (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 0.1 mM
EDTA). TMK was eluted using a gradient of increasing NaCl up to
500 mM. The peak from the Blue Sepharose column containing TMK
was further purified by size exclusion chromatography on a Superdex
26/60 (GE Healthcare) equilibrated with 50 mM Na HEPES, pH 7.5,
150 mM NaCl, 10% glycerol, 0.1 mM EDTA, 1 mM DTT. Fractions
corresponding to the peak containing TMK were pooled and
concentrated to 20−40 mg/mL.
Protein Crystallization, X-ray Diffraction Data Collection,

Structure Solution, Model Building, and Refinement. Protein/
inhibitor complexes were prepared by adding 100 mM compound
stock solution in 100% DMSO to protein to a final concentration of 1
mM compound. The resulting complexes were crystallized using the
hanging drop method by mixing 2 μL of well solution with 2 μL of
protein/inhibitor complex solution. Detailed protein crystallization
conditions are provided in Supporting Information S7, Table S7-1. X-
ray diffraction data were collected from cryocooled crystals at the
ESRF or in-house as detailed in Supporting Information S7, Table S7-
2. Data were integrated, scaled, merged, and reduced using programs
from the CCP4 suite.19 Structures were solved by molecular
replacement using AmoRe18 with PDB 1G3U as the search model.
Structures were refined using iterative cycles of manual model building
in Coot20 interspersed with reciprocal space refinement in Refmac.21

Detwinning was applied where necessary. Statistics of the data
collection, refinement, and final model quality are provided in
Supporting Information S7, Table S7-2.
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