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ABSTRACT: Computer-aided drug discovery methods play a
major role in the development of therapeutically important small
molecules, but their performance needs to be improved. Molecular
dynamics simulations in mixed solvents are useful in understanding
protein−ligand recognition and improving molecular docking
predictions. In this work, we used ethanol as a cosolvent to find
relevant interactions for ligands toward protein kinase G, an
essential protein of Mycobacterium tuberculosis (Mtb). We validated
the hot spots by screening a database of fragment-like compounds
and another one of known kinase inhibitors. Next, we performed a
pharmacophore-guided docking simulation and found three low
micromolar inhibitors, including one with a novel chemical scaffold
that we expanded to four derivative compounds. Binding affinities
were characterized by intrinsic fluorescence quenching assays, isothermal titration calorimetry, and the analysis of melting curves.
The predicted binding mode was confirmed by X-ray crystallography. Finally, the compounds significantly inhibited the viability of
Mtb in infected THP-1 macrophages.

1. INTRODUCTION
Tuberculosis (TB) is currently one of the most important
infectious diseases in the world. In 2019, around 10 million
people fell ill with TB, and an estimated 1.4 million people died
from this disease.1 Most TB cases can be treated, but the
inadequate usage of antibiotics has led to the appearance of
multiresistant strains that require treatments with severe
secondary effects or may even be untreatable.2,3 It is therefore
of utter importance to develop new effective therapies against
TB.
Mycobacterium tuberculosis (Mtb), the causative agent of TB, is

an obligate pathogen that mainly infects the respiratory system
and spreads through the air in drops originated from an infected
person.4 Once inside the lungs, Mtb is phagocytized by the
macrophages, where it avoids phagolysosome fusion.5 The
survival ofMtb inside the macrophages requires the presence of
signal transduction systems. In this context, the family of the
serine−threonine protein kinases plays a key role in the
regulation of gene transcription, cellular division, and
pathogen−host interactions.6−8 PknG is one of the 11 serine−
threonine protein kinases identified inMtb,9 and it regulates the
tricarboxylic acid cycle by phosphorylation of protein GarA,
regulates response to hypoxia, and is essential for pathogenic-
ity.10−14

The PknG domain architecture is unique: besides the kinase
domain, it has a rubredoxin domain (which may be involved in
redox sensing),15 a tetratricopeptide domain (involved in
protein−protein interactions),16 and a non-structured region
of ∼70 residues with four auto-phosphorylatable sites. The
three-dimensional structure of the PknG kinase domain has
been elucidated, thus turning it into an ideal target for drug
screening projects.17,18 In fact, several successful attempts have
been made to discover PknG ligands; however, none of the
identified compounds have advanced into clinical trials.
Nonetheless, PknG still remains an important structure-based
drug target.18−20

The ATP binding pocket composition differs from commonly
known kinases, and it can therefore be selectively targeted by
ATP competitive inhibitors.18 Indeed, the first published
inhibitor (AX20017), based on an in vitro screening of a
proprietary kinase library (55,000 compounds), is an excellent
example of selectivity.8,18 Other in vitro approaches consisted of
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evaluating, as before, a library of 80 kinase inhibitory
compounds,19,21 a library of triazolyl methoxy chalcones,
flavanones, and 2-aminopyrimidines,21 or electrophilic unsatu-
rated fatty acids that irreversibly react with the rubredoxin
domain.22 Regarding structure-based strategies, the ATP
binding pocket has once been targeted using pharmacophore-
based virtual screening, followed by a biological evaluation.20 To
develop this pharmacophore model, positive hits from the
triazolyl methoxy aminopyrimidines were used.
Molecular docking-based virtual screening is a major tool in

computer-aided drug discovery. It has been shown that docking
success rates can be improved when the method is adjusted
using previous knowledge,23,24 for example, using biases toward
the formation of an important protein−ligand interaction.
Recently, we showed that cosolvent sites, particularly ethanol
sites, derived from mixed solvent molecular dynamics (MD)
simulations allow us to identify (in 18 different proteins) around
70% of known protein−ligand interactions, especially those that
represent the ligand-derived pharmacophore.25 We also proved
in a retrospective manner that cosolvent-derived pharmaco-
phores improve the performance of docking-based virtual
screening.26

In the current work, we performed a prospective study using
PknG to show that cosolvent sites are indeed a powerful tool to
identify new inhibitors (Figure 1). Moreover, we solved the

crystal structure of PknG bound to one of the obtained hit
compounds, and we demonstrated in vitro the inhibitory activity
of selected compounds on Mtb H37Rv-infected macrophages.

2. RESULTS AND DISCUSSION
2.1. Binding Site Characterization. Since their introduc-

tion in 2009, mixed solvent MD have become an important tool
in structure-based drug discovery.27,28 We have previously
shown that simulations in a mixture of water and ethanol allow
high-specificity detection of key nonpolar and polar drug−
protein interactions.25 Taking this into account, we obtained the
solvent sites (SSs) inside the ATP binding pocket of PknG from
the ethanol probe to find binding hot spots.

We detected several ethanol −OH-based hydrophilic sites
(Figure 2). The amino acids on kinase hinges (i.e., the residues
connecting the N- and C-terminal lobes of the catalytic domain)
have been fully annotated from H1 to H13, where H3
corresponds to the gatekeeping residue. Kinase ATP com-
petitive inhibitors form hydrogen bonds with these residues, and
according to a survey of inhibitor-bound kinases structures, most
of them engage H6 amide for hinge recognition, some present
dual hydrogen bonds with the recruitment of H4 carbonyl
upstream and/or H6 carbonyl downstream, and triple hydrogen
bonds are rarely found.29 A detailed analysis along the MD
trajectories revealed that the probe atoms from SS1 to SS3 were
involved in hydrogen bonds with H4 carbonyl, H6 amide, and
H6 carbonyl (Figure 2B). Therefore, the presence of SSs SS1 to
SS3 suggests that, in the case of PknG, it would be better to
prioritize a small chemical compound that anchors itself via
three hinge hydrogen bonds. Regarding SS4, the probe atoms
from this site interacted mainly with Lys181-Nζ and Asp293-
Oδ1/2 (Figure 2B).
Additionally, we obtained two ethanol −CH3-based hydro-

phobic sites. The probe atoms from SS5 and SS6 were close to
hydrophobic residues such as Val215, Ile157, and Met283. Both
of them overlap with hydrophobic moieties of two PknG known
ligands (AX20017 and ATPγS), so they seem to be true positives
(Figure 2C) and not the result of the usage of a dual
hydrophilic−hydrophobic cosolvent molecule (probe cou-
pling).17,18

According to a protein kinase pharmacophore model, the
ATP binding site can be divided into five regions (Figure S1).30

Interestingly, the ethanol-derived SS1, SS2, SS3, SS5, and SS6
fall in the adenine region. It has been shown that more hydrogen
bonds in the kinase hinge region do not necessarily translate into
higher potency.29 However, the hot spots derived from the
cosolvent MD suggest that PknG inhibitors will have better
binding affinity if they are capable of performing the three
hydrogen bonds.29 Indeed, a family of ligands derived from
AX20017 has the highest binding affinity among the previously
discovered inhibitors against PknG.31 This represents only one
chemical scaffold; the other known ATP competitive inhibitors
establish two hydrogen bonds; and a previous work using
pharmacophoric features showed that their best model consisted
of two hydrophobic, one donor atom, and one acceptor atom
features, so whether two or three hydrogen bonds should be
prioritized is still not clear for this particular system.20,21

To acquire more structural data and confirm that the three
hydrogen bonds are required, we performed a docking protocol
especially tailored for protein kinases where we expected to find
a few binders. We docked two databases, one in-house collection
of 628 fragments, and a library of 367 known kinase inhibitors
(GSK Published Kinase Inhibitor Set).32 We used the rDock
docking suite using a kinase hinge interaction filter, followed by
dynamic undocking.33,34

The fragment collection was docked against PknG using
crystal structure 2PZI18 and a pharmacophoric restrain to force
the presence of a hydrogen bond between the molecules and the
nitrogen atom from the backbone of Val235. This interaction
was previously described and mimics the binding of the adenine
moiety from the ATP (Figure 3A).35 We decided to use
structure 2PZI because it has an inhibitor bound in the ATP
pocket (AX20017), which has a molecular weight similar to that
of the fragments.18 The 249 fragments with a binding score of
less than −15 score units (AX20017) were subject to a dynamic
undocking protocol.33 Briefly, the strength of the kinase hinge

Figure 1. Applied workflow that led to the discovery of new PknG
inhibitors. First, ligand-binding hot spots were detected using MD in a
mixture of ethanol and water. Second, hot spots were confirmed from
two small screenings and used to design a scaffold and perform a
tethered (structure-based) docking. Third, based on one of the hits,
four derivatives were obtained, binding affinities were determined, and
one inhibitor-bound crystal structure was solved. Lastly, inhibition of
the survival of Mtb inside the macrophages was demonstrated.
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hydrogen bond from the kinase hinge was tested by running 12
steered MD simulations by increasing the non-hydrogen atom
distance from 2.5 to 5 Å, as described by Ruiz-Carmona et al.
(Figure 3A).33 The strength of the conserved interaction
between the ATP and the kinases can be used as a filter to
distinguish binders from non-binders after the docking runs. All
fragments that contained at least one curve in which the work
was not above 6 kcal/mol were discarded (Figure 3B). 53
fragments passed this filter, and 20 were finally selected by visual
inspection for in vitro inhibition testing.
In parallel, the GSK Published Kinase Inhibitor Set32 was

docked against PknG using a similar protocol to the one used for
the fragments. The selected crystal structure was 4Y12,17 which
has a bigger binding pocket (co-crystallized with ATP-γ-S), and
the binding score threshold to perform dynamic undocking was
arbitrarily set to −25 score units. This resulted in 119
compounds that were dynamically undocked from the binding
site, leaving 54 possible binders, which were reduced to 21 for in
vitro inhibition testing by visual inspection.
The 20 selected fragments and 21 kinase inhibitors were

screened using the Kinase Glo Plus luminescent assay,36 which
allows estimating the remaining ATP after incubation of the
enzyme with its substrates. We performed a final point inhibition
assay by incubating full-length PknG with ATP and its natural
substrate, GarA. The kinase inhibitors were assayed at 40 μM
and the fragments at 2 mM. We found one kinase inhibitor

(GSK586581A) with ∼50% inhibition and one fragment with
∼100% inhibition (Figure S2). A structural superposition of
both ligands, in addition to the known control ligand AX20017,
displayed a pharmacophoric motif composed of two hydrogen
bond donors and one hydrogen bond acceptor (Figure 3C,D).
Interestingly, only two out of the 20 fragments and two out of
the 21 kinase inhibitors were bound by the three hydrogen
bonds in the docked pose. Therefore, a three-point pharmaco-
phore filter would have theoretically improved the hit rate (two
hits out of four compounds).

2.2. Scaffold-Based Docking. Based on the validated
pharmacophore, we decided to exploit rDock capacity to
perform a tethered docking.34 Using this methodology, the
molecules are aligned with the substructure prior to docking,
and then, the conformation of the free (untethered) portion is
optimized. As a substructure, we used the motif shared by the
known ligand AX20017 and the two hits from the fragment and
kinase inhibitor (GSK set) libraries (Figure 3D). Compounds
with this motif are able to establish three hydrogen bonds with
the kinase hinge and should place an aromatic moiety where the
ethanol −CH3-based hydrophobic site SS6 is located (Figure
S3). We used rDock with a library of around 24,000 purchasable
compounds having the common substructure (Figure 3D) and
PknG crystal structure 4Y12.17 The 2000 best-ranked
compounds were filtered by diversity (using fingerprinting and
the Tanimoto diversity index), leaving 200 compounds, from

Figure 2.MD analysis in mixed solvents reveals key interactions to design inhibitors against PknG. (A) Pipeline to detect protein hotspots. First, we
carried out three MD replicates in a mixture of ethanol and water and computed the sites near the protein surface where the probability of finding a
probe atom (O from the hydroxyl group or C from the methyl group) was higher than that in the bulk solvent. Then, we only kept the SSs from the
active site and clustered the remaining ones to remove redundant sites. Lastly, each site was individually analyzed, andwe identified the protein residues
interacting with the corresponding probe atoms. For example, Val235 displayed hydrogen bond interactions with the ethanol probes from SS1, and
Ile157 showed hydrophobic interactions with the ethanol probes from SS5. (B) SSs after the hot spot detection pipeline superimposed with the PknG
reference structure (PDBid 4Y12). H4, H5, and H6 are, respectively, the kinase hinge residues Glu233, Tyr234, and Val235. SS1 to SS4 correspond to
the ethanol −OH-based hydrophilic sites, and SS5 and SS6 correspond to the ethanol −CH3-based hydrophobic sites. (C) Superposition of the
ethanol sites and two PknG known ligands, AX20017 and ATPγS.
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which 20 were selected for experimental testing after visual

inspection. The inhibition of selected compounds was assayed at

40 μM once again using the Kinase Glo luminescent assay.36

Three compounds considerably diminished kinase activity,

which we named T1, T2, and T3 (Figure 4).

We did not benefit from the ethanol −CH3-based hydro-
phobic sites SS5 and SS6 during the tethered docking as this
methodology requires the usage of a fixed common structure,
which goes against the discovery of new chemical scaffolds.
Nowadays, this interaction could be considered without that
problem in Autodock Bias, which does not force any atomic

Figure 3. (A) Structure of the kinase hinge binding motif with ATP illustrated by the hydrogen bond interaction between AGS and the nitrogen atom
from the backbone of Val235 from PknG (PDB 4Y12). (B) Two hypothetical curves of the work required us to pull away from the active site two ATP
competitive ligands using as the reaction coordinate the distance between the non-hydrogen atoms of the hydrogen bond shown in panel A. (C)
AX20017-bound structure aligned with the docked pose of the two hits: the kinase inhibitor and the fragment-like compound. (D) Shared substructure
between AX20017 and the two hits.

Figure 4. Tethered docking of 24,000 compounds with the same motif led to the discovery of three hits (compounds T1, T2, and T3). The novel
chemical scaffold from T1 was used as a starting point to synthesize/buy new compounds (R1 groups: hydrogen, fluoride, bromide, or ethoxy).
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position but rather modifies the energy landscape, which helps
the search algorithm.37 Interestingly, we performed a cosolvent
site-based biased docking after the experiment found out that
the docked poses of the three active compounds were capable of
establishing the important interactions without forcing any
positional restraint in the ligand atoms (Figure S4).

2.3. Binding Affinity Estimations and X-ray Crystallog-
raphy. Out of the three confirmed ligands, we decided to focus
on T1, which had a different chemical scaffold from PknG
known inhibitors.18,20,22 To validate the novel chemical scaffold,
we synthesized two derivatives compounds named S1 and S2
(Scheme 1), purchased compounds B1 and B2, and measured
their binding affinity using a smaller construct of PknG
comprising the kinase and rubredoxin domains (Table 1 and
Figure 4).17 First, we took advantage of the fact that PknG has a
tryptophan near the binding site to perform intrinsic
fluorescence quenching assays and estimate the equilibrium
dissociation constant (Kd).

38

As a result, with the exception of B2 that had the activating
substituent−OCH3CH3 (ethoxy group), we obtainedKds in the
low micromolar range (Table 1 and Figures 5A and S5). Similar
binding affinities were found for the control ligand AX20017 and
ligand T2 (Figure S5). We also evaluated one more compound
where the benzene ring was replaced by a thiophene ring
(compound B3), but the affinity slightly decreased (Kd of 3.6
μM, Figure S6), suggesting that the aromatic−aromatic
interaction with Tyr235 may be important. Finally, we tested
one compound with a 1,2-dichloro benzene ring (compound
B4), but once again, the interaction was weaker (Kd of 13 μM,
Figure S6), in this case, probably due to steric effects (Figure
5E). In future studies, it would be interesting to explore
compounds with hydrophilic functional groups as substituents.
Additionally, we performed isothermal titration calorimetry

(ITC) for ligands T1 and B1. In both cases, the estimated
equilibrium dissociation constant was in good agreement with
the previous estimations (Table 1 and Figure 5B). To also test
the binding capacity of the new scaffold, we incubated the kinase

domain of PknG at different ligand concentrations and
measured the change in the protein melting temperature by
monitoring the intrinsic protein fluorescence at 350 nm.40,41

Then, we adjusted the data to two models that couple the
unfolding and binding equilibria as described in the Exper-
imental Methods Section.40−42 The estimated Kds turned out to
be in the low micromolar range (Table 1 and Figure 5C,D).
Lastly, to confirm inhibition by direct measurement of

product formation, we performed radioactive ATP (32P-γ-
ATP) assays using T1. Briefly, we incubated full-length PknG
with its natural substrate GarA, a mixture of cold and hot ATP
and different concentrations of T1 in the micromolar range at 37
°C. We found that T1 decreased the amount of phosphorylated
GarA in a concentration-dependent way in the micromolar
range with a relative half inhibitory concentration (IC50) of 5.8
μM(Figure S9). Additionally, we performed the same assay with
the known ligand AX20017 and found that it has similar potency
with a relative IC50 of 0.9 μM, which is in high agreement with
previous measurements (Figure S9).31

We tried to crystallize PknG−ligand complexes by screening
at least 576 different solutions for compounds B1, T1, S1, and S2
and were successful only in the case of B1 (Figure 4E, PDBid
7Q52). A close view of the ligand inside the binding pocket
reveals that B1 is performing the three hydrogen bonds derived
from the pharmacophore (Figure 5E, B1 with Glu233-O,
Val235-N, and Val235-O). The nonpolar part of the ligand must
also be playing a crucial role in the binding affinity as it is
interacting with the hydrophobic residues Val179, Ile157,
Ile165, Ala158, Ile292, and Met283 (Figure 5E). The
importance of the hydrogen bond interaction with Val235-N
and the hydrophobic interactions with Tyr234 and Ile293 was
confirmed by site-directed mutagenesis (mutants Y234L,
V235P, and I292G, respectively) and thermal shift assays.
Indeed, for these three mutants, there was no shift in the melting
temperature at 100 μM for compounds B1 and T1 (Figure S10).
As expected by the similar results of the binding affinity

measurements, the fluorine atom is not establishing any strong

Scheme 1. Synthesis of Compounds S1 (R�H) and S2 (R�Br)a

aReagents and conditions: (a) ethanol, reflux, 5 h; (b) 2-cyanoacetamide, 1-propanol, N,N-diisopropylethylamine (DIPEA), reflux, 3 h.

Table 1. Binding Affinity Estimations from Intrinsic Tryptophan Quenching Spectroscopy, ITC, and Melting Curve Analysisa

name R group Kd�fluorescence quenching (∼21 °C) Kd�ITC (25 °C) KdApp�isothermal analysis (44 °C) KdApp�TmObs (∼44 °C)
T1 isopropyl 1 - CI: [0.6; 1.7] 1.5 - CI: [0.8; 2.6] 3.8 - CI: [3.1; 4.5] 11 - CI: [9.5; 12]
B1 fluoride 2.2 - CI: [1.3; 3.6] 2 - CI: [1.3; 3] 3.6 - CI: [3.1; 4.1] 8.1 - CI: [7.1; 9.1]
B2 ethoxy 13 - CI: [11; 22]
S1 hydrogen 1.8 - CI: [1.2; 2.7]
S2 bromide 1.3 - CI: [0.7; 2.6]

aAll Kds are in micromolar units. CI is the asymmetric confidence interval at a 95% confidenceS level.
39 The fitted curves of compounds T1, B1, B2,

S1 and S2 are shown in the Supporting Information (Figures S5, S7, and S8).
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interaction with the protein. Interestingly, there is still space to
extend the ligand in order to increase the binding affinity
(Figures 5E, S1 and S11). Considering that we are only
exploiting the adenine binding region, hydrophobic region II,
and the sugar pocket, we could achieve higher potency by
occupying the phosphate-binding region and hydrophobic
pocket I (Figure S1). To test the binding mode prediction
capability of the first docking protocol (used for the fragment
collection and the GSK kinase inhibitor collection), we

performed post hoc docking runs of compound B1. As a result,
we found a strong agreement between the docked pose and the
obtained crystal structure (Figure S12).

2.4. Decreased Mtb Intracellular Survival. To evaluate
the effect of the compounds on mycobacterial intracellular
survival, we infected THP-1 derived macrophages with the
pathogenic strain Mtb H37Rv (MOI 10). Then, infected cells
were cultured in the presence of compounds B1 or T1. After 24
or 48 h of treatment, viable intracellular Mtb H37Rv cells were

Figure 5. Binding affinity characterization and holo-structure of ligand B1. (A,B) Estimation of the equilibrium dissociation constant Kd from intrinsic
fluorescence spectroscopy and ITC, respectively. (C,D) Estimation of the apparent equilibrium dissociation constant Kd from isothermal analysis of
melting curves and observed melting temperature shift analysis, respectively. (E) Crystal structure of the PknG−ligand B1 complex (PDBid 7Q52).
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counted by analyzing the colony forming units per milliliter
(CFU/mL) (Figure 6A). We observed a significant decrease in
Mtb H37Rv intracellular survival in the presence of both
compounds at 1 and 10 μM for 24 h (Figure S13) and 48 h
(Figure 6B). Similar inhibitory levels were also observed in a
second experiment for compounds T2, T3, and AX20017
(Figure S14). In further assays, we evaluated the toxicity of B1
and T1 compounds in human-derived THP-1 macrophages
(Figure 6C). The effect on cell viability was evaluated as a
function of both time and compound concentration. At 3, 24,
and 48 h, none of the compounds showed adverse effects at 10
μM on cell viability (Figure 6C).
These results demonstrated that B1 and T1 compounds

decrease Mtb H37Rv viability and had no toxic effect on host
cells. To our knowledge, this is the second time that it has been
proven that PknG inhibitors affect the intracellular survival of
Mtb within macrophage cells.8 The previous results were based
on ligand AX20017, and they showed a very similar inhibitory
activity.8 Furthermore, only two other reports demonstrated
inhibitory activity, but they were based on the Mycobacterium
bovis BCG strain.19,20

3. CONCLUSIONS
TB is still one of the most important infectious diseases in the
world. Due to the increasing cases of drug-resistant strains, there
is an urgent need for the development of new treatments. PknG
plays a crucial role in the pathogenesis and survival ofMtbwithin
the host, making it an important drug target.10−13 The major
strategies to target kinases consist of searching for ATP mimetic
inhibitors that bind the active or inactive state, allosteric
inhibitors, or inhibitors that interfere with binding of other
kinase regulators/substrates.30 It has been shown that PknG is a
constitutively active kinase,17,43 and there are no substrate-
bound structures; thus, a suitable approach is to target the ATP
binding pocket.
A common approach in kinase structure-based drug studies is

to conduct biased docking runs. In this regard, hydrogen bonds
are critical for potent kinase inhibition, and the majority of
known kinase inhibitors anchor themselves via one or two
hydrogen bonds.29 In the case of PknG, the results from the
cosolvent simulation, together with the screening of fragment-
like compounds and kinase inhibitors, suggest that it would be
better to search compounds with a donor−acceptor−donor

Figure 6. Compounds B1 and T1 inhibitMtb H37Rv intracellular survival without cytotoxic effect on macrophages. (A) Experimental setup used to
evaluate mycobacterial intracellular survival in the presence of compound T1/B1. (B) CFU/mL values after treatment with compound B1 or T1 at 10
or 1 μM(48 h). Rifampicin (Rif) was used as a control of inhibition (12.5 μM).Mock refers to the treatment with only the vehicle (DMSO). Statistical
analysis was performed using Welch’s ANOVA, followed by Dunnett T3 post hoc test for multiple comparisons. Only the statistical significance of the
comparisons against the control is shown. (C) Cytotoxicity of B1 and T1 at 10 μM. Each compound was added to differentiate THP-1 cells, and cell
viability was evaluated after 3, 24, or 48 h. In both (A,B), data are shown as the mean± SEM. NS: p > 0.05, *p≤ 0.05, and **p≤ 0.01 The experiments
were performed in quadruplicate (A) and triplicate (B), respectively.
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pattern.We have proved that compounds with this motif possess
binding affinity in the low micromolar range and confirmed by
X-ray crystallography that they interact through three hydrogen
bonds and that they can inhibit the growth of Mtb in
macrophage cells. Finally, we expect that the identified inhibitors
may serve as leads for the development of potent anti-TB drugs.

4. EXPERIMENTAL SECTION
4.1. Computational Methods. 4.1.1. Initial Docking of the

Fragment-like and Kinase Inhibitor Libraries.To perform the docking
runs of the fragment-like (molecular weight ranging from 140 to 300
Da) and GSK kinase inhibitor libraries, we used rDock software and as
protein structures PDBid 2PZI (residues 73−750) and 4Y12 (residues
74−405), respectively. In both cases, up to 50 docking runs with the
default parameters were performed. Cavity mapping was performed
with the “reference ligand” method using ligands AX20017 and AGS,
respectively. The docked compounds were constrained to interact with
the kinase hinge as shown in Figure 2 (pharmacophoric restraint). As an
example, the pharmacophore for PDB 4Y12 was located at point
(−7.188, 7.214, −27.796). The radius of tolerance was 1 Å, and the
restrain type was “Acc” (H-Bond acceptor). In both cases, the ligand
libraries were prepared using LigPrep.44 An ionizer was used to generate
different protonation states for groups with a pKa between 6 and 8 (-i 2
-W i, -ph 7.0, -pht 1.0). Up to eight stereoisomers (-s 8), six tautomers
(-t 6), and eight ring conformers (-r 8) were generated per molecule.44

4.1.2. Molecular Dynamics in Mixed Solvents.MD simulations in a
20/80 ethanol and water mixture were carried out as described in Arcon
et al., 2017.25 Structure 4Y12 was downloaded from the PDB database
and all nonstructural ions and solvent and ligand molecules were
removed.Missing side chains and hydrogen atoms were added using the
LEaP module from the Amber16 package. The Zn2+ ion in the
rubredoxin center was replaced by Fe2+, which is the metal ion typically
found in rubredoxin domains.45 The standard protonation state at the
physiological pH was assigned to all ionizable residues. The structure
was then solvated using a truncated octahedral box of ethanol 20% v/v
extending at least 10 Å from any protein atom using the pyMDMix
program (http://mdmix.sourceforge.net).46 The TIP3P model was
used for water molecules, and forcefield parameters for ethanol were
assigned as previously reported.25 The Amber ff14SB force field was
used for protein residues,47 and Rbx parameters were taken from the
literature.48 Solvated systems were subjected to geometry optimization
to adjust the solvent orientation and eliminate the local clashes and
stereochemical inaccuracies. The subsequent equilibration protocol
consisted of 0.8 ns of constant-volume MD simulation, where the
temperature was slowly increased from 100 to 300 K, after which 1 ns of
constant-pressure and -temperature MD simulation was performed (1
bar, 300 K) to allow the system to reach proper density. Finally, the
system was subjected to three independent simulations 50 ns long at
constant volume and temperature (NVT ensemble) with a quadratic
positional restraint of weight 0.01 kcal/mol over all the non-hydrogen
atoms of the protein to ensure that the overall 3D structure of the
protein is preserved while ensuring that the binding hot spots are
quantitatively correct.49 Temperature control and volume control were
achieved using the Langevin thermostat (collision frequency of 4 ps−1)
and Berendsen barostat, respectively. Systems were simulated using
periodic boundary conditions and Ewald sums (grid spacing of 1 Å) for
treating long-range electrostatic interactions with a 9 Å cutoff for direct
interactions. The SHAKE algorithm was used to keep bonds involving
H atoms at their equilibrium length, allowing the employment of a 2 fs
time step for the integration of Newton’s equations. All simulations
were performed using the PMEMD implementation of SANDER for
GPU from Amber 16.50

4.1.3. SS Detection. Our protocol for the determination of the SSs
from a MD simulation in a mixed solvent is inspired by the one
developed by Lopez et al.51 We focused only on the ethanol −OH-
based hydrophilic sites and the ethanol−CH3-based hydrophobic sites,
but the algorithm works with any probe. The procedure starts with the
alignment of the MD trajectory according to a selected group of
residues (i.e., binding site). Then, all snapshots are filtered to include

only the probe molecule atoms (i.e., the oxygen atom from the −OH
group or the C atom from the−CH3 end) close to the selected residues,
leaving a 3D Cartesian data set as a result. Next, we construct a graph
using as nodes each probe atom and assigning edges between nodes if
their Euclidean distance is less than a user-selected parameter
distThreshold. Lastly, each connected component of the graph is
considered to report an SS if they have more nodes than a certain
threshold watNmin. This parameter watNmin represents implicitly a
time dimension. Additionally, two important parameters that describe
the SSs are the probe finding probability (PFP60) and dispersion
parameter (R90). The first one is the probability of finding a probe
molecule in the region defined by a sphere of radius 0.6 Å, and the
second one is the radius that the SS should have to contain 90% of the
probe atoms that conform.
In this work, we used PknG residues 159, 167, 181, 183, 213, 233−

239, 285, and 293−295 to perform the structural alignment. For each
time frame of the 50 ns trajectory (500 frames), we discarded the first 1
ns prior to the analysis, the distThreshold parameter was 0.32 Å, and the
watNmin parameter was 48, implying that each detected SS contained
one probe atom during at least 10% of the simulation. SSs with an R90
higher than 1.2 Å and a PFP60 lower than 50 were not taken into
account. Redundant SSs were removed by applying proximity-based
clustering. The three production simulations and scripts to reproduce
the SS detection procedure and to render the protein image from Figure
2 panel B are freely available for download at https://doi.org/10.5281/
zenodo.5647767.

4.1.4. Dynamic Undocking. For each docked ligand (fragment and
kinase inhibitor libraries), we computed the necessary work to increase
the distance of the non-hydrogen atoms involved in the characteristic
hydrogen bond from 2.5 to 5 Å (Figure 2A,B). The dynamic undocking
protocol has been previously described.33 Briefly, we carried out 1000
steps of minimization (step 1), 400 ps of thermalization in the NVT
ensemble to heat up the system (step 2), 1 ns of equilibration in the
NPT ensemble (1 atm, 300 K) (step 3), and the production dynamics
with the addition of a time-dependent potential [5 Å/ns y string
constant of 50 kcal/(mol Å2)] (step 4). We performed six replicates at
300 K and six replicates at 325 K. During steps 1−3, we added a
restraint of 1 kcal/(mol Å2) over all non-hydrogen atoms to avoid
structural changes and a restraint to keep the hydrogen bond distance
fixed [parabolic between 3 and 4 Å with a force constant of 1 kcal/(mol
Å2) and linear if the distance was larger than 4 Å with a force constant of
10 kcal/(mol Å2)]. The equilibration and production steps were
performed using the Langevin thermostat and a collision frequency of 4
ps−1. The cutoff for direct interactions was 9 Å, and the covalent bonds
involving hydrogen atoms were kept at their equilibrium distance using
the SHAKE algorithm.52 To improve speed and to avoid distal
contributions not related to the hydrogen bond under investigation, we
removed (and capped if necessary) all residues without at least one non-
hydrogen atom at less than 10 Å from one of the non-hydrogen atoms
involved in the hydrogen bond using the MOE Script provided at
http://www.ub.edu/bl/undocking/.

4.1.5. Tethered Docking. For tethered docking, we used the rDock
built-in functionality to define a common core and leave that part fixed
{the motif is shown in Figures 2D and S3, SMARTS pattern:
[NH2]C(�O)cc[#7; H1,H2]}. Compound GSK586581A docked
into pknG was used as a reference against a custom library of
compounds composed of various vendors from ZINC (Asinex,
Chembridge, Enamine, Lifechemicals, Princeton, Specs and VitasM).
The library was prepared using LigPrep (the same parameters as those
explained in Section 4.1.1).44 A python script based on the RDKit
package functions was used to align the library of molecules against the
reference ligand.53 PDBid 4Y12 was used as the receptor. 50 runs were
performed, and ligands were ranked by their interaction energy score
and manually inspected to conform to the final list.

4.2. Experimental Methods. 4.2.1. Expression Vectors and
Mutant Generation.Cloning: Plasmids pET28a-PknG, pET28a-GarA,
and pET28a-PknG-kinase-domain were a gift from Maria Natalia
Lisa.54 The protein sequence was corroborated by sequencing.
Mutations of PknG’s kinase domain were performed using a modified
QuikChange protocol. Briefly, each PCR reaction contained the

Journal of Medicinal Chemistry pubs.acs.org/jmc Article

https://doi.org/10.1021/acs.jmedchem.1c02012
J. Med. Chem. 2022, 65, 9691−9705

9698

http://mdmix.sourceforge.net
https://doi.org/10.5281/zenodo.5647767
https://doi.org/10.5281/zenodo.5647767
http://www.ub.edu/bl/undocking/
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c02012/suppl_file/jm1c02012_si_004.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c02012?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


following: 21.5 μL of Autoclaved MilliQ water, 1.5 μL of the pET28a-
PknG-kinase domain (100 ng/μL stock), 1 μL of forward and reverse
primers (10 μM each), and 25 μL of 2x MasterMix [40 mM tris pH 8.8,
4 mM MgCl2, 120 mM KCl, 20 mM (NH4)2SO4, 0.02 mM
ethylenediaminetetraacetic acid (EDTA), 0.2% tritonX-100, 8%
glycerol, 0.005% xylene cyanol FF, 0.05% orange G, 0.4 mM dNTPs,
and 0.04 U/μL Phu-Sso7d polymerase]. The PCR program included an
initial template denaturation step at 95 °C for 5 min, 20 cycles for
amplification (95 °C for 30 s, 56 °C for 60 s, and 72 °C for 4 min), and a
final amplification step of 72 °C for 10 min. Each PCR product was
digested using the DpnI enzyme for 2 h at 37 °C and subsequently
transformed into E coli DH5α. Mutation was confirmed by Sanger
sequencing of the vectors (Microsynth, Gottingen, Germany). Three
mutants were utilized (Y234L, V235P, and I292G). Reverse and
forward primers are provided in the Supporting Information
(“Experimental methods” Section).

4.2.2. PknG and GarA Production and Purification. PknG (full-
length) was overexpressed in E.coli BL21(DE3). Bacteria were grown in
LB medium supplemented with 50 μg/μL kanamycin at 30 °C until
OD600 = 0.6 and then for 18 h at 30 °C after the addition of 1 mM IPTG
and 100 μM FeCl3. GarA (Rv1827) expression was performed in E.coli
BL21(AI). Cells were grown in LB medium supplemented with 0.1%
glucose and 10 μg/μL tetracycline at 37 °C until OD600 = 0.8 and then
for 12 h at 18 °C after the addition of 1 mM isopropylthio-β-galactoside
(IPTG) and 0.02% arabinose. The same purification protocol was used
for both proteins: after cell lysis by sonication and clarification by
centrifugation at 4 C and 4500 rpm, the supernatant was loaded onto a
HisTrap HP column (GE Healthcare), and the His-tagged protein was
purified by applying a linear imidazole gradient (50 to 400 mM). The
protein-containing fractions were pooled and dialyzed against buffer D
(25 mM tris−HCl, 500 mM NaCl, 5% glycerol, pH 7.6) and stored at
−80 °C. Proteins were quantified by using the molar absorption
coefficient predicted from the amino acid sequence using the
ProtParam tool (https://web.expasy.org/protparam/).55

4.2.3. Expression of the Kinase and Rubredoxin Domains of PknG.
The protein construct concerning the kinase and rubredoxin domains
(PknGΔTPRΔ73) was expressed in E. coli BL21(DE3). First,
transformed cells were grown overnight in 10 mL of LB medium
supplemented with kanamycin (30 μg/L) at 37 °C. In the morning,
cells were pelleted by centrifugation at 3500g 10′ and used to inoculate
1 L of M9 minimal medium supplemented with kanamycin (30 μg/L).
After OD600 reached ∼0.8−1, 0.25 mM IPTG was added to induce
protein synthesis. To achieve a redox inert protein, we also added 100
μM ZnCl2. Cells were grown for another 22 h at 15 °C, pelleted by
centrifugation at 35,000g for 10 min, resuspended in tris−HCl 50 mM,
NaCl 250 mM, glycerol 5%, pH 8, and lysed by using high pressure in a
French Press. The cell lysate was clarified by centrifugation at 45,000g
for 40 min. The supernatant with the His-tagged protein was passed
through a Nickel column and eluted with imidazole. The fractions
containing the protein were further purified, and the buffer was
exchanged to tris−HCl 50 mM, NaCl 250 mM, glycerol 5%, pH 8, by
using a molecular exclusion column HiLoad 16/600 Superdex 200 pg
(SEC). Fractions with the protein were run in an SDS-PAGE to check
for purity, pooled, concentrated up to 4 mg/mL, and flash-frozen.
For the expression of PknGΔTPRΔ73 mutants, the same protocol

was used but using LB as the growth medium. For crystallography, the
growthmediumwas LB, and 100 μMFeCl3 was added instead of ZnCl2.
After purification, 1 mg of TEV was added to the sample to remove the
HisTag. The sample was dialyzed with tris−HCl 50 mM pH 8, NaCl
250 mM, glycerol 5%, and tris(2-carboxyethyl)phosphine (TCEP) 0.5
mM. A reverse nickel column was used, and the flowthrough was
concentrated and injected using the same protocol as that for the SEC.

4.2.4. Synthesis of Compounds S1 and S2. All reagents were of
analytical grade and were purchased from Sigma-Aldrich Chemical Co.
Solvents were purchased from local suppliers and were distilled before
use. Thin-layer chromatography was carried out using precoated plates
of silica gel 60 F254 fromMerck, and compounds were visualized using
UV detection (254 nm) and phosphomolybdic acid stain. Melting
points were determined on a Fisher Johns apparatus and are
uncorrected. Electrospray ionization high-resolution mass spectrome-

try (ESI-HRMS) spectra were measured on a Bruker micrOTOF-Q II.
All NMR spectra were recorded on a Bruker Fourier-300 (300MHz for
1H and 75 MHz for 13C). Chemical shifts (δ) are given in parts per
million downfield from tetramethylsilane (TMS) as the internal
standard. Coupling constant (J) values are quoted in hertz. Resonances
are described as s (singlet), d (doublet), t (triplet), q (quartet), or
combinations thereof. Structural determinations were confirmed by 2D
NMR spectra (COSY, HSQC-DEPT, and HMBC).

4.2.5. General Procedure. 4.2.5.1. Step A.To a solution of 2-bromo-
l-(4-R-phenyl)-ethanone (7.5 mmol) in ethanol (10 mL) was added 2-
chloropyridine (18.8 mmol, 2.5 equiv), and the reaction was heated to
reflux for 5 h. The solution was left overnight at 4 °C, and the precipitate
was filtered, washed with diethyl ether, and dried in vacuo to yield the
title product.

4.2.5.2. Step B. 4′-substituted 2-chloro-l-phenacyl-pyridinium bro-
mide (2.9 mmol), cyanoacetamide (4.3 mmol, 1.5 equiv), and N,N-
diisopropylethylamine (17.3 mmol, 6.0 equiv) in 1-propanol (12 mL)
were heated to reflux for 3 h. The still-hot solution was diluted by
adding dropwise 6.0 mL of water and was left overnight at 4 °C. The
precipitate was filtered, washed with water/1-propanol (1:1), and dried
in vacuo to yield the title product.

4.2.5.3. 2-Amino-3-benzoyl Indolizine-1-carboxamide (S1, R�H).
1H NMR (300 MHz, DMSO) δ 9.29 (1H, d, J = 6.9 Hz, Ind-4), 7.83
(1H, d, J = 8.9 Hz, Ind-7), 7.55 (5H, m, Ar), 7.39 (1H, ddd, J = 8.7, 6.9,
1.2 Hz, Ind-6), 7.07 (2H, br s, NH2), 6.88 (1H, dt, J = 6.9, 1.2 Hz, Ind-
5), 5.93 (2H, br s, NH2).

13C NMR (75 MHz, DMSO) δ 182.4, 167.2, 149.4, 140.7, 137.3,
130.7, 129.2, 128.4, 128.1, 127.9, 127.0, 116.2, 112.4, 109.9, 93.9.
HRMS (ESI) m/z: (M + H)+ calcd for C16H14N3O2, 280.1081;

found, 280.1073.
4.2.5.4. 2-Amino-3-(4-bromobenzoyl)indolizine-1-carboxamide

(S2, R�Br). 1H NMR (300 MHz, DMSO) δ 9.30 (1H, d, J = 6.9 Hz,
Ind-4), 7.82 (1H, d, J = 8.9 Hz, Ind-7), 7.73 (2H, d, J = 8.4 Hz, Ar-2,6),
7.52 (2H, d, J = 8.4 Hz, Ar-3,5), 7.40 (1H, ddd, J = 8.7, 7.0, 1.2 Hz, Ind-
6), 7.07 (2H, br s, NH2), 6.90 (1H, dt, J = 7.0, 1.2 Hz, Ind-5), 6.03 (2H,
br s, NH2).

13C NMR (75 MHz, DMSO) δ 181.0, 167.2, 149.5, 139.5, 137.4,
132.1, 129.6, 128.4, 128.3, 124.3, 116.2, 112.5, 109.8, 93.9.
HRMS (ESI) m/z: (M + H)+ calcd for C16H13BrN3O2, 358.0186;

found, 358.0191.
Kinase activity was measured in a final volume of 50 μL with 25 mM

tris−HCl (pH 7.4), 2 mM MnCl2, 1 μM PknG, GarA 25 μM, ATP 2
μM, and 1−2% dimethyl sulfoxide (DMSO) (reaction controls without
DMSO were performed to test that the vehicle concentration was not
affecting PknG activity). Reactions were started by the addition of 5 μL
of ATP, and the amount of remaining ATP after 60 min of incubation at
37 °C was measured by luminescence using the commercial kit
KinaseGlo Plus. The inhibition was then calculated as

C X
C C

% inhibition (compound, concentration)

1 1002

2 1
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jjjjj

y
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where C2and C1are, respectively, the luminescence of the reaction
without the compound (only DMSO 2% v/v) and without GarA
(substrate) and X is the luminescence of the reaction under an arbitrary
compound concentration. Experimental conditions were optimized to
achieve a C2/C1ratio of less than 1/10. All reactions were performed in
duplicate.

4.2.6. Intrinsic Tryptophan Fluorescence Spectroscopy. All
tryptophan fluorescence spectroscopy experiments were performed
using a TECAN SPARK microplate reader. After optimization of the
conditions, the excitation wavelength was fixed to 290 nm, and the
emission intensity was measured at 350 nm. The bandwidth was 5 nm
in both cases. To measure PknG−ligand interactions, recombinant
PknG at 2/3 μM was titrated with increasing concentrations of the
ligands up to 20/40 μM at room temperature (20−22 °C). Primary
inner filter effects were not present as the fluorescence intensity was
determined to be linearly dependent on the protein concentration and
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not affected by the absorbance of the solutions used (∼0.1). For
compounds T1, T2, B1, S1, S2, and AX20017, the volume of the
solutions was between 85 and 95 μL (Greiner 96-well flat transparent
plate). For compounds B2, B3, and B4, we used 25/28 μL (Greiner
384-well flat black plate). The fluorescence signal was fitted to a one-site
binding model using the ThermoAffinity online tool.56 Asymmetric
confidence intervals were calculated as suggested by Paketuryte ̇ et al.,
2021.39

4.2.7. Isothermal Titration Calorimetry. ITC experiments for
ligands T1 and B1 were performed in a MicroCal-PeaQ ITC
instrument. To prevent possible solubility issues, the ligands were
incubated in the cell, and the protein (PknG kinase domain) was
injected. The injections regime consisted of one small injection of 0.4
μL and 11 injections of 3.5 μL. The injection time was 0.8 s for the first
injection and 7 s for the rest. The injection time between injections was
5 min, and the stirring speed was set to 300 RPM. All ITC runs were
performed at 25 °C. For T1, the protein concentration was 350 μMand
the ligand concentration was 60 μM. For B1, the protein concentration
was 330 μMand the ligand concentration was 35 μM. To prevent buffer
mismatch, the ligands were diluted from pure DMSO to 1% v/v using
the SEC buffer from the purification. DMSO was added to the protein
sample to achieve the same concentration. Raw thermograms were
analyzed using a custom R script provided in the Supporting
Information (one-to-one binding model with subtraction of control
titration). Asymmetric confidence intervals were calculated as
previously mentioned.39

4.2.8. Differential Scanning Fluorimetry. Ligand binding was
verified and quantified by analyzing the shift in thermal stability.41

Briefly, PknGΔTPRΔ73 was incubated at 12 μM with increasing
concentrations of the ligand from 0.05 up to 500 μM, and the
fluorescence at 350 nm was measured along a temperature ramp of 1
°C/min going from 20 to 95° using a Nano differential scanning
fluorimetry (DSF) instrument (Prometheus NT-48, NanoTemper). In
the case of PknGΔTPRΔ73 mutants (Y234L, V235P, and I292G),
compounds B1 and S1 were only evaluated at 100 and 6.25 μM. Two
models that assume a two-state unfolding model, where only binding to
the folded state is possible, were used to estimate the apparent binding
affinity against the wild-type protein.
Onemodel is based on fitting the fraction of the unfolded protein at a

fixed temperature versus the ligand concentration (isothermal
analysis),40,41 while the other uses the observed melting temper-
atures.42,57 Data analysis was performed using the FoldAffinity online
tool.40,56 For the isothermal analysis, we used 35 to 50 °C as the
temperature window and the “local” option to fit the melting curves.
Asymmetric confidence intervals were calculated as previously
mentioned.39

4.2.9. Radioactive ATP Assay. Full-length PknG kinase activity was
measured in a final volume of 50 μl with 25 mM Tris−HCl (pH 7.4), 2
mM MnCl2, GarA 25 μM, PknG 0.1 μM, 1% DMSO, ATP 2 μM, and
100 μCi/nmol ATP-32 Pγ. Reactions were started by the addition of 5
μL of ATP and stopped after 35 min of incubation at 37 °C. Then, a
volume of 10−16 μL per reaction was loaded in an SDS-PAGE gel,
which was run and exposed in an autoradiographic plate. The plate was
revealed after 12−24 h of exposition (STORM 840 Phosphorimager),
and the band corresponding to the GarA substrate was scanned using
ImageJ software. Reaction conditions were optimized to achieve a linear
dependence between product formation and incubation time.

4.2.10. Crystal Structure.Co-crystallization experiments were set up
using the vapor diffusion method, with the 0.2 M CaCl2, 0.2 M TRIS,
pH 8.5, and 20% (w/v) PEG 4000 crystallization solution with a protein
concentration of 10 mg/mL and a ligand concentration of 500 μM.
Initial crystals were then prepared for microseeding in a 2:1 ratio drop
(2 μL protein:1 μL reservoir) using the Garnier 24-well plates using the
hanging drop technique. Crystals appeared within 1 day, were harvested
after 3 days, and were flash-frozen with liquid nitrogen. Cryoprotection
was achieved by adding 1 μL of the precipitant solution complemented
with 5% glycerol and with a 200 μM concentration of the target
compound.
X-ray data sets were collected at beamline P14 operated by EMBL

Hamburg at the PETRA III storage ring (DESY, Hamburg, Germany).

Data sets were merged using XDS program58 and scaled using
AIMLESS.59 The crystal structure was solved by the molecular
replacement method, using program MOLREP60 using as a search
model PDBID 4Y12. Iterative refinement and model building cycles
were performed using REFMAC61 andCoot62 from the CPP4i2 suite of
programs.63 Final steps of model building was also assisted with
ISOLDE to correct the model for clashes.64 Data collection and
refinement statistics are in Table S1. An X-ray fluorescence spectrum
was obtained at 12.7 keV to determine the presence of Fe in the
rubredoxin domain of pknG. The protein structure can be accessed
using PDBid 7Q52. Authors will release the atomic coordinates and
experimental data upon article publication.

4.2.11. In Vitro Microbicidal Activity against Mtb. 4.2.11.1. Bacte-
rial Growth Conditions. Mtb H37Rv was grown in Middlebrook 7H9
broth or on 7H10 agar with 0.5% Tween 20, 0.2% glycerol, and
albumin−dextrose−catalase−oleic acid supplement. Cultures were
harvested at an exponential growing phase at 37 °C. To disaggregate
clumps, mycobacteria were sonicated at 2.5 W output for 4 min (Elma
d-7700 Singentrans sonic) and then centrifuged for 10 min at 300g, and
the was supernatant diluted in PBS. Finally, the OD at 600 nm was
determined. Bacterial growth of MtbH37Rv and any experiment
involving the pathogenic strain were performed in BSL3 security
cabinets at the Malbran Institute, Buenos Aires, Argentina.

4.2.11.2. Cell Culture and Infection. The THP-1 (ATCC TIB-202)
human monocyte cell line was purchased from the American Type
Culture Collection (Manassas, VA, USA). Cells were cultured in a
RPMI-1640 medium (Gibco, 22400−071) supplemented with 10%
FBS (Gibco, 10437028), L-glutamine (2 mM; Sigma, G5792),
penicillin−streptomycin, and 2-mercaptoethanol (0.05 mM; Gibco)
at 37 °C in a humidified atmosphere with 5% CO2. Cells were
differentiated into macrophages by adding 10 ng/mL phorbol-12-
myristate-13-acetate (PMA; EMD Biosciences, La Jolla, CA, USA) for
48 h in 96-well flat-bottom plates. After differentiation, THP-1 cells
were infected with Mtb H37Rv (MOI 10) for 2 h. Then, cells were
washed twice with warm RPMI and cultured in a complete medium
without penicillin−streptomycin and in the presence of the B1 or T1
compound (1 and 10 μM) or rifampicin (12.5 and 25 μM) for 24 and
48 h.

4.2.11.3. Colony-Forming Unit Assay.THP-1-derivedmacrophages
infected with MtbH37Rv were washed two times with warm PBS and
lysed with 0.05% Triton X-100 in PBS. Serial dilution of adherent cells
lysates was obtained, and 40 μL aliquots were inoculated (in
quadruplicate) on Middlebrook 7H10 agar plates supplemented with
oleic acid−albumin−dextrose−catalase. Plates were incubated for 3
weeks, and colonies were counted from dilutions yielding 10−100
visible colonies.

4.2.12. In Vitro Cytotoxicity Assays. For the evaluation of B1 and T1
compounds and the cytotoxic effect on THP-1-derived macrophages,
cells were seeded in 96-well plates (Corning Costar, Fisher Scientific,
USA) and cultured as previously described (see the Cell Culture and
Infection Section).65 Then, cells were incubated with different
concentrations of B1 and T1 compounds (1 and 10 μM) for 3, 5, 24,
and 48 h. After incubation, cell viability was determined using the
Triplan Blue criteria. Triplicates were run for each condition. Values
were expressed in terms of the percent of untreated control cells set as
100%.

4.2.12.1. Statistical Analysis. The statistical analysis for the colony-
forming unit assays was performed employing Welch’s ANOVA
(unequal variances) and the post hoc Dunnett T3 multiple comparison
tests (low sample size and unequal variances).66,67 The p values were
adjusted using the Bonferroni−Holmberg correction. Rifampicin 25
μMwas left out of the analysis due to zero variance (always zero values).

4.2.13. High-Performance Liquid Chromatography. To verify the
purity of the lead compounds (T1, B1, S1, and S2), of the other two hits
from the tethered docking (T2 and T3), and of the control compound
(AX20017), we performed high-performance liquid chromatography
(HPLC) experiments with an HPLCHP series 1100 instrument and an
RP-18 column (Phenomenex, description: sphereClone 5 μmODS(2),
size: 250 × 4.60 mm 5 μm). The injection volume was 20 μL, the UV
wavelength for detection was 254 nm, and the mobile phase was the
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mixture of water/methanol 40:60 for all compounds, except for
compound S2 (water/methanol 10:90). The HPLC traces are provided
in the Supporting Information (Figures S15−S21). Purity of the lead
compounds T1, B1, S1, and S2 and the control compound AX20017
was confirmed to be >95%. The purity values of two non-lead
compounds (T2 and T3) were >96% and >84%, respectively.

5. ANCILLARY INFORMATION
5.1. Journal Purity Statement. All lead compounds (T1,

B1, S1, and S2) were >95% pure (HPLC analysis).
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