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ABSTRACT: Slow-onset enzyme inhibitors are of great
interest for drug discovery programs since the slow
dissociation of the inhibitor from the drug−target complex
results in sustained target occupancy leading to improved
pharmacodynamics. However, the structural basis for slow-
onset inhibition is often not fully understood, hindering the
development of structure-kinetic relationships and the rational
optimization of drug-target residence time. Previously we
demonstrated that slow-onset inhibition of the Mycobacterium
tuberculosis enoyl-ACP reductase InhA correlated with motions
of a substrate-binding loop (SBL) near the active site. In the
present work, X-ray crystallography and molecular dynamics
simulations have been used to map the structural and energetic changes of the SBL that occur upon enzyme inhibition. Helix-6
within the SBL adopts an open conformation when the inhibitor structure or binding kinetics is substrate-like. In contrast, slow-
onset inhibition results in large-scale local refolding in which helix-6 adopts a closed conformation not normally populated during
substrate turnover. The open and closed conformations of helix-6 are hypothesized to represent the EI and EI* states on the two-
step induced-fit reaction coordinate for enzyme inhibition. These two states were used as the end points for nudged elastic band
molecular dynamics simulations resulting in two-dimensional potential energy profiles that reveal the barrier between EI and EI*,
thus rationalizing the binding kinetics observed with different inhibitors. Our findings indicate that the structural basis for slow-
onset kinetics can be understood once the structures of both EI and EI* have been identified, thus providing a starting point for
the rational control of enzyme−inhibitor binding kinetics.

Slow-onset enzyme inhibitors are compounds in which
formation of the enzyme−inhibitor complex occurs on the

time scale of standard enzyme assays.1,2 Such compounds are of
particular interest in drug discovery programs since the rate of
complex dissociation (koff) can be slower than the time scale of
in vivo drug metabolism and elimination, leading to sustained
target occupancy and improved in vivo efficacy.3−6 In order to
modulate drug action, it follows that a detailed mechanistic
understanding is required of the molecular factors that control
the rate of enzyme−inhibitor complex formation and break-
down,7 which in the current context is slow relative to many of
the common motions associated with biological macro-
molecules (Figure 1).
In an effort to develop novel antibacterial agents, we have

developed inhibitors of the NAD(P)H-dependent FabI enoyl-
ACP reductase from the bacterial fatty acid biosynthesis
(FASII) pathway (Figure 2).4,7−13 In the course of this work
we identified a series of diphenyl ethers that are slow-onset
inhibitors of the FabI enzyme from Francisella tularensis and in
which a correlation was observed between the lifetime of the
enzyme−inhibitor complex and in vivo efficacy, supporting the

importance of drug-target residence time (1/koff) as a key
parameter in lead optimization.4 This prompted us to identify
time-dependent inhibitors of the FabI enzymes from other
organisms including that from the important human pathogen
Mycobacterium tuberculosis (InhA) and to explore the
mechanistic basis for slow-onset inhibition.8,14 The diphenyl
ether inhibitors of InhA bind uncompetitively and form a
ternary complex with the InhA:NAD+ product complex. Time-
dependent inhibition is observed for the potent inhibitor PT70
(Table 1), where a two-step, induced-fit model accounts for the
inhibition kinetics (Figure 2).14 The slow step is characterized
by rate constants k2 and k−2 of 0.46 and 0.041 min−1,
respectively, suggesting that isomerization of the inhibitor
ternary complex occurs 1,000 to 10,000 times slower than the
rate of substrate turnover.
In order to rationally modulate residence time in this system,

the structural changes that accompany the slow step in enzyme
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inhibition must be elucidated. In the FabI enzyme class, of
which InhA is a member, the kinetics of enzyme inhibition have
been linked to structural changes of the substrate binding loop
(SBL), a loop of amino acids covering the surface of the
substrate b inding pocket (res idues 197−210 in
InhA).4,7,8,12,14−17 In the case of the PT70 ternary complex,
the SBL forms a helix (helix-6) that closes over the active site
and occludes the portal that admits the substrate to the active
site.14 This closed structure contrasts with that observed for the
ternary InhA complex in which a substrate analogue (C16-
NAC) is bound to the enzyme and in which helix-6 maintains a
topology such that the substrate portal remains open.18 The
open conformation is also observed in other catalytically
relevant complexes such as the binary InhA:NADH complex
(Supplementary Figure S1).19

In the present work we demonstrate that the open SBL
conformation is also found in the structure of the 4-pyridone
inhibitor PT155 (Table 1) bound to InhA. Significantly,
PT155, despite its structural similarity to PT70, does not
exhibit slow-onset inhibition kinetics, suggesting that the open
and closed conformations of helix-6 may distinguish the
enzyme structure in the EI and EI* complexes on the PT70
binding coordinate. These structures have subsequently been
used as the limits for molecular dynamics simulations that map
the structural change leading from open to closed conforma-
tions of helix-6. On the basis of this analysis, we propose a
diphenyl ether binding model in agreement with kinetic,
crystallographic, and simulation data in which InhA can be

transformed into a structural state incapable of natural substrate
turnover in a slow process kinetically and energetically
separated from catalysis. Not only does this provide a
foundation for the rational modulation of residence time in
this system, the studies also represent one of the few examples
of slow-onset inhibition in which a structural basis for the slow
step has been elucidated. Although slow-onset inhibition
kinetics has been observed in many enzyme systems,
description of the accompanying structural change is often
elusive due to the transient nature of the initial EI complex,20

and the number of systems where this process has been studied
in detail is relatively small.21−24 As we demonstrate here,
computational methods are invaluable for bridging the gap
between kinetic and structural studies of protein motion.

■ RESULTS AND DISCUSSION
Slow-Onset Inhibition and the Substrate Binding

Loop. Previously we reported the synthesis and character-
ization of a series of diphenyl ether InhA inhibitors that differed
in the length of the alkyl chain attached to the inhibitor A ring
(Table 1).8 The affinity of these inhibitors for InhA increased
up to an alkyl chain length of 8 carbons, and the most potent
compound had a Ki value of 1 nM. X-ray structures of
complexes formed by two of these compounds, PT03 (PDB
code 2B36) and PT05 (PDB code 2B37), displayed disordered
substrate binding loops, consistent with the belief at that time
that this loop was ordered only in the presence of slow-onset
inhibitors.8 In support of this model, when we subsequently
designed the slow-onset InhA inhibitor PT70, we observed an
ordered substrate-binding loop in the structure of the
corresponding ternary complex (PDB code 2X22 and 2X23).14

Opening of Substrate Binding Loop in a Complex
Formed with a Rapid-Reversible Inhibitor. A breakthrough
in our understanding of the structural changes that accompany
slow-onset inhibition was revealed by the X-ray structure of the
rapid-reversible 4-pyridone inhibitor PT155 bound to InhA
(Figure 3, Table 1). Superposition of the PT155 and PT70
ternary complex structures reveals that the 4-pyridone inhibitor
occupies the same space in the active site as that observed for
the diphenyl ether compounds. In addition, unlike the structure
of PT03 bound to InhA, clear density can be observed for the
substrate binding loop in the PT155 structure (Supplementary
Figures S2 and S3). However, in contrast to the PT70
structure, helix-6 has moved away from strand-4 in the PT155
structure and instead occupies a position that is very similar to
that of the substrate binding loop in the X-ray structure
determined by Sacchettini and co-workers of the complex
formed between InhA, NAD+, and the C16 fatty acid substrate
analogue C16NAC (PDB code 1BVR).18 In both the C16NAC
and PT155 ternary complexes, helix-6 adopts a conformation
(open conformation) that is about 10 Å from strand-4 on the
opposite side of the substrate-binding crevice, whereas in the
PT70 ternary complex helix-6 establishes extensive interactions
with PT70 and makes van der Waals contacts with strand-4
(closed conformation) (Figure 3).

Open and Closed Conformations: Catalysis and
Enzyme ‘Self’ Inhibition. In order to substantiate the
relationship between slow-onset inhibition and the position
of helix-6, we determined the structures of three additional
slow-onset diphenyl ether inhibitors bound to InhA: PT10,
PT91, and PT92 (Table 1, Supplementary Table S1 and S2).
In each case ternary complexes formed by these inhibitors
adopt the closed conformation. In contrast, similar to the C16-

Figure 1. Time scale of slow-onset inhibition. The rates of many
common protein motions are shown, ranging from bond vibrations
and enzyme turnover to slow-onset inhibition.1,28,47−49 Also shown is
the time scale for drug pharmacokinetics and the time scales for
enzyme assays and MD simulations.50−53

Figure 2. InhA reaction mechanism and induced-fit inhibition. (a) The
reaction catalyzed by the FabI enoyl-ACP reductase InhA. (b) The
kinetic mechanism for two-step, induced-fit inhibition of InhA by the
diphenyl ether inhibitors.
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NAC and PT155 structures, the open conformation of helix-6
is observed in the structures of apo and binary InhA complexes
(Supplementary Figure S1). The open conformation of helix-6
is catalytically relevant since the opening (portal) between
helix-6 and strand-4 provides the space proposed for ACP to
dock with InhA and deliver the long fatty acyl substrate (C24−
C50) into the active site.18 However, the substrate portal is
blocked by helix-6 when PT70 is bound (Supplementary Figure
S4). In Figure 4a it can be seen that the relative orientation of
helix-6 with respect to helix-7 remains similar to the binary
complex (PDB code 2AQ8) when the substrate ternary
complex is formed. In contrast, binding with PT70 results in
a different relative orientation after significant rotation,
translation as well as an internal twist of helix-6. This
conformational change brings about shuffling of the helix-6
residues such that their functional roles are altered. For
example, the solvent-exposed V203, used primarily to maintain
the structural integrity in either the binary complex or the
substrate ternary complex, is involved in ligand binding in the
PT70 ternary complex.
In the ternary complex of the rapid-reversible analogue

PT155, the portal-open conformation becomes dominant
(Figure 3c, Supplementary Figures S2 and S3). In addition to
the presence of PT155 in the active site, ordered buffer
components are observed wrapping around the substrate portal
and thus revealing the potential binding sites for the long
aliphatic tail and phosphopantetheine arm of the natural
substrate (Supplementary Figure S5a). When the closed
structure is superimposed onto the PT155 bound structure, it
can be seen that helix-6 partially mimics the natural substrate,
engaging recognition elements of InhA (Supplementary Figure
S5b). Specifically, A201, I202, and V203 on helix-6 mimic part

of the fatty acid tail, while L197 mimics part of the
phosphopantetheine group. Thus, the potency of PT70 arises
not only from its competition with the thioester moiety and the
initial portion of the fatty acyl chain of the substrate but also
from its effect on the conformation of helix-6, which competes
with the rear portion of the fatty acyl chain as well as the
phosphopantetheine arm. In other words, helix-6 itself becomes
an inhibitor, and binding of PT70 has an impact beyond the
protein−inhibitor interface.25 This is a fascinating example of
how a small inhibitor may reproduce the structure of a much
larger substrate by taking advantage of enzyme flexibility.

Transition between Open and Closed Conformations.
Taken together, crystal structures of the slow-onset and rapid-
reversible ternary complexes suggest that there exist two major
enzyme conformations from which the diphenyl ether may
select, thus influencing the binding kinetics. Since slow
inhibition lags about 4 orders of magnitude behind the rate
of catalysis (Figure 4b, Table 1),26,27 structural conversions
between these two major enzyme conformers when bound to
inhibitor must be separated by a much larger energy barrier
than that between any conformers on the catalytic reaction
coordinate. In addition, since helix-6 occupies portions of the
active site in the closed conformation that would normally bind
substrate, we also propose that the conformation observed in
EI* lies off the catalytic pathway. This also suggests that the
portal-open conformer might represent the EI complex in the
two-step, induced-fit inhibitor binding mechanism (Figure 2).
This hypothesis is illustrated in the one-dimensional energy
profiles of the enzyme in the presence and absence of the
inhibitor (Figure 4c) where the hierarchical time scales of
inhibition and catalysis are shown schematically.28 This
structural understanding provides a framework to examine

Table 1. Structural and Kinetic Data for InhA Inhibitors

aFrom Luckner et al.14 bKi* and koff values were determined by progress curve analysis.
cKi determined by steady state kinetics.

dRR, rapid reversible,
no evidence of slow-onset inhibition. eDominant substrate-binding loop (SBL) conformation.
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energetic changes along the induced-fit reaction coordinate in
Figure 2.29,30

Simulation of the Isomerization Path and the Free
Energy Profile. We propose that the open conformation
adopted in the substrate-bound and PT155 ternary complexes
is equivalent to the structure of the initial EI complex formed
when PT70 binds to InhA and that the slow step in formation
of the final EI* complex involves movement of helix-6 and -7
relative to each other. To determine the structure and
corresponding energetics of the open to closed conformational
change, a suitable computational method is needed. Since the
time scale of the open to closed isomerization process is
beyond the limit of current time-dependent MD simulations, a
series of intermediate conformations were generated using the
time-independent partial nudged elastic band (PNEB)
method.31 In this approach, a series of simulations are coupled
together and run simultaneously, like beads on a string,
mapping the multidimensional low-energy path connecting the

two end point (crystal) structures. Each of the all-atom “bead”
simulations undergoes normal dynamics, with the exception
that neighboring simulations have forces modified to keep them
spaced at intervals between the end points. Two-dimensional
free energy profiles along the NEB-optimized pathway were
then obtained by umbrella sampling along two torsion angles
(step and shear) that were chosen to describe the relative

Figure 3. Open and closed conformations of InhA. (a) Structure of the
closed state is represented by the PT70 ternary complex (PDB code
2X23, chain A)14 in which helix-6 is close to strand-4. (b) Structure of
the open state is represented by the C16-NAC ternary complex (PDB
code 1BVR, chain A)18 in which helix-6 has moved away from strand-4
to accommodate the substrate. (c) Structure of the PT155 ternary
complex observed in chain B in the I212121 crystal.

Figure 4. Kinetics, structural and energetic changes in InhA inhibition
and catalysis. (a) Comparison of the conformational changes resulting
from slow inhibition and substrate binding. Helix-6/helix-7 from the
cofactor-bound binary complex is shown in gray in both overlays.
PT70 (PDB code 2X23, chain B) and substrate analogue (PDB code
1BVR, chain A) ternary complexes are shown in blue on the left and in
red on the right, respectively. Cα of residue 203 and 211 are
highlighted, showing relative motions of helix-6 with respect to helix-7.
(b) Difference in the kinetic rates involved in the inhibition and the
catalytic cycle. The slow rates in the inhibition cycle relative to those in
the catalytic cycle result in time-dependent inhibition observed in the
InhA kinetic assay. The inhibition cycle is shown for diphenyl ethers,
which form a ternary complex with the cofactor through the two-step,
induced-fit mechanism. In the absence of the inhibitor, the equilibrium
with the Michaelis complex, E·NADH·S, is reached rapidly on the time
scale of the enzyme assay. (c) Proposed 1D energy profiles before
(right) and after (left) binding of a slow inhibitor (solid line). The
right and left energy landscapes depict the initial and final cross
sections on the binding reaction coordinate for slow-onset inhibition
as shown in Figure 2. Black solid line, violet dashed line, and brown
dotted lines in the right panel depict the change in landscape that
occurs during catalysis. E, ES, and EP denote the cofactor binary
complex, substrate ternary complex, and product ternary complex,
respectively; EI and EI* denote the inhibitor ternary complexes in
Figure 2

ACS Chemical Biology Articles

dx.doi.org/10.1021/cb400896g | ACS Chem. Biol. 2014, 9, 986−993989



motions of helix-6 and helix-7 (Figure 5). By this definition, the
open structures, such as the cofactor-bound binary complex and

the substrate analogue-bound ternary complex, are found in the
range of step torsion angles between 5° to 20° and shear
torsion angles between −5° to 5°, while the closed structures,
such as the PT70 ternary complex, is found at step and shear
torsion angles between −30° to −10° and −15° to 7°,
respectively.
Energetic Basis of Slow-Onset Inhibition. The free

energy profiles that result from the computational analysis are
shown in Figure 6 where it can be seen that there is good
agreement with the observed structural and kinetic data for
enzyme inhibition: The open conformation of helix-6 is more
stable for both the cofactor-bound binary complex and the
PT155 ternary complex, while the closed form is more stable
when PT70 is bound to the enzyme. This analysis was repeated
for the PT70 analogue PT92 (Table 1), which is also a slow-
onset inhibitor and is also found to stabilize the closed state of
the enzyme. The energy scales reveal that binding of PT70 or
PT92 to the binary complex will encounter an energy barrier of
at least 4−6 kcal/mol to convert the open enzyme to the closed
one. The activation energy for dissociation of PT70 is
estimated to be on the order of 10 kcal/mol (data not
shown), and the energy profiles of the binary and PT70 ternary
complexes qualitatively reproduce this barrier. Umbrella
sampling requires a small number of well-defined reaction
coordinate(s), which can be challenging to define for a process
where a large number of amino acids change conformation;
thus the computational results serve as a qualitative guide to
interpreting the experimental measurements.
The energy profile analysis also allows us to rationalize data

for PT03 for which a disordered substrate binding loop has
previously been reported. In Figure 6 it can be seen that while
the closed state of the InhA:NAD+:PT03 ternary complex is
more stable than the open state, the energy difference between
the two states is less than 1 kcal/mol with a small barrier of 3−

4 kT at RT, thus predicting that interconversion between the
two states will occur within microseconds.28 Interestingly,
although it is difficult to interpret the density for the substrate
binding loop, residual density can be found for both the open
and closed positions of helix-6 in two subunits of the crystal
structure (Supplementary Figure S6), indicating that both
states are partially populated in the X-ray structure. Thus when
bound to PT03 in the crystal, helix-6 is likely in a state of
dynamic disorder which occasionally turns to static disorder32

as a result of crystal packing effects. This observation is
consistent with our original interpretation that the substrate-
binding loop for this complex is disordered and is also in line
with the free energy profile calculated for this inhibitor. The
kinetic, structural, and energetic data together suggest that
ortho substitution on the inhibitor B ring and the extra tail
length on the A ring can stabilize the EI* state while the

Figure 5. Open to closed transition determined by the computational
approach. (a) The colors (red to blue) represent structures along the
reaction coordinate. Helix6 has larger scale of motion compared to
helix7. (b) Definition of step and shear torsions that reduce the
dimensionality of the structural change.

Figure 6. Free energy profiles and summary of X-ray structural data.
Free energy profiles are shown for (a) the cofactor-bound binary
complex, (b) the PT155 ternary complex, (c) the PT70 ternary
complex, (d) the PT92 ternary complex, and (e) the PT03 ternary
complex. (f) Locations of crystal structures on the same conforma-
tional coordinates. Area occupied by open structures is shaded red;
area occupied by diphenyl ether ternary complex structures is shaded
blue: (i) E-NADH binary complex 2AQ8; (ii) C16-NAC ternary
complex 1BVR; (iii) PT70 ternary complex 2X23, chain A; (iva) PT10
ternary complex, chain A; (ivb) PT10 ternary complex, chain B; (v)
PT91 ternary complex; (via) PT92 ternary complex, chain A; (vib)
PT92 ternary complex, chain B; (viia) PT155 ternary complex, chain
A, P212121 crystal; (viid) PT155 ternary complex, chain D, P212121
crystal.
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transition state on the binding coordinate is destabilized,
resulting in an increased barrier for inhibitor dissociation.
Intermediate Structures on the Reaction Coordinate

from X-ray Crystallographic Analysis. The observation of
residual density for both open and closed states in the
InhA:NAD+:PT03 ternary complex structure prompted us to
obtain additional structures of InhA inhibitor complexes, and
we also solved the structures of the slow-onset inhibitors PT10
and PT92 bound to InhA (Table 1). Both PT10 and PT92
have similar residence times for InhA compared to PT70 and
PT91. However, while the ternary complex structures of PT70
and PT91 give only a single, closed conformation, monomers
in the asymmetric units of the PT10 and PT92 ternary
complexes exist in two conformations that populate different
areas on the shear-step torsion landscape (Figure 6f). While the
two conformations observed for the PT10 ternary complex
have step torsion angles in the closed region of the plot, one of
the monomers in the PT92 structure has a step torsion angle
intermediate between open and closed. Similarly, further
analysis of the PT155 ternary complex structures reveals that
some of these monomers also have step torsion angles
intermediate between the open and closed states. Although
the intermediate structures observed for PT92 and PT155 are
in the high energy regions of the two-dimensional free energy
profiles, we believe that these structures are stabilized by crystal
contacts, a proposal that is supported by the observation that
intermediate structures are found only in some monomers.33,34

Thus, taken together, the existing structural and thermody-
namic data map the conformational transition from the open to
closed states.
Slow Isomerization Is a Large-Scale Refolding

Process. The energy profiles in Figure 6 show that the
enzyme has to overcome a major energy barrier around step
torsion zero to convert between the open and closed states. As
noted above high-energy structures in this conformation are
observed in the asymmetric unit of the PT92 and PT155
ternary complexes (Figure 6f). The structural data reveal a
variety of binding modes in which hydrophobic residues on
helix-6 and helix-7, including M199, I202, V203, L207, and
I215, explore different modes of interaction with the inhibitor
as well as with other structural elements from the enzyme itself.
This provides a dynamic picture of how barrier-crossing is
accompanied by large-scale refolding of the ternary complex
that directly or indirectly impacts the packing modes of at least
30 residues and at the subunit interfaces (Figure 7,
Supplementary Figures S7, S8, and S9). The macroscopic
two-step, induced-fit process upon slow inhibition is thus a
consequence of many microscopic refolding steps driven by the
interactions with the diphenyl ether.
Current Understanding of EI to EI* Isomerization.

Conversion of EI to EI* on the reaction coordinate for
inhibition of InhA requires a large amplitude conformational
change. While such large-scale structural changes have not been
identified in most cases of slow-onset inhibition, it is likely that
stabilization of a rarely sampled structural state needs to occur,
as demonstrated by our energy profiles.35,36 In the case of InhA,
stabilization is caused by the diphenyl ether inhibitors, which
are thought to be bound to the enzyme in their deprotonated
forms and are thus transition state analogues of the enzyme
catalyzed reaction.7,12 It is believed that transition state
analogues that bind through an induced-fit mechanism do so
by transforming a dynamic transient state into a thermodynami-
cally stable state,37 and systems where this phenomenon has

been studied in detail include the transition state analogue
inhibitors of purine nucleoside phosphorylases such as 5′-
methylthioadenosine phosphorylase.21 While conformational
states stabilized by transition state analogues might potentially
also be present during normal substrate turnover, the diphenyl
ether inhibitors mimic only a portion of the transition state
formed during substrate reduction. In the closed conformation
helix-6 occupies portions of the active site where the enoyl-
ACP substrate is expected to bind, and thus it is likely that the
enzyme conformation observed in EI* is not on the reaction
pathway for the normal catalytic cycle of InhA. Further
microscopic investigation of the slow isomerization process
may lead to a better understanding of enzyme inhibition where
large-amplitude conformational changes have not been
identified.

Conclusion. Using a combination of enzyme kinetics,
structural biology, and molecular dynamics simulations, we
have identified a large-scale conformational change that
accounts for the slow conversion of EI to EI* in the two-
step, induced-fit inhibition of InhA by the diphenyl ether class
of compounds. Analogues of the slow-onset inhibitor PT70
were used to identify the structure of the initial EI complex,
which was found to be very similar to the structure of the
enzyme−substrate complex. Energy profiles were then
calculated using the structures of EI and EI* as the initial
and final points on the reaction coordinate leading from the
open to the closed state. The energy profiles rationalize the
observed kinetics for inhibition of the enzyme by rapid
reversible and slow-onset inhibitors and provide a framework
for the rational modulation of residence time in this enzyme
system. Our findings suggest that the structural basis for slow-
onset kinetics can be understood once the structures of both EI
and EI* have been identified, thus providing a framework for
undertaking the rational control of enzyme−inhibitor binding
kinetics.

■ METHODS
Protein Purification and Enzyme Kinetics. Wild-type InhA was

expressed and purified as described previously.14,38 PT10, PT91, and
PT92 were available from previous studies.13,39 The synthesis of
PT155 and the kinetics for the interaction of the compounds with
InhA are being published elsewhere.

Crystallization and Structure Determination of the InhA
Ternary Complexes with PT92, PT10, PT91, and PT155. X-ray

Figure 7. Helix-6 and -7 conformations along the open to closed
reaction coordinate. Structures are taken from the binary complex
(PDB code 2AQ8, red), PT155 ternary complex (P212121 chain C/D,
green), PT92 ternary complex (blue), PT10 ternary complex (yellow),
and PT70 ternary complex (purple). Individual structures are shown
in Supplementary Figure S7.
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structures of the ternary complexes formed between InhA, NAD+ and
each inhibitor were determined as described in the supplementary
methods. Diffraction data were collected at beamlines X29, X25, and
X12C at NSLS. The image frames were indexed, integrated, and scaled
using HKL2000,40 and structures were solved using MolRep.41

Structure refinement was performed in Phenix.42 Data collection and
refinement statistics are given in Supplementary Table S1.
Computational Methods. The conformational change pathway

and associated free energy profile for the transition from the open (EI)
to closed (EI*) conformations was generated following our previous
work,43 using the partial nudged elastic band (PNEB)31 variant of the
nudged elastic band simulation approach44 followed by umbrella
sampling as described in Supplementary Methods. The initial closed
and open structures were taken from the first monomers of the
InhA:NAD+:PT70 complex (PDB code 2X2314) and the InhA:-
NAD+:C16-NAC complex (PDB code 1BVR18), respectively, while
DOCK 6.345 was used to generate the initial poses for the other
inhibitors. The equilibrated open and closed structures were assigned
as the two end-point structures, and 30 windows (including end-
points) were used in PNEB. Simulated annealing was used to optimize
the local energy-minimized path. Subsequently, energy landscape plots
were obtained using umbrella sampling in which two reaction
coordinates (step and shear torsions) were used to describe the
motion of α-helices 6 and 7 (Figure 5). The weighted histogram
analysis (WHAM)46 approach was then used to generate the potential
of mean force (PMF) from the umbrella sampling results.
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