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ABSTRACT: Slow-onset enzyme inhibitors are the subject of considerable interest as
an approach to increasing the potency of pharmaceutical compounds by extending the
residence time of the inhibitor on the target (the lifetime of the drug—receptor
complex). However, rational modulation of residence time presents significant
challenges because it requires additional mechanistic insight, such as the nature of the
transition state for postbinding isomerization. Our previous work, based on X-ray
crystallography, enzyme kinetics, and molecular dynamics simulation, suggested that the =~ *=' ;5=
slow step in inhibition of the Mycobacterium tuberculosis enoyl-ACP reductase InhA
involves a change in the conformation of the substrate binding loop from an open state
in the initial enzyme—inhibitor complex to a closed state in the final enzyme—inhibitor
complex. Here, we use multidimensional free energy landscapes for loop isomerization
to obtain a computational model for the transition state. The results suggest that slow-
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onset inhibitors crowd key side chains on helices that slide past each other during

isomerization, resulting in a steric clash. The landscapes become significantly flatter

when residues involved in the steric clash are replaced with alanine. Importantly, this lower barrier can be increased by rational
inhibitor redesign to restore the steric clash. Crystallographic studies and enzyme kinetics confirm the predicted effects on loop
structure and flexibility, as well as inhibitor residence time. These loss and regain of function studies validate our mechanistic
hypothesis for interactions controlling substrate binding loop isomerization, providing a platform for the future design of
inhibitors with longer residence times and better in vivo potency. Similar opportunities for slow-onset inhibition via the same

mechanism are identified in other pathogens.

Recently, kinetic parameters have emerged as important
metrics of drug efficacy in the drug discovery field, and an
increasing number of studies have emphasized structure—
kinetics relationships.' > Traditionally, equilibrium dissociation
constants determined in vitro (such as Ky and ICy,) are used to
predict in vivo efficacy. However, in vivo concentrations of the
inhibitor and target typically vary with time. Thus, equilibrium
properties alone may be inadequate predictors of in vivo
efficacy. Residence time, the reciprocal of the dissociation rate
constant, represents the lifetime of an enzyme—inhibitor
complex and has become an important additional parameter
in lead optlmlzatlon 7 In particular, a study of Francisella

tularensis Fabl inhibitors revealed that in vivo efficacy has better
correlation with residence time than with thermodynamic
binding affinity.® The observation that many currently
marketed drugs have long residence times on their targets
further suggests that drug—target residence time is an
important component of in vivo drug activity.” To validate
the role of residence time in modulating drug activity, systems
in which the mechanistic basis of residence time is understood
and can be rationally altered are needed. We recently showed
that the Mycobacterium tuberculosis (MTB) enoyl-ACP

-4 ACS Publications  © 2015 American Chemical Society

4683

reductase InhA is an excellent system for investigating the
structural and energetic basis of long residence times. Kinetic,
crystallographic, and computational data were used to develop a
model in which slow-onset inhibition of InhA arises from a two-
step induced-fit binding mechanism (Scheme 1), wherein
induced-fit isomerization of the substrate binding loop (SBL) is
the slow step for inhibitors with long residence times."”

Here, we investigate the underlying structural and energetic
basis for SBL isomerization kinetics and show that the free
energy landscape of the SBL isomerization not only can be
understood but also can be rationally controlled through
targeted variation of amino acids on the SBL, or by modifying
the structure of the inhibitor.

Scheme 1
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Isoniazid (INH), a front-line drug used clinically to treat
tuberculosis, forms an INH—NAD adduct after activation by
KatG. The INH-NAD adduct is a slow-onset inhibitor of
InhA, which catalyzes the reduction of trans-2-enoyl-ACP in the
type II fatty acid biosynthesis (FAS II) pathway.'' Triclosan, a
widely used antimicrobial agent, inhibits InhA directly, but
triclosan is a weak binding (K; = 0.2 yM), rapid-reversible
inhibitor of InhA.">"® A triclosan variant [2-(o-tolyoxy)-5-
hexylphenol (PT70)] was developed and shown to be a slow-
onset, tight binding inhibitor of InhA'* with a K* value of 0.6
nM and a residence time of 40 min. Structurally, complexes
formed of InhA, NAD", and either rapid-reversible or slow-
onset inhibitors are distinguished on the basis of the structure
of helices 6 (residues 197—207) and 7 (residues 211—225) on
the SBL."® Helix 6 is frequently disordered in enzyme—
inhibitor complexes formed by binding of substrate analogues
or rapid-reversible inhibitors'>'*'* but can also be ordered,
occupying an open structure that we propose is also
characteristic of the initial enzyme—inhibitor complex (EI)
formed by slow-onset inhibitors. For the latter, helix 6
subsequently moves to a closed state to generate the final
enzyme—inhibitor complex (EI*). This conformational change
from the open state to the closed state was hypothesized to be
the slow isomerization step as described in the two-step enzyme
inhibition mechanism."®

In principle, increasing the inhibitor residence time (or
dissociation energy barrier) can be approached either by
stabilizing the final EI* complex or by destabilizing the
transition state between EI and EI* states. Tight binding
inhibitors like PT70 present a challenge to further stabilizing
the EI* state; thus, destabilization of the transition state could
be a more feasible approach to slowing the dissociation kinetics.
A model for the transition state to SBL isomerization would
then provide valuable insight into rational control of the energy
barrier, but these states are inherently difficult to characterize
experimentally. Computational studies are often better suited to
modeling rare events and can provide direct connections
between structure and energy. Our previous work used a
variant of the nudged elastic band simulation method
(NEB)'*' to generate a structural model representing the
conformational transition pathway between the crystallographic
open and closed states, followed by multidimensional free
energy calculations along the path that showed differences in
loop flexibility in the presence of rapid-reversible versus slow-
onset inhibitors. Here we use the energy landscapes to
construct a simulation-based structural model for the transition
state to SBL isomerization. This model suggests a mechanism
for the differences between rapid-reversible and slow-onset
inhibitors and allows rational control of the SBL isomerization.

B METHODS

The methods were adopted from our previous study,'® with
further details provided in the Supporting Information.
Simulations were conducted with full atomic detail, including
explicit water using the Amber software.'” Amber fl99SB* and
GAFF”' force fields were assigned to the protein and inhibitors,
respectively, with inhibitor force field parameters provided in
Tables S1 and S2 of the Supporting Information. Initial
structures for the SBL isomerization end points with PT70
were taken from our previous study.'® Initial poses of PT163
were generated using DOCK 6.3.” Flexible ligand docking was
performed with default parameters. We assumed that the
diphenyl ether common to PT163 and PT70 would occupy
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similar positions in the binding pocket; thus, the results with
lowest root-mean-square deviation value in the diphenyl ether
moiety as compared to the PT70 end point structure was
chosen as the initial pose for PT163. For each system, PNEB'’
with simulated annealing was used to map the isomerization
pathway. This was followed by two-dimensional (2D) umbrella
sampling (500 ps for each of 192 windows) at 300 K along the
PNEB path to obtain the free energy landscape. Reaction
coordinates for the free energy maps were described previously
and included step and shear torsions for helices 6 and 7 (Figure
S1 of the Supporting Information). Three-step soft core
thermodynamic integration with 19 1 windows was used to
calculate binding affinity changes. The one-dimensional (1D)
PMFs were obtained from the 2D PMF by measuring the
average step and shear torsions for each bead at the end of
PNEB optimization, followed by retrieving the free energy
values at the corresponding points on the 2D PMF.

Inhibition of InhA by the diphenyl ethers occurs through a
two-step induced-fit mechanism. Progress curve kinetics were
determined on a Cary 100 UV—vis spectrophotometer (Varian)
at 20 °C. Reaction velocities were measured by monitoring the
oxidation of NADH to NAD* at 340 nm. The enzyme reaction
was initiated by adding 75 nM InhA variant to the reaction
buffer [30 mM PIPES (pH 6.8), 150 mM NaCl, and 1 mM
EDTA] containing trans-2-Oct-CoA (200 yM), NADH (250
uM), NAD* (200 uM), DMSO [2% (v/v)], inhibitor (0—4000
nM), and 8% glycerol. The reaction was monitored until the
progress curve became linear, suggesting that the steady state
had been reached. High concentrations of substrate and low
concentrations of enzyme were used to minimize substrate
consumption and ensure that progress curves remained linear
in the absence of inhibitor. The progress curves were analyzed
using the Morrison and Walsh integrated rate equation (eq 1)
for slow binding inhibition

_ o ket
-t = (= )=

(1)

where A, and A, are the absorbance at time t and time zero,
respectively, v; and v, are the initial velocity and steady state
velocity, respectively, and k., is the pseudo-first-order rate
constant for the approach to the steady state.””** k.g, which
corresponds to the dissociation rate constant of the inhibitor,
was calculated via eq 2:

kobs

V.
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koff - kobs_

Y ()

ks was assumed to be the rate-limiting step formation of free,
active enzyme (Scheme 1), so kg = k.

K*?, the apparent dissociation constant for the initial
encounter complex (EI), was determined by plotting the
fractional initial velocities as a function of inhibitor concen-
tration and fitting to eq 3:
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where v, is the control velocity, from the uninhibited progress
curve. K¥*¥P, the apparent dissociation constant for the final
(steady state) EI* complex, was determined by plotting the
fractional steady state velocities as a function of inhibitor
concentration and fitting to eq 4:
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Finally, ks was calculated using eq 5:

kops = kg + 5

obs 6 1+ Kiapp/[l] (5)

The dissociation rate constant of the inhibitor from EI* (k.
= kg) was also determined by directly monitoring the release of
the inhibitor from the complex using a recently described
method that utilizes [P*P]NAD"> In general, 500 uL of
reaction mixture containing 15 M InhA, 20 yM NAD,
[*’P]NAD", and 200 uM inhibitor in the reaction buffer
mentioned above was loaded onto a spin column followed by a
2 min centrifugation at 2500 rpm. The purified ternary complex
solution was rapidly diluted into 60 mL of the same reaction
buffer at different temperatures to initiate ligand dissociation.
Subsequently, 600 uL aliquots from the diluted mixture were
collected as a function of time and immediately loaded onto an
ultrafiltration concentrator (Satorious, 10 kDa) that was
centrifuged at 13400 rpm for 90 s. The amount of
[**P]NAD" in the flow-through was then quantified using a
scintillation counter (LS5801). The inhibitor dissociation rate
constant k. was obtained by fitting the data to eq 6

C(t) = €(0) + C, (1 — k) (6)

where C(t) and C(0) are the radioactive counts at time t and
time zero, respectively, C., is the maximal number of
radioactive counts, and k.4 is the inhibitor dissociation rate
constant.

B RESULTS

Transition State to Isomerization of the Substrate
Binding Loop. To design inhibitors with altered residence
times on the enzyme, it is important to understand the
protein—protein and protein—inhibitor interactions that change
as the open and closed states interconvert. We previously
calculated pathways and corresponding free energy landscapes
[potentials of mean force (PMFs)] for InhA loop isomer-
ization."® Here, free energies are again calculated as a function
of these two global measures of SBL geometry, step and shear
torsions (Figure S1 of the Supporting Information). Rapid-
reversible complexes of InhA exhibit two types of free energy
landscape, either preferring the open state or having little
preference and a relatively flat landscape. In contrast, slow-
onset inhibition complexes have a more stable closed state with
a significantly higher energy barrier between the open and
closed states. For example, the free energy for loop isomer-
ization in the slow-onset InhAY"—NAD*—PT70 ternary
complex shows a barrier of ~6 kcal/mol at the saddle point
(hereafter simply termed the transition state), compared to
nearly no barrier when PT70 is replaced with the rapid-
reversible inhibitor triclosan (Figure 1). In addition to this
consistency with kinetic data, these computed energy land-
scapes are also supported by crystallographic data; the global
minimum on the PT70 landscape is the closed form that is seen
in crystal structures of this complex,'* while the flat triclosan-
bound landscape is consistent with the lack of electron density
seen for the triclosan-bound SBL loop'” (Figure 1).

Although the energy values on the landscapes are likely to be
only qualitative,"® an important characteristic of the simulation
data is that structures near the PMF transition state can be
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Figure 1. Inhibitors, free energy landscapes for SBL isomerization, and
SBL crystallographic electron densities (2F, — F,, 1o contour). Left:
PT70, with the global free energy minimum in the closed basin, and
ordered, closed SBL in the crystal.'* Right: triclosan, with a relatively
flat landscape and weak density for the SBL.">

extracted from the simulations and analyzed to gain insight into
the atomic-level interactions that give rise to the slow-onset
behavior. Analysis of transition state structures from the
InhAWT—NAD*—PT70 landscape in Figure 1 revealed that
hydrophobic side chains on SBL helices 6 and 7 (specifically
Met199, Val203, Ala211, and 1le215) slide past each other near
the midpoint of isomerization (Figure 2). The distance between
backbone atoms of Val203 on helix 6 and Ile215 on helix 7
follows a nonlinear path during SBL opening, initially
approaching but then temporarily moving apart near the
transition state before resuming their approach as the loop
continues to open (Figure 2). This suggests that the side chains
on each helix approach to form a van der Waals contact, but the
direct path to SBL isomerization has a steric clash. This
behavior as Ile215 passes Val203 is similar to a coin purse ball
clasp that also employs a steric clash to stay closed (Figure S2
of the Supporting Information). We speculate that these steric
clashes, amplified by crowding from the nearby inhibitor,
impede the conformational changes between open and closed
states for the InhAW'—NAD'*—PT70 slow-onset inhibition
complex.

Connecting the Steric Clash to the Isomerization
Energy Barrier. If the steric clash between the SBL helices is
responsible for the energy barrier to isomerization, replacing
residues Val203 or Ile215 with a smaller side chain (Ala) should
decrease the energy barrier at the transition state. We mapped
the pathways and free energy landscapes of the ternary complex
for both mutants (InhAY**A-NAD*—PT70 and InhAP'>A—
NAD*—PT70). As predicted, replacement of either side chain
with alanine now permits the close approach of helices 6 and 7
during isomerization (Figure S3 of the Supporting Informa-
tion), suggesting that the clash was eliminated. Importantly, the
free energy landscapes also change in the manner predicted by
our model. As shown in panels A and C of Figure 3, the energy
landscapes for both mutants are qualitatively flatter than that of
the InhAY"—-NAD*—PT70 complex in Figure 1. Subtracting
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Figure 2. Isomerization of the SBL in InhA“T'—NAD'-PT70
simulations. (Top) Schematic of key residues on SBL helices 6 and
7 (region outlined in the box). The color scheme matches that used in
the structure images. (Middle) Side chains of M199, V203, and 1215
are crowded by PT70 and encounter a steric clash during SBL
isomerization. (Bottom) Distance between V203 and 1215 backbone
atoms during isomerization. The helices approach during SBL opening
and then move apart to resolve the clash prior to further opening.
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Figure 3. Free energy landscapes for SBL loop isomerization for the
InhA—NAD*—PT70 complex with (A) V203A and (C) I215A
mutations. The landscapes to the right (B and D) show the difference
between the plot on the left and that from WT InhA with PT70
(Figure 1). The change is predominantly in the transition state region
near the 0° step torsion.

the mutant landscape from that of the wild type (Figure 3B,D)
indicates that the influence of the mutation in both cases is
dominant near the transition state, while the relative stabilities
of the open and closed minima are largely unchanged. When
either one of the clash partners is reduced in size, the energy
landscape for mutant InhA with PT70 (Figure 3) is comparable
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to that seen for the wild-type enzyme with triclosan, a rapid-
reversible complex (Figure 1).

The PMFs provide the relative free energy during loop
isomerization, but the zero of free energy on each PMF is
arbitrary. This complicates quantitative comparison of different
surfaces. Changes to the apparent energy barrier could arise
from the changes at either the transition states or the ground
states. Additional calculations are required to confirm that the
flatter landscapes were obtained for the reasons that the model
predicted. We therefore performed thermodynamic integration
(TI) to calculate the relative binding free energy of PT70
between wild-type and mutant InhA (AAGWT — mutant),
both in the closed state (Table S3 and Figure S4 of the
Supporting Information). This allows calibration of different
isomerization PMFs to the same energy scale, allowing us to
use an absolute scale for the calculated impact of the mutations
on specific regions of the energy landscape. For Ile215, a small
ground state effect is expected, because the Ile21S side chain
has only weak interactions with the end of the PT70 alkyl tail. A
value of 0.3 + 0.1 kcal/mol was obtained for the I215A
mutation, confirming that the mutation modestly destabilizes
inhibitor binding. Val203 interacts with the diphenyl ether
moiety of the inhibitor, and as expected, the V203A mutation
has a somewhat larger ground state effect, weakening binding of
PT70 by 0.5 + 0.1 kcal/mol. To more easily visualize the
differences between multiple systems, we converted the 2D
PMFs (that use structural measures for reaction coordinates) to
1D free energy as a function of isomerization progress (Figure
SS of the Supporting Information). The calibrated 1D PMFs
demonstrate that the I215A and V203A mutations have a minor
influence on the minima but reduce the energy barrier for SBL
opening from 6.1 to ~2.4 kcal/mol (Figure S6 of the
Supporting Information).

When combined, these calculations of free energy differences
for loop isomerization and side chain mutation confirm that the
V203A and 1215A mutants change the SBL isomerization free
energy profile mainly by decreasing the energy of the transition
state. This supports our hypothesis that the steric clashes
between residues Val203 and Ile215 control the rate of SBL
isomerization. The observation that PT70 is able to increase the
energy barrier in wild-type InhA (Figure 1, PT70 vs triclosan)
but that PT70 does so less effectively when the side chains for
the clash barrier are reduced in size (Figure 1 vs Figure 3A,C)
suggests that the role of the inhibitor in slow-onset kinetics is
indirect; the characteristic of inhibitors that confers slow-onset
kinetics appears to be the ability to crowd the SBL and magnify
the steric clash between helices 6 and 7 during SBL
isomerization. Slow inhibitor dissociation is thus a result of
the combination of a bulky side chain on each helix, along with
steric crowding by the nearby inhibitor. Importantly, changing
any of these three components results in significant modulation
of the energy barrier to SBL isomerization.

Validating the Energy Landscapes: Crystal Structures
and Kinetic Experiments for InhA V203A and 1215A with
PT70. As shown in Figure 3, the free energy profiles for the
V203A and I215A ternary complexes are both significantly
flatter than for wild-type InhA (Figure 1). Although PT70 is a
slow-onset inhibitor of wild-type InhA, both mutations result in
energy landscapes for PT70 that appear to be qualitatively
similar to the landscapes seen for rapid-reversible inhibitors
such as triclosan (Figure 1). Our data therefore suggest that
reducing the size of the steric clash pair would have a similar
effect on SBL flexibility as seen in rapid-reversible inhibitors. As
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stated above, whereas in the presence of a large energy barrier
the SBL adopts a defined conformation, flat energy landscapes
correlate with weak or absent electron density corresponding to
the SBL, indicative of conformational disorder. We determined
crystal structures for the InhAV?**—NAD*-PT70 and
InhASA—NAD*—PT70 ternary complexes. Althouggh binding
of PT70 induces loop closing for WT InhA,"*'® the loop
remains dynamic when either residue involved in the steric
clash is reduced in size, and only weak electron density is
observed for helices 6 and 7 (Figure 4 and Table S4 of the
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. L
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Figure 4. Crystallographic SBL electron density (2F, — F, lo
contour) for (left) the InhAV?®A—NAD*~PT70 complex and (right)
the InhA"**-NAD*~PT70 complex, shown in the same view as in
Figure 1. As predicted by the free energy landscapes, PT70 binding
does not induce loop ordering in either mutant.

Supporting Information, with additional analysis of SBL
variation among different monomers in the unit cell shown in
Figure S7 of the Supporting Information), similar to that seen
in the wild-type ternary complex with the rapid-reversible
inhibitor triclosan (Figure 1).

Thermodynamic and kinetic characteristics of inhibitor
binding were measured for the V203A and I215A variants
with PT70 (Table 1). The I215A and V203A mutations
resulted in a <2-fold reduction in k_/K,, for the uninhibited
enzyme, suggesting a minimal role in substrate binding and
release. We compared the predicted and measured impact of
the mutations on inhibitor affinity and on the relative free
energy of open and closed forms, along with the relative
affinities of PT70 and PT163. The TI binding affinity
calculations suggested that the mutations modestly weaken
PT70 binding by 0.3 and 0.5 kcal/mol for I215A and V2034,
respectively (Table S3 of the Supporting Information). These
are in reasonable agreement with experimental ground state
binding free energy reductions (from K;**?) of 0.9 and 0.8
kcal/mol for the same mutations (Table 1). Moreover, both K;
and K* increase with these mutations, such that K;/K;* values
are similar for all three systems, with corresponding AAG
values of 1.41, 1.55, and 0.92 for WT, 1215A, and V203A,
respectively (Table 1). This suggests that the relative stabilities
of EI and EI* are not significantly affected by these mutations.
The trends are comparable to the predicted relative stabilities of
EI and EI* [AAG values of 3.4, 2.4, and 1.0 for WT, 1215A,
and V2034, respectively (Figure S6 of the Supporting
Information), though the computational values are more
qualitative because they are obtained from the differences
between the end points of loop isomerization free energy
profiles (Figure S6 of the Supporting Information). In terms of
kinetics, a 3—4-fold decrease in the residence time of PT70 was
observed for these variants compared to that of wild-type InhA
(Table 1). These experimental kinetic and crystallographic
observations support the computational prediction that the
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Table 1. Experimental Kinetic and Thermodynamic Parameters for Binding of PT70 and PT163 to WT and Mutant InhA

AAG (kcal mol™)

K?PP/I{i*aPP

Ki=#P (nM)

tx ([*PINAD) (min) K (nM)

tr (1/ks) (min)

ks (min™")

kg (min™")

Ky (M) key/Ky (uM™! min™")

Keat (min_l)
278 + 26

27+7

InhAWYT

PT70

1.41
2.26

10.8

23.7 + 3.6
185.2 + 8.6

256.2 + 38.0

94 +£3

0.025 + 0.002 40 +2

0.011 £ 0.001

0.40 + 0.01
0.44 + 0.06

453

8382.9 + 365.2

114 + 18

PT163

109 = S 13+2 84 +1

InhA2ISA
PT70

1.55
2.67

13.7

1143 + 7.5
2292 + 94

1570.6°

14

0.071¢

0.4

90.1

20640 + 1865

109 + 2 111 + 10

0.009 + 0.001

0.78 + 0.14

PT163

13+3

78 £7

InhAV203A
PT70

0.92

4.7

913 £ 3.7

427.5"

10

0.1%

0.7

“Value determined from a single progress curve. KPP calculated at a fixed inhibitor concentration using eq 3.
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steric clash between helices 6 and 7 is a controlling factor in the
SBL isomerization and ligand residence time.

Reintroducing Steric Clashes To Restore the Energy
Barrier. If our model is correct, the reduced residence time
observed with the V203A and I21SA mutants may be
recoverable if steric clashes at the transition state are restored.
We focused on the alkyl tail of PT70, where we speculated that
an appropriately bulky group could intensify crowding of the
binding loop during isomerization and compensate for the
smaller side chain in the I215A mutant InhA. We designed the
inhibitor S-[(4-phenyl-1H-1,2,3-triazol-1-yl)methyl]-2-(o-
tolyloxy)phenol [PT163 (Figure SA)] with the goal being

(A) (B)
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Figure 5. Data from InhA”"A-NAD*-PT163 simulations. (A)
PT163 structure. (B) Docked complex, with PT163 carbon atoms
colored orange. (C) PMF for SBL isomerization. (D) Difference
between this profile with PT163 and that with PT70 (Figure 4). (E)
Backbone distance between residues Val203 and Ala215.

that the phenyl moiety would play a role in producing a steric
clash with Val203 in the I215A mutant, analogous to that of the
Ile21S side chain in the wild type. Docking calculations
suggested that the phenyl group on the PT163 tail could fit into
the cavity near V202, A21S5, and L218 (Figure SB); thus, we
proceeded with mapping the SBL isomerization pathway and
free energy landscape for the InhA®'*A*—NAD'-PT163
complex (Figure SC).

Consistent with the design goal, the barrier between closed
and open forms of the I215A mutant is significantly higher with
PT163 than with PT70 (Figure SD). Evidence that the
increased energy barrier arises from the designed crowding of
the SBL is shown in Figure SE, where we show that the
distance between helices 6 and 7 regains the bulge that was
seen with PT70 in the wild type (Figure 2) but was lost for
PT70 and this mutant (Figure S3 of the Supporting
Information). The results demonstrate that it is possible to
rationally modify an inhibitor to magnify a steric clash in the
enzyme during the isomerization that accompanies inhibition.

Because the additional bulk of PT163 makes more extensive
contact with surrounding residues, we again investigated
whether the affinity for the closed form was impacted by the
change. We calculated the relative binding free energy between
PT163 and PT70 in the I215SA mutant, finding that the overall
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binding free energy of PT163 is weakened by 5.6 + 0.8 kcal
mol™' compared to that of PT70 (Table 1). Using the TT data
to calibrate the PMF curves suggests that PT163 indeed
achieves the goal of destabilizing the transition state to SBL
isomerization, although overall binding is also weakened
(Figure S8 of the Supporting Information). Weaker overall
binding is not surprising, because the selection of the ligand was
based on the ability to crowd the SBL during isomerization, and
binding affinity was not explicitly considered.

Experimental Measurement of Binding Parameters
for PT163. To experimentally validate the impact of the design
on ligand binding kinetics, characteristics of binding of PT163
and PT70 to I1215A mutant InhA were measured (Table 1).
Comparing K**? values confirms the computational prediction
of reduced overall affinity for EI* with PT163; K**® increased
from 114 nM for 1215A/PT70 to 229 nM for 1215A/PT163. A
larger impact is seen in the experimental measurement for
binding to WT InhA, where K¥** has increased from 24 nM
(PT70) to 185 nM (PT163) for WT, ie., a change of 8-fold
compared to 2-fold for PT70-PT163 with I1215A. The weaker
binding of PT163 versus that of PT70 is more pronounced in
the calculations, probably because of the use of a docked model
for calculation of PT163 affinity while a crystal structure was
used for PT70.

We also compared the relative stability of EI and EI* for
PT163/1215A. Although the simulations predict somewhat
larger relative stabilities for the closed loop with both inhibitors,
both MD and experiment are in agreement that PT163 has ~1
kcal greater relative affinity for the closed form (EI*) than does
PT70. The MD calculations predicted a AAG of 4.0 kcal/mol
for PT163 (Figure S8 of the Supporting Information), 1.6 keal/
mol larger than the PT70 value presented above. Exper-
imentally, the AAG value for PT163 is 2.7 kcal/mol, which is
1.1 kcal/mol larger than that of PT70.

To test the computational prediction of an increased
residence time for PT163, k. values for PT70 and PT163
with InhA"?'5* were measured. Remarkably, an 8-fold increase
in residence time was observed for PT163 (111 min) versus
PT70 with InhA™”"** (14 min) (Table S6 of the Supporting
Information)].

We next determined the crystal structure for the InhA™!%4—
NAD*—PT163 ternary complex (Table SS of the Supporting
Information) and confirmed that PT163 binding is able to
induce ordering of the SBL with this mutant (Figure 6A),
which did not occur with PT70 (Figure 4). Moreover, the
structure confirmed that PT163 indeed binds as predicted in

(A) (B)

helix6

Figure 6. (A) Crystallographic SBL electron density (2F, — F,, 1o
contour) for the InhA"™**~NAD*-PT163 complex. Unlike PT70
binding (Figure 4), PT163 binding results in an ordered SBL for this
mutant. (B) Comparison of predicted (yellow) and crystallographic
(blue) PT163 binding poses.
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the region near Val203 (Figure 6B). This position also serves to
intensify the steric clash even for wild-type InhA, though the
effect is smaller than for the mutant (37 and 114 min for PT70
and PT163, respectively).

Taken together, the computational and experimental results
confirm the design goal; the bulky group that was added to the
ligand counteracts the effect of the alanine mutation and results
in an ordered, closed SBL and increases the energy barrier to
ligand dissociation, and longer residence time. The results
reinforce our confidence that a steric clash between the two
helices of the active site loop is the source of the barrier
controlling conformational changes between open and closed
states, and that future rational design efforts could include
optimization of the effect of the inhibitor on binding site
isomerization in addition to thermodynamic binding affinity.

Transferability of the Model to Other Pathogens. We
predict a similar potential for steric hindrance, and thus an
opportunity for time-dependent inhibition, in other Fabl
enzymes. We superlm?osed structures of InhA and other
Fabls (Escherzchza coli,” F. tul arenszs, Staphylococcus aureus,”’
Bacillus subtilis,”® Helicobacter pylori,” and Bacillus anthracis™”)
and found conserved residues Ala and Phe corresponding to
residues Val203 and Ile21S of InhA, respectively (Figure 7). In

E. coli
Fabl

F203

InhA

e

Figure 7. Comparison of structures of the substrate binding loops
from M. tuberculosis InhA and E. coli Fabl (Protein Data Bank entry
1QSG). 1215 and V203 in InhA may have comparable residues in
other Fabl enzymes, with the potential for steric clash modulated by
rationally designed inhibitors.

cases in which slow-onset inhibitors are known, structures of
the complexes have a closed, ordered helix 6, while helix 6
appears to be disordered with rapid-reversible inhibitors.
Because the Ala and Phe are conserved among all of these
Fabl sequences, we speculate that optimizing inhibitors to
constrain Phe203 and Ala197 (E. coli numbering) and produce
additional steric clash might help control time-dependent
inhibition in these Fabls. Future simulation, crystallographic,
and kinetics studies will explore this hypothesis.

Perspective and Limitations for Designing New
Inhibitors. During lead optimization, especially for tight
binding inhibitors, it can be challenging to increase the
residence time by solely considering improving the binding
affinity. Increasing the free energy barrier by introducing
unfavorable interactions during the active site loop isomer-
ization may be a more feasible approach. Although one can
apply the protocol we present here to screen candidate
inhibitors for significant energy barriers prior to in vitro and in
vivo experiments, one should also consider potential limitations.
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First, it is always challenging to describe complex dynamics
using a small number of descriptors, because molecular motion
can be inherently highly dimensional. Here, structural analysis
of the isomerization pathway was used to select progress
variables (reaction coordinates). If these variables do not
accurately track the motion that corresponds to the slowest
event, free energy mapping as performed here may not deliver
an accurate energy barrier or transition state structural model.*!
Another limitation related to the high dimensionality of the
dynamics is that there is likely an ensemble of paths for active
site loop isomerization, contributing varying amounts to the
apparent rate. Increasing the barrier along one low-energy
pathway may lead to increased flux along a different path,
involving interactions other than those identified from the
original path. Furthermore, the energy barriers obtained from
the PMF do not directly correspond to rate constants, and
more complex aggroaches would be needed to accurately
predict kinetics.*>** Thus, the PMF trends are most useful as a
qualitative predictor of the effect of changes to the system, and
as a method for obtaining an atomistic model for the transition
state to isomerization. Finally, as seen in the proof of concept
work presented here, it can be challenging to modulate the
interactions at the transition state without impacting overall
binding affinity. Careful structural visualization may provide
guidance, and as described above, binding affinity calculations
can be used to help separate the effects.

B CONCLUSION

In summary, we showed that computationally mapping the
pathway of the loop isomerization allowed us to obtain models
of structures near the transition state for the conformational
change. Structural analysis then provided insight into the
specific interactions that modulate the energy barrier. We
hypothesize that a steric clash between side chains on two
helices that pass closely during loop isomerization is
responsible for the binding kinetics. The proximity of this
hydrophobic cluster to the ligand binding pocket and the
resulting potential for the ligand to crowd the loop and amplify
the clash result in the experimentally observed sensitivity of
residence time to inhibitor structure. Our model is strongly
supported by our ability to rationally remove the energy barrier
through directed protein mutations and then recover it with a
rationally redesigned ligand. Crystallographic studies also
confirmed our prediction that mutating the steric clash residues
strongly impacts SBL flexibility. This insight into how a ligand
can modulate protein steric clashes dominating the kinetics of
induced fit should be valuable for future efforts at further
optimizing inhibitor residence times for InhA or work to
improve ligand ADME properties while retaining long
residence times. Examination of homologous Fabl sequences
in other pathogens reveals similar interactions between the
corresponding loops, suggesting that this may be a general
approach to developing slow-onset inhibitors of this critical
pathway.
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