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Is Mycobacterial InhA a Suitable Target for Rational Drug

Design?

Julien Rizet, Laurent Maveyraud, David Rengel, Valérie Guillet, Gabriel Publicola,
Frédéric Rodriguez, Christian Lherbet,* and Lionel Mourey*

InhA, an NAD-dependent enoyl-acyl carrier protein reductase, is
involved in the biosynthesis of mycolic acids, specific lipids to
mycobacteria. InhA is the target of isoniazid, a first-line antituber-
culosis drug used since the 1950s. Isoniazid is a prodrug that
needs to be activated by the catalase-peroxidase KatG. Due to
resistance problems, a substantial amount of work has been car-
ried out to identify or design direct inhibitors of InhA, demon-
strating that this enzyme is still considered a relevant target
for the discovery of new antituberculosis drugs. Much of this work
included the resolution of crystallographic structures. Indeed,
over a hundred structures have been deposited in the Protein

1. Introduction

The enoyl-acyl carrier protein (ACP) reductase InhA is the main
target of isoniazid (isonicotinic acid hydrazide, INH), a first-line
drug used to treat tuberculosis (TB) caused by the pathogen
Mycobacterium tuberculosis (MTB). First introduced in 1952, INH—
“an inexpensive, well-tolerated, and safe molecule”—was consid-
ered a major breakthrough to combat the disease."”” More than
70 years later, INH remains a major component for the treatment
of drug-susceptible TB, in combination with three other first-line TB
medicines (i.e., rifampicin, pyrazinamide, and ethambutol).”?

An impressive amount of biological, biochemical, and struc-
tural information have been published since 1994, when InhA
was formally identified as the target of INH and its structural ana-
logue ethionamide (ETH).® Previously, it had been shown to
inhibit the biosynthesis of mycolic acids, long-chain a-alkylated
B-hydroxylated fatty acids, the major lipids in the MTB envelope.”
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Data Bank for different forms of the enzyme (apo, holo, and
complexes), demonstrating a real crystalline polymorphism.
Taken together, these structures constitute a valuable dataset.
However, the complete decoding of the enzyme’s properties
and its inhibition literally comes up against its molecular plasticity
at the level of a motif essential to the definition of the active site:
the substrate-binding loop. In this article, a detailed analysis of
this structural dataset is proposed, describing in particular the dif-
ferent families of inhibitors and attempting to establish structural
links of causality.

Further biochemistry work revealed that InhA catalyzes the
NADH-dependent reduction of trans-2-enoyl-ACP substrates as
part of the type Il fatty acid synthesis (FAS-Il) system required
for mycolic acid biosynthesis (Scheme 1).”! This was corroborated
by the first crystal structure of the enzyme in complex with
NADH.®! In fact, INH is a prodrug that requires activation by
the catalase-peroxidase KatG to generate the isonicotinoyl-
NADH (INH-NADH) adduct that inhibits InhA (Scheme 1).
Although long debated, the chemical nature of this adduct, its
mechanism of formation, and the corresponding molecular
mechanism of inhibition have been clarified thanks to several
crystal structures of the InhA:INH-NADH complex (see” and refer-
ences therein).

Unfortunately, bacterial resistance to INH was identified as
early as the first clinical trials. Resistance to INH is mainly due
to missense mutations in the katG gene and to a lesser extent
in the promoter region of inhA or in its coding region.®!
Overall, INH-resistant and rifampicin-susceptible TB is the most
widespread form of drug resistance in the world (besides resis-
tance to streptomycin), and it is associated with a higher risk
of acquiring greater drug resistance.” Thus, multidrug-resistant
TB (MDR-TB), due to resistance to INH and rifampicin, and
rifampin-resistant TB (RR-TB) are of particular concern. In 2023,
1.25 million people died from TB, 10.8 million people developed
the disease, and 400000 people developed MDR- or RR-TB.!
Hence, TB still represents a burden and a threat despite the recent
approval of new second-line drugs (bedaquiline, delamanid, and
pretomanid), for which resistance is already emerging,”"® making
the development of new medicines crucial. From this point of
view, given the unique and essential nature of the mycobacterial
cell envelope for the viability and pathogenicity of mycobacteria,
inhibition of the biosynthesis pathway of its major lipidic constit-
uents (i.e.,, mycolic acids), in particular the specific FAS-Il system,
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Scheme 1. Mycolic acid biosynthesis and inhibition of InhA by INH. Two fatty acid synthesis (FAS) systems are involved. The FAS-I system synthesizes fatty
acids which, on the one hand, provide the alkylated chain of mycolic acids and, on the other, feed the FAS-Il system which elongates them to form the
meromycolic chain. After carboxylation for one and formation of an AMP derivative for the other, these two chains are then condensed and transferred to
the carrier trehalose to generate, after reduction, trehalose monomycolates (TMMs). After transport, mycolic acids take part in the mycomembrane where
they are covalently bound to arabinogalactan or trehalose. At some stage in the synthesis, chemical modifications are introduced into the meromycolic
chain by methyltransferases. The names of the enzymes involved are colored brown. Inhibition of InhA through the formation of the INH-NADH adduct

from INH and NADH is colored red.

remains a relevant reservoir of targets.""! Thus, continuous efforts
have been made over the years to design and develop direct
inhibitors of InhA, which would overcome isoniazid resistance.
The aim of this article is to provide an update on the literature,
focusing on aspects of rational drug design, and in particular on
the contribution of crystallography, superseding from this point
of view previous analyses of the Protein Data Bank,"® and out-
lining its strengths and pitfalls.

2. Results and Discussion
2.1. InhA is Highly Represented in the Protein Data Bank

As of January 2025, the Protein Data Bank (PDB) contained 116
InhA crystal structures: 108 for the MTB enzyme (MTB-InhA), 3 for
the M. abscessus enzyme, 2 for the M. fortuitum enzyme, 2 for the
M. kansasii enzyme, and 1 for the M. leprae enzyme. Table S1
(see Supporting Information) illustrates the crystal polymorphism
of InhA, with different crystal systems, different space groups,
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different cell parameters, and different numbers of molecules
per asymmetric unit (a.u.). The corresponding crystallization con-
ditions also involve a large number of precipitating agents
(Figure S1, Supporting Information). Of the three most common
crystal systems (Table S1, Supporting Information), 2-methyl-2,4-
pentanediol (MPD) and low-molecular-weight polyethylene
glycols (PEGs) favor the formation of hexagonal crystals, while
high-molecular-weight PEGs favor monoclinic and orthorhombic
forms (Figure S1, Supporting Information). The different forms in
which InhA crystallizes contain from 1 (e.g., in the most encoun-
tered hexagonal system) to 2, 4, 6, or 8 molecules in the a.u.
However, it is extremely important to note that the basic building
block of all crystalline forms is invariably a homotetramer with
dihedral (D2) symmetry that includes three perpendicular two-
fold symmetry axes. Depending on the number of molecules
(hereafter also equally termed subunits or chains, depending
on the context) in the a.u., the tetrameric assembly can be based
on noncrystallographic (local) 2-fold symmetry axes, crystallo-
graphic 2-fold symmetry axes, or a combination of the two.
The tetrameric nature of InhA found in all X-ray structures
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correlates well with observations made in solution,”*'*! by two-
hybrid experiments," and also with the tetrameric state found
for the Fabl family of FAS-Il enoyl reductases.'” However, to the
best of our knowledge, the existence of a tetrameric form of InhA
in mycobacteria has never been proven.

The InhA structures deposited in the PDB were resolved at
sufficiently high resolution (minimum =3.4 A, maximum =14A,
mean = 2.1 A, median = 2.0 A, standard deviation =04 A, n = 116)
to validate—a priori—the use of X-ray crystallography to, at least,
describe protein-inhibitor interactions and, at best, guide drug
design. Indeed, as shown for MTB-InhA in Table 1, most deposited
structures correspond to complexes with ligands, principally inhib-
itors. In what follows, we will focus on the 78 deposited structures
of the wild-type MTB enzyme, which include 1 structure of the apo
form,”# 4 structures of the holo form with the cofactor in reduced
form (NADH),®”'® and 1 structure for an enzyme-cofactor-sub-
strate analogue complex.” It is noteworthy that no structure of
the holo form with the cofactor in oxidized form (NAD") has ever
been deposited. In contrast, the structures of ternary enzyme-co-
factorsinhibitor complexes were more frequently resolved in the
presence of NAD™ (35 vs. 17 for NADH). In 9 cases, the redox state
of the cofactor used could not be deduced from the information
provided in the PDB file or the corresponding publication. Finally, 6
structures correspond to cofactor adduct inhibitors, including iso-
niazid (INH-NADH), and 5 structures correspond to other classes of
competitive inhibitors.

It is worth mentioning that the method of preparation of the
crystals used to solve all these structures can also vary. For

Table 1. Overview of MTB-InhA structures available in the PDB.
Structure type® Wild-type enzyme® Mutants®
No. of No. of  No. of chains No. of
structures  chains occupied structures
Apo 1 6 N/A 1
Holo-NADH 4 4 N/A 7
Holo-NAD™ 0 N/A N/A 1
Holo-NAD? 1 1 N/A 2
Holo-NAD* + 1 6 4 0
substrate analogue
Holo-NADH + 17 55 44 11
inhibitors
Holo-NAD* + 35 125 109 4
inhibitors
Holo-NAD? + 8 20 20 0
inhibitors
Competitive 11 23 14 4
inhibitors?
Total 78 240 191 30
?Apo, apoenzyme; Holo, holoenzyme; NADH or NAD™, structure resolved in
the presence of reduced or oxidized form of the cofactor, respectively;
NAD?, reduced or oxidized form (information not provided). ®For the wild-
type enzyme, the total number of chains in the corresponding structures
and the number of chains occupied by the ligand (substrate analogue or
inhibitor) are indicated. “The following single mutants were used: Apo,
S94A; Holo-NADH, T2A, 121V, 147T, S94A, D148G, Y158F; Holo-NAD?: T266D,
T266E; Holo-NADH + inhibitors: T2A, S94A; Holo-NAD™ + inhibitors: V203A,
1215A; Competitive inhibitors: 121V, S94A, 1215A. ®Including competitive
inhibitors for the cofactor or for both the cofactor and the substrate.
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example, the 4 structures of the holo forms with NADH were
obtained by incubation, in which case we refer to cocrystalliza-
tion. The same applies to the ternary complex with a substrate
analogue. Concerning the structures with an inhibitor and
NAD™ (resp. NADH), 25 (resp. 6) of them were obtained by coc-
rystallization and 8 (resp. 11) by soaking of preformed crystals. In
2 cases (NAD™ + inhibitor), cocrystallization and soaking were
both used. The majority, that is, 9, of the 11 structures with a com-
petitive inhibitor were obtained by cocrystallization.

Due to the wealth of information provided by such a large
quantity of structural data, difficulties and questions have arisen
in extracting relevant information that would give a clearer pic-
ture from a mechanistic point of view and for better inhibition of
the enzyme. First, the impact of the crystallization conditions—
that is, the nature of the precipitating agent, the crystal prepa-
ration method, and the form of the cofactor (NADH or NAD™)
used—has to be considered. Directly linked to this is the crystal
polymorphism of InhA. In particular, when there is more than
one chain in the a.u,, that is, for structures belonging to systems
other than hexagonal or tetragonal (Table S1, Supporting
Information), these are not necessarily all occupied by a ligand
(Table 1). Whether all chains are occupied or not, it seems to us
that variations between chains are rarely, if ever, analyzed and
described in the corresponding articles. This is even truer when
considering the tetrameric form of the enzyme (structures are
most often described at the protomer level) or structural
plasticity, particularly of the substrate-binding loop (SBL), as
described in the following paragraph.

2.2, Digging Deep into the InhA Structures

In the InhA homo-tetramer, each subunit comprises 269 residues
that adopt the classical fold found in short-chain dehydrogen-
ases/reductases, a superfamily of enzymes found in all king-
doms.l'! The tertiary structure consists of a seven-strand
parallel B-sheet, sandwiched on either side by three helices
(Figure 1A). One of the two helical faces is surmounted by
two additional helices, H6 and H7, which form the SBL, the most
variable region in InhA structures (Figure 1A). In particular, H6 and
H7 adopt different positions relative to the active site, from closed
to intermediate to open to partially or totally disordered confor-
mations. Variations on H6 were documented in the previous
review dedicated to InhA structures and published in 2018.0'%
Here, we have reanalyzed the conformations adopted by H6
and H7 for the 240 chains making up the 78 available PDB struc-
tures of wild-type MTB-InhA. Our first analysis was carried out
visually. We also used two indicators based on distance measure-
ments between Ca atoms of (i) residue Gly204 at the C-terminus
of H6 and residue Gly104 and (ii) residue Ala211 at the N-terminus
of H7 and residue Ala157. Residues 104 and 157 are found on two
rigid loops (A and B) facing the SBL,!"® which also contribute to
the delineation of the active site (Figure 1A). Our pseudocorrela-
tive analysis revealed that the measured distances cluster into
sets that correspond to the open, closed, and intermediate con-
formational states visually identified for each of H6 and H7
(Figure 1B,C). Of course, this does not include chains for which

© 2025 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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Figure 1. Wild-type MTB-InhA tertiary structure and SBL variability. A) Two examples of the different conformations of helices H6 and H7: H6 open (H60)
and H7 closed (H7c) as found in the structure of holo InhA-NADH (PDB 1ENY, left); H6 closed (H6c) and H7 open (H70) as in the structure of
InhA<NAD*+PT70 (PDB 2X22 ligand ID TCU, chain A, right). The SBL, encompassed by helices H6 and H7, is depicted in light orange. The A and B loops are
in yellow and red, respectively. The NADH/NAD" (green) and the ligand (cyan) molecules, as well as the catalytic triad (magenta, see text), are shown as
sticks. Distances used as indicators are shown as black dashed lines. The Ca atoms of targeted residues are shown as dark gray spheres. B) Box plot show-
ing the distribution of the distance between Gly104 and Gly204 as a function of the conformational state of helix H6. C) Box plot showing the distribution
of the distance between Ala157 and Ala211 as a function of the conformational state of helix H7. ¢, closed; i, intermediate; o, open (chains with disordered
segments in H6 and H7 were excluded). Median and average values are indicated by a line and a cross, respectively. Lower and upper edges of the box
correspond to lower and upper quartiles, respectively. Circles correspond to outliers. The number of occurrences (n) is also given.

distances could not be measured due to missing residues, that is,
where segments of H6 (67 chains) and H7 (39 chains) are found
disordered. However, it should be noted that the term “disor-
dered” is used here without distinction whatever the degree
of disorder observed, from partial to total.

Figure S2 (Supporting Information) provides a detailed pic-
ture of the ensemble of conformations adopted by helices H6
and H7 for the different chains in all wild-type MTB-InhA struc-
tures from the PDB. For instance, in the structure of the apo-
form (6 chains), H6 is either open or disordered, whereas H7
is closed, intermediate, or disordered. In all 5 structures of
the holoform of MTB-InhA (1 chain per structure), the H6 helix
is in an open conformation, whereas H7 is closed. Thus, it seems
that cofactor binding somehow stabilizes the SBL loop. With
regard to the sole structure resolved for an MTB-InhA complex
with the cofactor (NAD") and a substrate analogue (6 chains), H6
and H7 are in open and closed/intermediate conformations,
respectively. However, the opening of H6 (resp. the closing

ChemMedChem 2025, 20, €202500079 (4 of 14)

of H7) is more (resp. less) pronounced for chains where the ana-
log is bound compared to those where it is not present. As for
complexes with inhibitors, all conformations are observed,
albeit at varying frequencies. The next step was to establish
whether any correlation exists between the conformations of
H6 and H7 within each chain. This analysis was carried out
for the ternary enzyme-cofactor-inhibitor complexes, which
revealed several interesting features (Table 2).

First, the closed conformation of H6 is only observed in the
simultaneous presence of NAD* and a bound ligand. Second, the
closed conformation of H7 is mainly found for ligand-populated
chains, but in this case independently of the cofactor’s redox
state. Third, when H6 (resp. H7) is closed, H7 (resp. H6) is most
often—that is, apart from two exceptions—in an intermediate
or open conformation, so that the closed states of H6 and H7
appear to be mutually exclusive. Fourth, the same applies to
the coexistence of the open forms of H6 and H7 although the
opening of H7 is not very frequent and, as for H6 closed, in

© 2025 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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Table 2. Intra-chain analysis of the conformational states of helices H6 and
H7 in the structures of ternary enzyme-cofactor-inhibitor complexes of wild-
type MTB-InhA as a function of the redox state of the cofactor and ligand
occupancy.

H6c® Héi H60 Héd Total
H7c 0° 0° 4 0 19 1 3 0 27
29 0 0 7 2 3 0 23
H7i 0 0 2 0 10 6 2 2 22
29 0 16 0 9 7 5 1 67
H70 0 0 0 0 0 0 0 0 0
0 2 0 0 0 2 0 12
H7d 0 0 0 0 0 4 2 6
0 1 0 0 0 12 6 23

Total 43 0 34 0 45 16 31 11 180°

JThe different conformations of H6 are given horizontally. ®The different
conformations of H7 are given vertically. Letters ¢, i, 0, and d refer to closed,
intermediate, open, and disordered, respectively. “The 180 individual
chains of the 52 PDB structures of ternary enzyme-cofactor-inhibitor
complexes were analyzed. For each pair of conformations (H6, H7), the
number of occurrences (i.e., chains) is given in four squares. Top/bottom
squares correspond to the number of chains for complexes obtained in the
presence of NADH (gray filling)/NAD™ (no filling), whereas left/right squares
correspond to the number of chains for which inhibitor binding was

(in bold)/was not (in italics) observed.

the simultaneous presence of NAD" and a bound ligand. Fifth
and last, disorder of H7 is often (i.e., 83% of cases) accompanied
by disorder of H6. The alluvial diagram on Figure 2 shows the
interrelation between the conformations of H6 and H7 for all
chains of all wild-type MTB-InhA structures and illustrates that
the same trends are observed.

d
d
(o]
i
. .
' ConfH6 ' ' ConfH7 '

Figure 2. Alluvial plot depicting the interrelation between the conforma-
tions of H6 (left) and H7 (right) in the SBL of wild-type MTB-InhA. Flows
represent the proportion of chains with a given H6/H7 conformation

(¢, closed; i, intermediate; o, open; d, disordered). Colors correspond to
the different conformations of H6.
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We wanted to address whether any bias in the structural fea-
tures described above could be introduced due to the crystallo-
graphic method itself, and especially by crystal packing, that is,
contacts established between the different molecules making up
the crystal. Concerning the structures of complexes comprising
chains not occupied by a ligand (i.e,, 38 chains corresponding
to 13 different structures), half of them were obtained by cocrys-
tallization and the other half by soaking. This rules out total
dependence on the method of crystal preparation. When soaking
was used, we also checked that, in the majority of cases, the
active sites of the unoccupied chains are not blocked due to
the crystal environment. We also checked that the different con-
formational states of H6 and H7 were not influenced by crystal
packing. For this, we computed differences in accessible surface
area (AASA) due to crystal contacts for the residues correspond-
ing to the two helices. The total absence of crystalline contact
should correspond to a AASA value of 0 A2, while the more nega-
tive the AASA value, the greater the number of contacts with
symmetric molecules. In addition, closed conformations might
be expected to be the most sensitive to crystal packing effects.
As shown in Figure S3 (Supporting Information), the conforma-
tions adopted by H6 and H7 do not seem to be totally dependent
on crystal contacts. Figures S4 and S5 (Supporting Information)
illustrate this point for the closed conformations of H6 and H7,
respectively. However, this analysis does not allow us to assert
that there is no structure where the SBL conformation is con-
strained by crystal packing. It does, however, suggest that the
crystallographic bias—if any—would not be systematic.

2.3. Some Considerations on the Active Site of InhA

The InhA active site forms a deep cleft delineated by amino acid
residues that contribute to the binding of NAD as well as sub-
strates and inhibitors (Figure 3A, left). It includes the catalytic
triad Phe149-Tyr158-Lys165, which plays a key role in cofactor
binding, stabilizing the transition state/enolate intermediate,
and proton transfer. The substrate-binding site itself can be sub-
divided into three distinct sites, referred to as sites |, Il, and IlI
(Figure 3A, right). Site | corresponds to the catalytic site where
the reduction reaction takes place. Site Il corresponds to a hydro-
phobic pocket, where the substrate’s aliphatic chain is housed,
and points towards the so-called minor portal.”? Site Ill, exposed
to solvent, corresponds to the entrance of the protein on the side
of the major portal.”™ Interestingly, from one InhA structure to
another, the side chains of Phe149 and Tyr158 can adopt two
conformations, called in and out, depending on whether they
point towards the protein interior or away from it, that is, towards
the SBL. For example, in the InhANADH structure, both side
chains are in the out conformation (Figure 1A, left), whereas bind-
ing of the substrate analogue rotates the Tyr158 side chain into
the in conformation (Figure 3A, left).

2.4. The Long Quest for InhA Inhibition

The first structure of an inhibited form of InhA was that of the
complex with INH-NADH obtained by preincubating the enzyme,

© 2025 The Author(s). ChemMedChem published by Wiley-VCH GmbH
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Figure 3. The InhA active site and the mode of binding of competitive inhibitors. A) Structure of MTB-InhA in complex with NAD* and a C16 fatty acyl sub-
strate analogue (PDB 1BVR, ligand ID THT, chain A). B) Structure of MTB-InhA in complex with INH-NADH (PDB 1ZID, ligand ID ZID, chain A). C) Structure of
MTB-InhA in complex with pyridomycin (PDB 4BlII, ligand ID PYW, chain D). D) Structure of MTB-InhA in complex with AN12855 (PDB 5VRL, ligand ID 9JA, chain A).
On the left panels, the protein is shown as a light blue cartoon with the SBL in light orange. The NAD™ (green), the substrate analogue or the inhibitors

(cyan), and the catalytic triad (magenta) are shown as sticks. Residues, other than the catalytic triad, within 5 A of the cofactor or the substrate analogue/
inhibitors are in gray. Indices ¢, i, and o refer respectively to the closed, intermediate, and open conformations of H6 and H7. The panels on the right corre-
spond to cross-sections (viewed perpendicularly to the panels on the left) of the molecular surface. Inhibition parameters available in the literature are given:
ICso, half-maximal inhibitory concentration; K;, inhibition constant; MIC, minimum inhibitory concentration (note: given values are indistinctively for either 50%,
99%, or total inhibition). Right panel inserts include the chemical structure, PDB code, and ligand identifier and indicate for each chain the conformation of
helices H6 and H7, the presence (1) or absence (0) of the ligand, and the orientation of residues Phe149 and Tyr158. In bold, chain displayed on the figure.

the cofactor and the inhibitor in the presence of MnCl,
(Figures 3B and S6A, Supporting Information)."® This structure
could be repeated by soaking of crystals of InhA-NADH in a solu-
tion of the preformed active metabolite of INH (Figure S6A,
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Supporting Information).”® Structures of MTB-InhA preincubated
with competitive adducts of the cofactor were also obtained with
thioamide analogues of INH, that is, the second-line drugs ethi-
onamide (ETH) and prothionamide (PTH),?” or with INH-NADP
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(Figure S6A, Supporting Information).2" All these structures
revealed that the open 4S-ketoamide forms of the adducts are
present in the active site. All structures but the one correspond-
ing to PTH-NADH contain 1 molecule in the a.u. (meaning the
InhA tetramer obeys crystallographic symmetry) where H6 is
open and H7 is closed. Interestingly, the MTB-InhA-PTH-NADH
structure contains 2 molecules in the a.u., one with also H6 open
and H7 closed (Figure S6A, Supporting Information) and the other
with H6 intermediate and H7 open (Figure S6B, Supporting
Information). This is a typical example where the SBL conforma-
tion can be under the influence of crystal packing (or vice versa?).
In all structures, the orientation of Phe149 is displaced from the
out conformation, as observed in the structure of InhA<NADH
(Figure 1A), to the in conformation to avoid steric conflict and
allow stacking interaction with the pyridine moiety of the
adducts.

Given that compounds leading to cofactor adduct inhibitors
are prodrugs that require activation, thus inducing frequent resis-
tance phenomena, massive work has been carried out to over-
come this problem by identifying direct inhibitors of InhA. A
direct competitive inhibitor of NADH binding in InhA is the natu-
ral compound pyridomycin.l'®? Structures of InhA«pyridomycin
were obtained by soaking crystals of wild-type InhA<NAD* or
INhA>***.NADH.”? They revealed how the inhibitor not only
mimics the cofactor, in particular the nicotinamide nucleotide
half, but also occupies part of the substrate-binding site on sites
I and Il (Figure 3C). For the structure with the wild-type enzyme,
there are 4 molecules in the a.u. showing different occupancies of
the cofactor and/or pyridomycin. In all 4 molecules, H6 is open or
disordered, and H7 is closed, intermediate, or disordered. When
only pyridomycin is bound, H6 is open, H7 is in the intermediate
conformation, and the orientation of Tyr158 is rotated from the
out to the in conformation to avoid steric conflict with the inhibi-
tor (Figure 3C). Diazaborines form another class of competitive
inhibitors that also compete with both the cofactor and the sub-
strate as exemplified by the structure with the lead compound
AN12855 (Figure 3D)."** Crystals of InhA-AN12855 were obtained
by cocrystallization and contain 1 molecule per a.u. in which H6 is
in an intermediate conformation, H7 is closed, Phe149 is out, and
Tyr158is in. The AN12855-binding mode to InhA is reminiscent of
pyridomycin binding in terms of both position (Figure 3D) and
interaction pattern (not shown).

All other developed direct InhA inhibitors bind to the enzyme
in the presence of the cofactor. Among them, the diaryl ether mol-
ecules form the most studied family. Indeed, of the 78 crystallo-
graphic structures of wild-type MTB-InhA in the PDB, 28 (i.e,
one third) correspond to complexes with such ligands.?* The first
diaryl ether inhibitor identified, the broad spectrum antimicrobial
triclosan (TCL), revealed to be uncompetitive with respect to NAD™
and exhibits an ICs, of 1uM.2*41 The structure of the MTB-
INhA<NAD*-TCL complex was obtained by cocrystallization and
contains 2 differently populated InhA molecules per a.u.?*¥ Two
TCL molecules fully occupy the substrate-binding site in chain A—
TCL1, stacked with the nicotinamide ring of the cofactor in site |,
and TCL2, positioned in hydrophobic site ll—and H6 and H7 of
the SBL are in open and intermediate conformations, respec-
tively (Figure 4A). In contrast, only TCL1 was found in chain B,
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where H6 is closed, and H7 is open (Figure S7, Supporting
Information). It is noteworthy that the closed conformation of
H6 in chain B is another example of SBL conformation under
the influence of/influencing crystal packing. Based on this struc-
ture, several diaryl ether derivatives were designed with various
alkyl chain lengths, mimicking the lipidic substrate (recently
reviewed in®¥). Among these derivatives, the 8PP compound
bearing a C8-alkyl chain at position 5 showed the best inhibition
with an 1Cs, of 5 nM.2*! The structure of the InhA-NAD*-8PP has
been solved (Figure 4B). Of the 8 molecules in the a.u,, only 2 of
them are populated with the inhibitor, all have H6 disordered, and
H7 is either disordered or intermediate independently of ligand
binding or not. The 8PP diaryl ether moiety shares the same bind-
ing mode as TCL1, and its alkyl chain occupies site Il towards the
minor portal (Figure 4B). A broad range of diaryl ether analogues
were further developed to target InhA.?* This includes molecules
where the alkyl chain has been substituted for a triazole, which
opened the route to explore a variety of substitutions by click
chemistry.**"2%] Several structures corresponding to triazole-based
diaryl ethers with different substituents have been resolved after
cocrystallization with InhA<NAD™, for example with a cyclopropyl
on the triazole at position 5 and a methyl at position 2’
(Figure 4C).2*" Although these structures were obtained in differ-
ent space groups, with 1 to 8 molecules per a.u,, all chains have H6
closed or intermediate and H7 intermediate, whether they are
involved in crystalline contacts or not. These triazole-bearing mol-
ecules have been shown to display increased protein residence
time on the protein, a feature thought to enhance drug efficacy,*®
and improved antimycobacterial activity overall.**” The subse-
quent development of new diaryl ether-based inhibitors then
aimed to better explore the enzyme’s active site. Using a molecular
hybridization approach, a series of triazole-based diaryl ethers
bearing various heterocycles, mainly coumarins, were developed.
These compounds exhibited good inhibitory activity against the
enzyme (submicromolar to nanomolar range) and in vitro antimy-
cobacterial activity.**? X-ray structures of INhA<NAD™ cocrystallized
with two of these coumarin derivatives revealed how these com-
pounds can protrude in the minor portal in an unprecedented way
(Figure 4D).?* In these two structures, all 4 chains of the a.u. are
populated with the ligand and have H6 closed and H7 intermedi-
ate. The introduction of a pyridone in the 4’-position of an alkylated
diaryl ether, such as compound SKTS1, has enabled exploration of
the active site on the major portal side at site II1.?**! In the structure
of the corresponding complex obtained by cocrystallization in the
presence of InhA-NAD™, which contains 1 molecule per a.u., helix
H6 and H7 are in intermediate and closed conformations, respec-
tively (Figure 4E).

Besides diaryl ethers, several other direct inhibitors of InhA
have been discovered and developed, and their interaction with
the enzyme is structurally characterized. These include aryl-
carboxamides, 24?71 such as the Genz-10850 compound identified
and evaluated at the same time as TCL>*! The structure of the
ternary complex formed between InhA:=NADH and Genz-
10850—the best aryl-carboxamide compound with an 1Csq=
160 nM—revealed that the inhibitor nicely fits in the substrate-
binding site at sites | and Il (Figure 5A).*Y It contains 6 molecules
per a.u.,, only 4 with a bound ligand, but all with H6 open and H7
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Figure 4. Binding of diaryl ether inhibitors to MTB-InhA. A) Complex with NAD" and triclosan (PDB 1P45, ligand ID TCL, chain A). B) Complex with NAD" and
compound 8PP (PDB 2B37, ligand ID 8PS, chain C). C) Complex with NAD* and compound PT501 (PDB 5UGS, ligand ID XT5, chain B). D) Complex with NAD"
and compound 7b (PDB 80TN, ligand ID VZR, chain D). E) Complex with NAD" and compound SKTS1 (PDB 6YUU, ligand ID F9T, chain A). On the left panels,
the protein is shown as a light blue cartoon with the SBL in light orange. The NAD™ (green), the inhibitors (cyan), and the catalytic triad (magenta) are shown
as sticks. Residues, other than the catalytic triad, within 5 A of the cofactor or inhibitors are in gray. The substituted positions on the diaryl ether scaffold are
labeled. Indices ¢, i, o, and d refer respectively to the closed, intermediate, open, and disordered conformations of H6 and H7. The panels on the right corre-
spond to cross-sections (viewed perpendicularly to the panels on the left) of the molecular surface. Inhibition parameters available in the literature are given:
ICso, half-maximal inhibitory concentration; K; inhibition constant; MIC, minimum inhibitory concentration (note: given values are indistinctively for either 50%,
99%, or total inhibition). Right panel inserts include the chemical structure, PDB code, and ligand identifier and indicate for each chain the conformation of
helices H6 and H7, the presence (1 or 2) or absence (0) of the ligand, and the orientation of residues Phe149 and Tyr158. In bold, chain displayed on the figure.
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Figure 4. Continued.

either in closed or intermediate conformation. Carboxamide deriv-
atives containing pyrrolidines or pyrazoles or both have also been
developed with ICs, in the submicromolar-nanomolar range <%
Several structures of such complexes have been resolved in which
the pyrazoles/pyrrolidines are differently oriented (Figures S8,
Supporting Information). In these structures, the different chains
in the a.u. have H6 open, intermediate, or disordered and H7
closed, intermediate, or disordered. Among these structures,
the carboxamide derivative containing both pyrrolidine and pyr-
azole moieties exhibits a unique position, not found in any of the
other InhA structures, where it points away from the substrate-
binding site towards (and disrupts part of) helix H6 (Figure 5B).
Other pyrazole-containing inhibitors of InhA are derivatives
based on thiazole-thiadiazole pharmacophores with nanomolar
activity against the enzyme.”® Characterization of these inhibi-
tors revealed that they are uncompetitive with the cofactor
but compete with the substrate at sites Il and Ill as revealed
by three X-ray structures (see for instance Figure 5C for com-
pound GSK625).2% In all three structures, representing 14 chains
(all populated with the ligand), H6 is open or intermediate and H7
is closed or intermediate (Figure 5A-C, right panel inserts).
Pyridone derivatives constitute another class of compounds that
block the substrate-binding site.*® These compounds have low
micromolar activity against InhA, and the X-ray structures of two
complexes, including the one with the lead candidate NITD-
916, were determined also illustrating binding at sites | and
Il, with H6 and H7 always found in open and intermediate con-
formations, respectively (Figure 5D).

Direct inhibitors of InhA belonging to other chemical classes
are discussed in the following in ascending chronological order of
structure deposition in the PDB. This includes pyridazinones (two
unpublished structures: PDB 4DOR and 4D0S), which form a linear
scaffold occupying site | and piercing through site Il, thereby
causing Phe149 to flip from the out position to the in position
(Figure 6A). Multiple chemical series, with ICs, from millimolar
to submicromolar, were identified through screening of DNA-
encoded chemical libraries,®" including other pyrazole deriva-
tives than those described above. Structures were solved for
crystals prepared by soaking with NADH and representatives
of five series.®” One of the best inhibitors identified is based
on a cyclohexyl ring. It occupies all three sites of the substrate
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pocket and protrudes from the major portal in a unique manner
(Figure 6B). Another quite unique manner of binding was found
for a benzimidazole derivative identified by virtual screening and
with submicromolar 1C5,.%? The structure of the corresponding
complex was obtained by soaking with InhANAD" crystals
and revealed that the compound mimics the substrate acyl chain
at some distance from the cofactor, in the same way as TCL2, but
also reaches the minor portal (Figure 6C).2? Using a fragment-
based screening and growing approach, sulfonamide derivatives
with submicromolar ICs, were developed.®® The crystal structure
of one of them was solved after soaking in the presence of NAD™
and revealed binding at sites | and Il (Figure 6D). Last, inhibition of
InhA by 3-nitropropanoic acid with an ICs, value of 71 uM has
been reported recently, and the corresponding structure was
resolved by cocrystallization in the presence of NADH, where
3-nitropropanoic acid binds at site | (Figure 6E).%¥ Finally, a large
number of studies have been carried out to develop InhA inhib-
itors, either by trying to improve the abovementioned molecules—
in particular triclosan analogues—or by using new scaffolds. These
studies, which incorporate in silico approaches (virtual screening/
molecular docking), are too numerous to be included in the bibli-
ography of this article (for a review, see for instance®).

2.5. Is it Crystal Clear?

The aim of this article was not to describe in detail the atomic
interactions between InhA, its cofactor, and the ligands for which
so many crystallographic structures have been solved. The posi-
tion of the cofactor itself is invariant, and the greatest conforma-
tional variations in the extended form it adopts are confined to
the dihedral angles of the pyrophosphate group (which contains
most of NAD's rotatable bonds) and to a very lesser extent around
the C3—C7 bond of nicotinamide, while ribose puckering fluctu-
ates very little. Linked by two hydrogen bonds to the hydroxyl
groups of the nicotinamide ribose, the conformation of Lys165
also fluctuates very little and is even conserved in the absence
of a cofactor, that is, in the apo form of the enzyme. For the other
two catalytic residues (Phe149 and Tyr158), their in or out confor-
mation is dependent on steric hindrance in the active site.
Phe149, in its out conformation, plays a crucial role in cofactor
binding to induce the proper conformation of the nicotinamide.
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Figure 5. Binding of carboxamide-, diathiamide-, and pyridone-based inhibitors to MTB-InhA. A) InhA-NADH-Genz-10850 (PDB 1P44, ligand ID GEQ, chain B).
B) InhA:NADH:-pyrrolidine/pyrazole-carboxamide (PDB 4COD, ligand ID KV1, chain B). C) InhA\NADH-GSK625 (PDB 5JFO, ligand ID 6KA, chain C).

D) InhA-NADH-NITD-916 (PDB 4R9S, ligand ID 3KY, chain A). On the left panels, the protein is shown as a light blue cartoon with the SBL in light orange.

The NADH/NAD* (green), the inhibitors (cyan), and the catalytic triad (magenta) are shown as sticks. Residues, other than the catalytic triad, within 5 A of the
cofactor or inhibitors are in gray. Indices ¢, i, and o refer respectively to the closed, intermediate, and open conformations of H6 and H7. The panels on the
right correspond to cross-sections (viewed perpendicularly to the panels on the left) of the molecular surface. Inhibition parameters available in the literature
are given: ICso, half-maximal inhibitory concentration; MIC, minimum inhibitory concentration (note: given values are indistinctively for either 50%, 99%, or total
inhibition). Right panel inserts include the chemical structure, PDB code, and ligand identifier and indicate for each chain: the conformation of helices H6 and
H7, the presence (1) or absence (0) of the ligand, and the orientation of residues Phe149 and Tyr158. In bold, chain displayed on the figure.
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Figure 6. Binding of other inhibitors to MTB-InhA. A) InhA\NAD?-pyridazinone (PDB 4DO0S, ligand ID 9G4, chain D). B) InhA-NADH-cyclohexyl derivative (PDB 5GOS,
ligand ID EEH, chain B). C) InhANAD*-benzimidazole derivative (PDB 6R9W, ligand ID JVZ, chain A). D) InhA<NAD*-sulfonamide derivative (PDB 6SQL, ligand ID
LTK, chain A). E) InhA\NAD™*+nitropropanoic acid (PDB 7E48, ligand ID 3NP, chain A). On the left panels, the protein is shown as a light blue cartoon with the SBL
in light orange. The NADH/NAD*/NAD? (green), the inhibitors (cyan), and the catalytic triad (magenta) are shown as sticks. Residues, other than the catalytic triad,
within 5 A of the cofactor or inhibitors are in gray. Indices ¢, i, o, and d refer respectively to the closed, intermediate, open, and disordered conformations of H6
and H7. The panels on the right correspond to cross-sections (viewed perpendicularly to the panels on the left) of the molecular surface. Inhibition parameters
available in the literature are given: ICs,, half-maximal inhibitory concentration; MIC, minimum inhibitory concentration (note: given values are indistinctively for
either 50%, 99%, or total inhibition). Right panel inserts include the chemical structure, PDB code, and ligand identifier and indicate for each chain: the conforma-
tion of helices H6 and H7, presence (1) or absence (0) of the ligand, and the orientation of residues Phe149 and Tyr158. In bold, chain displayed on the figure.
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Figure 6. Continued.

The in conformation is only observed in the complexes with cofac-
tor adduct inhibitors (Figure 3B and S6, Supporting Information)
and in the complex with a pyridazinone (Figure 5A), representing
13/240 chains for 8/78 structures. In these structures, H6 is predom-
inantly open or disordered, and H7 is closed, intermediate, or dis-
ordered (Table S2, Supporting Information). The in and out
conformations of Tyr158 are more widely distributed. The in con-
formation is found in 158 chains and 46 structures, compared with
73 chains and 30 structures for the out conformation, and 9 chains
in 6 structures where alternate in/out conformations were
observed. Tyr158 switches from the out conformation in the holo
form to the in conformation upon substrate binding (Figure 3A)
and also with inhibitors that occupy site Il, such as diaryl ether
derivatives (Figure 4). It is also accepted that Tyr158 plays an
important role in the InhA-catalyzed reduction mechanism,
stabilizing the enolate intermediate. However, it has recently
been shown that this residue may also play an important role
in substrate positioning for the stereo-specific reaction.*® It should
be noted that a wide variety of H6 and H7 conformations is
observed whatever the orientation of Tyr158 (Table S2,
Supporting Information). Yet, when H6 is closed or intermediate,
and independently of the orientation of H7, Tyr158 is in (whereas
as indicated above Phe149 is out). This applies in particular—but
not exclusively—to inhibitors of the diaryl ether family and exclu-
sively to these when the analysis is restricted to H6 closed. Diaryl
ethers interact with Tyr158 via their phenol group, and several
studies carried out by Peter J. Tonge et al. have shown that they
inhibit InhA via a two-step induced-fit mechanism, with the H6
helix switching from the open to the closed conformation.2*3”)
Depending on the steric hindrance caused by the substitution
in position 5, these molecules could be either “rapid-reversible”
or “slow-onset” inhibitors, with a potential gain in residence time
for the latter, where the H6 helix is respectively open or closed.
However, as indicated by these authors and in our previous
review,"'?? the present analysis confirms that for the same
compound, several conformations can be sampled by the different
chains found in the a.u. of the corresponding structure (Figure 4,
right panel inserts). Finally, the interrelation between the confor-
mations of helices H6 and H7 (see Figure 2) has so far been little
studied, except in an article by Peter J. Tonge’s team, which pro-
posed a system similar to a coin purse ball clasp that will not be
detailed here 5"
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3. Conclusion

Since the discovery of InhA as the main target of isoniazid, and
after more than 20 years dedicated to the discovery and design of
direct inhibitors to avoid resistance problems, some of which
have very good ICs, or K;, or even MIC, no molecule of this type
is used, or even being tested, in the clinic (to the best of our
knowledge). The detailed analysis of all MTB-InhA crystallo-
graphic structures presented here has established a number of
very specific traits of this enzyme in terms of structure-
dynamics-activity relationships. These could be integrated to
complement the numerous molecular dynamics and molecular
docking studies that have been carried out on the pro-
tein.l'20180381 However, this is a first step, and to make further
progress, we believe it is absolutely essential to carry out a purely
statistical analysis on the descriptors we derived from the PDB.
Despite the challenge this represents, it is even more essential
that this be done at the level of the quaternary structure of
the enzyme to identify possible allosteric sites and also because
of its possible involvement in a wider network of interactions
within FAS-IL'3' From an experimental point of view, InhA is
a very attractive biological object to be studied by techniques
such as cryo-electron microscopy (cryo-EM) as well as, at room
temperature, serial femtosecond crystallography (SFX) or serial
synchrotron crystallography (SSC). These techniques could be
of great help in revealing conformational ensembles and struc-
tural changes upon ligand (cofactor, substrate, and inhibitor)
binding, since NMR unfortunately cannot be used for size rea-
sons.*® Taking all these aspects into account may lead to the
development of molecules that are more and more active on
the enzyme and effective against the tubercle bacillus, this sec-
ond stage being another huge challenge in itself.

4. Experimental Section

All structural information was extracted from the Protein Data
Bank (http://www.rcsb.org/).*® Structure superimposition and calcu-
lation of accessible surface areas were respectively performed using
the programs superpose*" and areaimol™? as implemented in the
CCP4 software suite®® The PyMOL Molecular Graphics System,
Version 3.1.0 Schrédinger, LLC, and Coot™* were used for structural
inspection and analysis. Figures of protein structures were prepared
using PyMOL. The alluvial plot was carried out in the R environment
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(v. 4.2.1)" with the RStudio interface (v. 2024.9.0.375),¢' using the
alluvial (v. 0.1-2) library.”!
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