BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

Implications of Binding Mode and Active Site Flexibility for Inhibitor
Potency against the Salicylate Synthase from Mycobacterium
tuberculosis

Gamma Chi," Alexandra Manos—Turvey,i Patrick D. O’Connor,* Jodie M. ]ohnston,Jr Genevieve L. Evans,
Edward N. Baker,Jr Richard ]J. Payne,i J. Shaun Lo’ct,*’Jr and Esther M. M. Bulloch®"

4

School of Biological Sciences and Maurice Wilkins Centre for Molecular Biodiscovery, The University of Auckland, 3 Symonds
Street, Private Bag 92019, Auckland 1142, New Zealand

*School of Chemistry, The University of Sydney, Sydney, NSW 2006, Australia

$Auckland Cancer Society Research Centre, Faculty of Medical and Health Sciences, The University of Auckland, Private Bag 92019,
Auckland, New Zealand

© Supporting Information

ABSTRACT: Mbtl is the salicylate synthase that catalyzes the first co, Peptide backbone
committed step in the synthesis of the iron chelating compound OH movement between |
mycobactin in Mycobacterium tuberculosis. We previously developed a :\'/’Ig't?'wr'bw”d

. AR . . structures (A)
series of aromatic inhibitors against Mbtl based on the reaction
intermediate for this enzyme, isochorismate. The most potent of JO\/ 0._; _-5
these inhibitors had hydrophobic substituents, ranging in size from a -0,07 X R
methyl to a phenyl group, appended to the terminal alkene of the _pe —3 R =Phe
enolpyruvyl group. These compounds exhibited low micromolar
inhibition constants against Mbtl and were at least an order of
magnitude more potent than the parental compound for the series, which carries a native enolpyruvyl group. In this study, we
sought to understand how the substituted enolpyruvyl group confers greater potency, by determining cocrystal structures of Mbtl
with six inhibitors from the series. A switch in binding mode at the Mbtl active site is observed for inhibitors carrying a
substituted enolpyruvyl group, relative to the parental compound. Computational studies suggest that the change in binding
mode, and higher potency, is due to the effect of the substituents on the conformational landscape of the core inhibitor structure.
The crystal structures and fluorescence-based thermal shift assays indicate that substituents larger than a methyl group are
accommodated in the Mbtl active site through significant but localized flexibility in the peptide backbone. These findings have
implications for the design of improved inhibitors of Mbtl, as well as other chorismate-utilizing enzymes from this family.

'I—t
disorder

T uberculosis (TB) is a lower-respiratory tract infection far, efforts to inhibit mycobactin biosynthesis have mainly
caused by Mycobacterium tuberculosis, from which more focused on the first two enzymes from the mycobactin
than 1.4 million people died in 2010." The main therapeutic biosynthesis pathway, MbtI and MbtA.">™>° Mbtl is a salicylate
strategy to combat the disease relies on the administration of synthase; it converts chorismate to salicylate via the

multiple drugs over >6 months,” which poses challenges in
terms of patient compliance and the logistics of administration.
These challenges are especially acute in the developing world,
where the burden of disease is also the greatest. Multidrug-
resistant (MDR) strains of M. tuberculosis are a growing
problem,® and effective new antibiotics with novel modes of
action are urgently required.”’

intermediate isochorismate (Figure 1).>' It is one of a family
of chorismate-utilizing enzymes (CUEs) that share structural
and mechanistic homology.”> Enzymes from this family are
present across the kingdoms of life, but absent in higher-order
animals, and are involved in the biosynthesis of a number of
important metabolites, including the aromatic amino acids,

Iron is a limiting nutrient for most pathogenic bacteria, and folate, menaquinones, and ubiquinones as well as siderophores
the pathways required for its acquisition are therefore potential (Figure 2).*> Many members of this CUE family are attractive
targets for antibacterial development.® M. tuberculosis acquires antibacterial targets, and several have been structurally
iron using two pathways: chelating iron from the host using the characterized, including Salmonella typhimurium and Serratia
siderophore mycobactin’ and degrading heme released by marcescens anthranilate synthase (TrpE/TrpG),”"** Escherichia
damaged red blood cells.® The mycobactin-dependent pathway coli 4-amino-4-deoxychorismate synthase (PabB),*® two E. coli
is required for the survival of M. tuberculosis under iron-
deficient conditions in vitro, as well as in the macrophage.” Received: February 15, 2012

Mycobactin is a peptide-based siderophore synthesized by Revised:  April 24, 2012
proteins encoded by the mbt and mbt2 gene clusters.">"" Thus Published: May 18, 2012
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Figure 1. Reaction catalyzed by Mbtl on the mycobactin biosynthesis
pathway and the structure of mycobactin T.
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Figure 2. Reactions catalyzed by the chorismate-utilizing enzyme
family, of which MbtI is a member.

isochorismate synthases (MenF and EntC),*”*® Yersinia
enterocolitica salicylate synthase (Irp9),”® and MbtL.>"*°

The earliest work on developing inhibitors of CUEs focused
on mimics of chorismate, and putative intermediates and
transition states in the reactions catalyzed by these
enzymes.”** The most potent compound synthesized to
date is a putative transition state mimic with an inhibition
constant (K;) of 53 nM against E. coli EntC.* Subsequent
studies have largely focused on more synthetically tractable
aromatic mimics of chorismate, leading to the production of
inhibitors of various CUEs with K; values in the low micromolar
range.'”**™*7 Recently, high-throughput methods have been
utilized to identify more chemically diverse inhibitors of CUEs,
again with the most potent compounds having K; values in the
low micromolar range.'>** Despite interest in the development
of CUE inhibitors, thus far there is no detailed structural
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information about how these inhibitors bind to their target
enzymes.

We recently reported a series of Mbtl inhibitors based on an
aromatic scaffold.'> The most potent of these were mimics of
isochorismate with hydrophobic substituents on the terminal
alkene of the enolpyruvyl side chain (Figure 3). The

oo2 - 0y~ CO,™
Y OH OH
g Jf
5 — f—
1 CO, 0~ ~COy
AMT methyl-AMT ethyl-AMT
Ki=240 + 40 uM 91 ZIE 10:3 ZIE
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Figure 3. Inhibitors from the AMT series of isochorismate mimics for
which cocrystal structures with Mbtl were determined in this study.
The molar ratio of Z and E isomers present in the diastereomeric
mixture used for crystallography is given where applicable. K; values
against Mbtl are as previously reported,'” excluding the K, for
cyclopropyl-AMT which was determined as part of this study. The
atom numbering scheme for these compounds is indicated on AMT.

substituents appended to the enolpyruvyl side chain varied in
size from a methyl to a phenyl group. However, all these
inhibitors exhibited potency an order of magnitude higher than
that of the parental compound AMT, which carries a native
enolpyruvyl side chain. Inhibitors from this series were
designed on the basis of in silico molecular docking into a
crystal structure of MbtL'* The in silico studies indicated that
these inhibitors bind to MbtI in a manner analogous to that
observed in crystal structures of other CUEs with reaction
intermediates or products bound at the active site.***%*3°
Here we report the first cocrystal structures of Mbtl with
inhibitors bound. Specifically, we report six crystal structures
with inhibitors from our AMT series of isochorismate mimics
bound to the active site of MbtL. This has allowed the binding
modes for these inhibitors to be examined and the trends in
their potency against Mbtl to be rationalized. The results
presented here provide important information for the future
design of Mbtl inhibitors, as well as inhibitors of other
members of the CUE family.

B MATERIALS AND METHODS

Protein Expression and Purification. MbtI was expressed
with an N-terminal GST tag and initially purified as described
previously.'>*! After purification on glutathione Sepharose and
removal of the GST tag as reported, the following additional
purification steps were taken. Mbtl was dialyzed into buffer A,
consisting of 20 mM HEPES (pH 8.0), 2 mM MgCl,, and 2
mM dithiothreitol (DTT). Anion exchange chromatography
was conducted on a MonoQ HR 5/5 column (GE Healthcare)
using an ionic strength gradient (20 mM to 1 M NaCl in buffer
A over 60 column volumes) for protein elution. MbtI eluted at
approximately 150—180 mM NaCl. Fractions containing Mbtl
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Table 1. Conditions for Crystallization of MbtI—Inhibitor Complexes

inhibitor AMT
17% PEG 6000,
0.2 M malic acid/KOH

(PH 5.7)

methyl- AMT

15% PEG 4000,
0.2 M potassium

precipitant

thiocyanate (pH S.5)

ethyl AMT
14% PEG 6000,
0.2 M malic acid/KOH

cyclopropyl-AMT isopropyl-AMT phenyl-AMT
16% PEG 6000, 12% PEG 6000, 1.3 M MgSO,,
0.2 M malic acid/KOH 0.2 M malic acid/KOH  0.13 M MES
(pH 5.5) (pH 5.5) (pH 6.3)

were combined and concentrated to 15 mg/mL. The protein
was further purified using size exclusion chromatography on a
Superdex 200 16/60 size exclusion column (GE Healthcare)
run with buffer A at a rate of 1 mL/min. Purified MbtI was
concentrated to 25 mg/mL, flash-frozen in liquid nitrogen, and
stored at 193 K.

Preparation and Characterization of Inhibitors. The
synthesis of inhibitors, excluding cyclopropyl-AMT, was
described previously.'> The synthesis and characterization of
cyclopropyl-AMT are described in the Supporting Information.
Where applicable, inhibitors were used as a mixture of E and Z
diastereomers as detailed in Figure 3. All inhibitors used in this
study are listed below with the abbreviations for each and the
relevant compound number from our previous report:'> 3-(1-
carboxyethenyloxy)-2-hydroxybenzoic acid (AMT, compound
38), 3-(1-carboxyprop-1-enyloxy)-2-hydroxybenzoic acid
(methyl-AMT, compound 39), 3-(1-carboxybut-1-enyloxy)-2-
hydroxybenzoic acid (ethyl-AMT, compound 41), 3-(1-
carboxy-2-cyclopropylethenyloxy)-2-hydroxybenzoic acid (cy-
clopropyl-AMT), 3-(1-carboxy-3-methylbut-1-enyloxy)-2-hy-
droxybenzoic acid (isopropyl-AMT, compound 40), and 3-(1-
carboxy-2-phenylvinyloxy)-2-hydroxybenzoic acid (phenyl-
AMT, compound 42).

Protein Crystallization. Mbtl was cocrystallized with
inhibitors from the AMT series by vapor diffusion in sitting
drops. Drops consisted of 2 yL of 25 mg/mL MbtI and 2 uL of
precipitant solution and were equilibrated at 292 K. Inhibitors
were added to Mbtl to a final concentration of 5 mM. The
precipitant conditions used for crystallization of MbtI with each
inhibitor are described in Table 1.

Data Collection and Processing for X-ray Crystallog-
raphy. For data collection, crystals were soaked in a
cryoprotectant solution consisting of the appropriate precip-
itant supplemented with 15% (v/v) glycerol. Crystals were
subsequently flash-cooled to 110 K, and X-ray data were
collected using a rotating anode X-ray source (Rigaku
MicroMax-007, A = 1.5418 A) and a Mar345 image plate
detector. For cocrystals of MbtI with the inhibitor AMT, data
were collected using the MX1 and MX2 beamlines of the
Australian Synchrotron (4 = 1.542 A). For the cocrystal
structure for Z-methyl-AMT, diffraction images were indexed
and integrated with DENZO and scaled and merged using
SCALEPACK in HKL-2000.* For all other inhibitor cocrystal
structures, diffraction images were indexed and integrated using
XDS* and scaled and merged using SCALA.** The data
collection statistics for all crystals are listed in Table 2.

Structure Determination and Refinement for X-ray
Crystallography. Structures were determined by molecular
replacement with the apo structure of Mbtl*' (PDB entry
2GSF) as the search model. For the Z-methyl-AMT cocrystal
structure, molecular replacement was conducted with MOL-
REP,*® while all other structures were determined with
Phaser MR.** Several cycles of manual model building and
refinement were conducted with COOT version 0.6" and
either REFMACS version 5.5.0109**® (Z-methyl-AMT
structure) or Buster'’ (all other structures). The three-
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dimensional starting models of the inhibitors were generated
and energy minimsed using the PRODRG server.* Automatic
noncrystallographic symmetry restraints in Buster were used
until the late stage of refinement. Water molecules were
included in the model once Rg,.. dropped below 0.3. Final
models were assessed using Molprobity.*” Refinement statistics
are listed in Table 2. Figures of MbtI—inhibitor structures were
generated with PyMOL.>

Structural Alignments. For each Mbtl—inhibitor struc-
ture, the most well-defined MbtI molecule was chosen from the
asymmetric unit to use in structural alignments. Structures were
aligned in a pairwise fashion using equivalent Car atoms from
residues 20—449 or, when there was disorder in the structure,
using those atoms from this residue range that could be
modeled. Alignments were conducted, and rmsds between Ca
atom positions were determined using LSQKAB.>'

Fluorescence-Based Thermal Shift Assay. The thermal
stability of MbtI in the absence and presence of inhibitors was
measured using a fluorescence-based thermal shift assay.
Aliquots (20 uL) of Mbtl at 4 uM were combined with 2.5
UL of SYPRO Orange (Bio Rad) and 2.5 yL of buffer A or 2.5
UL of 10 mM inhbitor, to give a final inhibitor concentration of
1 mM. Triplicate samples were sealed in an iCycler-iQTM 96-
well polymerase chain reaction (PCR) plate (Bio-Rad), and a
thermal melt was conducted from 25 to 95 at 1 °C/min on a
MyiQ_Single color Real-Time PCR Detection System (Bio-
Rad). The fluorescence intensity (excitation wavelength of 492
nm and emission wavelength of 610 nm) was monitored at
each temperature, and the resulting thermal unfolding curves
were fit to the Boltzmann equation using GraphPad Prism
version 5.03 (GraphPad) to obtain the midpoint temperature
for unfolding (T,).>* The change in T, (AT,) of Mbtl
resulting from the presence of each inhibitor was determined
relative to the T,, of Mbtl in the absence of inhibitor (52.7 +
0.3 °C).

Solution State Conformation Calculations on AMT
Series Inhibitors. Calculations for examination of the
conformational landscapes of AMT, Z-methyl-AMT, and E-
methyl-AMT were performed using the Gaussian09 software
suite (revision C.01).**> Density functional theory geometry
optimization and surface scan calculations were conducted
using the B3LYP hybrid functional®® and the 6-31+G(d)
basis set. The wave function was found to be stable under these
conditions. Similar model chemistries involving double-{ polar
diffuse basis sets have been successfully employed for the
analysis of enol pyruvate anions.*® The effect of the solvent on
the conformer geometry in water (H,O; ¢ = 78.36) was
simulated using the IEFPCM solvent model.”” Harmonic
vibrational analysis, at the same B3LYP/6-31+G(d) level,
provided thermodynamic data and was used to determine the
nature of the stationary points, ie., no imaginary frequencies.
Throughout these calculations, we assumed that the phenolic
proton was hydrogen bonded to the C1 carboxylate moiety and
that the carboxylates were deprotonated. Both mirror image
structures and methyl group rotomers were eliminated during
conformer searches. Methyl group rotomers were presumed to

dx.doi.org/10.1021/bi3002067 | Biochemistry 2012, 51, 4868—4879
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Figure 4. Two binding modes observed for AMT series inhibitors at the MbtI active site. AMT binds in mode 1 (A), while Z-methyl-AMT (B) binds
in mode 2. (Al and B1) Structures of AMT (purple) and Z-methyl-AMT (magenta), respectively, bound to Mbtl. Gray shading indicates the surface
of the active site cavity, and selected active site residues are shown. (A2 and B2) Two-dimensional schematic views of the interactions formed
between selected active site residues of Mbtl and AMT or Z-methyl-AMT, respectively. Hydrogen bonds are shown as dotted lines, with distances
marked in angstroms. The cation—7 interaction between K438 and Z-methyl-AMT is shown with broad dashes. An orange arrow indicates the

entrance to the active site cavity in each case.

be present in both the protein-bound and free forms and would
therefore have little effect on the relative conformation entropy
of the three ligands. Only the more stable staggered methyl
configurations were retained in conformer searches.

B RESULTS AND DISCUSSION

General Features of Inhibitor-Bound Mbtl Structures.
Crystal structures were determined for Mbtl bound to the
inhibitor compounds AMT and methyl-, ethyl, isopropyl-,
cyclopropyl-, and phenyl-AMT at resolutions ranging from 1.8
to 2.5 A (Tables 1 and 2). As was the case with inhibitor
testing,'> E/Z diastereomeric mixtures of compounds were
used, where applicable. However, for all compounds except
phenyl-AMT, only the Z isomer was observed bound to Mbtl.
Both the E and Z isomers of phenyl-AMT were observed, but
bound to different Mbtl molecules in the asymmetric unit.
Opverall, the crystal structures of inhibitor-bound Mbtl obtained
in this study are similar in conformation to those determined
previously without added ligands,"**"*° with 21 p-strands
folded into a twisted f-sandwich forming the core of the
protein, surrounded by 10 a-helices. Consistent with previous
structures, electron density is generally not observed for the 14
N-terminal residues in the inhibitor-bound structures because
of disorder.
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As a reference for comparing the inhibitor-bound structures,
we use our previously most ordered Mbtl structure, in which
the active site adopts a fully closed conformation (PDB entry
3LOG)." In this structure, there is clear electron density for
two molecules at the active site, which were modeled as
carbonate and succinate ions. In addition, a monovalent cation
is bound at the metal binding site detailed below, closing the
entrance to the active site. This structure was the basis for in
silico docking of compounds to Mbtl during inhibitor
development and will be subsequently termed the “closed
form” of Mbtl.

Structural superpositions of equivalent Car atoms (residues
20—449) were conducted between the inhibitor-bound
structures of Mbtl and the closed form of Mbtl (Figure S1 of
the Supporting Information). This shows that for AMT-bound
and Z-methyl-AMT-bound Mbtl, the peptide backbone is in a
conformation similar to that of the closed form, with rmsds
between the structures of 0.9 and 0.6 A, respectively. For the
remaining inhibitors, there are more significant changes to the
peptide backbone in regions proximal to the active site,
including residues 268—293 and 324—336. The degree of
movement in these regions generally increases as the size of the
substituent on the inhibitor enolpyruvyl group increases, and in
some cases, the electron density for residues in this region is
either weak or not observed (Figure S2 of the Supporting

dx.doi.org/10.1021/bi3002067 | Biochemistry 2012, 51, 4868—4879
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Information). Relative to the closed form of Mbtl, the rmsds
for equivalent Ca atoms (residues 20—450) are 1.0, 1.1, 1.6,
1.7, and 1.5 A for Z-ethyl,, Z-isopropyl-, Z-cyclopropyl-, Z-
phenyl-, and E-phenyl-AMT, respectively. However, the atomic
positions of some residues in the flexible regions vary more
significantly, with observed shifts of up to 10 A. Disorder in
these regions was also observed in two previous crystal
structures of Mbtl in which the active site adopts an open
conformation.*"*° The basis for structural perturbation in these
regions is discussed in more detail below.

AMT Series Inhibitors Have Two Different Binding
Modes. Two substantially different modes of binding of
inhibitors to MbtI are observed (Figure 4). Mode 1 is similar to
that expected for the binding of the reaction intermediate
isochorismate, with the C1 carboxylate of the inhibitor oriented
toward the metal binding site of the enzyme and the
enolpyruvyl carboxylate interacting with an arginine residue
(Arg405) deep in the active site. This binding mode is
analogous to that previously observed in X-ray structures of
CUEs with reaction products bound.*******° During Mbtl
inhibitor development, we predicted a similar binding mode for
our series of aromatic isochorismate analogues based on in
silico molecular docking to the closed form of Mbtl.'> The
design of higher-potency inhibitors was undertaken using
binding mode 1 as a framework.

Surprisingly, the MbtI—inhibitor crystal structures reveal that
binding mode 1 is observed for only the least potent
isochorismate analogue of the series, AMT (K; = 240 uM),
which has an unmodified enolpyruvyl side chain (Figure 4A).
The remaining isochorismate analogues (methyl-, ethyl-,
isopropyl-, cyclopropyl-, and phenyl-AMT), which carry
substituents on the enolpyruvyl group, all utilize a novel
binding mode, here termed mode 2 (Figure 4B). This
correlates with the finding that these substituted AMT series
inhibitors have potencies an order of magnitude higher than
that of AMT (K; = 11-21 uM). Mode 2 involves a complete
reorientation of the isochorismate analogues within the active
site. As described in detail below, for some inhibitors,
movement of the peptide backbone away from the closed
form of Mbtl is necessary for binding in this mode.

AMT Binds to Mbtl in Isochorismate-like Mode 1.
AMT is the only inhibitor from the series for which the
observed mode of binding to MbtlI is similar to that predicted
in our previous molecular docking studies,"> ie., mode 1
binding (Figure 4A). The structure shows clear electron density
for the AMT inhibitor at the active sites of two MbtI molecules
of the four in the asymmetric unit (Figure S3 of the Supporting
Information). In the active sites of the two remaining Mbtl
molecules, there is relatively weak electron density for a bound
ligand, but it is not of sufficient quality to unambiguously
interpret as AMT.

Positioning of the active site residues in the MbtI—AMT
complex is highly similar to that of the closed form of Mbtl,"?
with a rmsd of 1.1 A over all equivalent atoms in residues 20—
449. The most significant variation occurs around the Mg>*
binding site, which is formed by the carboxylate side chains of
Glu294, Glu297, Glu431, and Glu434 at the entrance to the
Mbtl active site. In the closed Mbtl structure (PDB entry
3LOG), a sodium ion was modeled bound to this site; for the
purpose of in silico docking, the expected native Mg>* ion was
substituted in its place and was predicted to interact with the
Cl carboxylate of AMT. In the experimentally determined
AMT-bound Mbtl structure, the C1 carboxylate of AMT is
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oriented toward this site, but there is no metal ion evident in
the structure, despite the presence of Mg** in the crystallization
conditions. The metal binding site is not fully formed, with the
side chain of Glu297 moved out of the active site and hydrogen
bonded to the side chain of His204.

Instead of the predicted metal ion interaction, the Cl
carboxylate of AMT is hydrogen bonded to the backbone
amides of Gly270 and Gly421 and to an ordered water
molecule near the metal binding site (Figure 4A). The C2
hydroxyl is within hydrogen bonding distance of Lys438. The
enolpyruvyl group of the inhibitor is locked into a tight network
of interactions in a binding pocket formed by the side chains of
Arg40S and Tyr385, the backbone amide of Gly419, and a well-
ordered water molecule. A charge—charge interaction also
occurs between the carboxylate of the enolpyruvyl side chain
and Arg405.

Z-Methyl-AMT Binds to Mbtl in Mode 2. Methyl-AMT is
the most potent variant of the AMT series (K; = 11 uM),"? and
as for all inhibitors carrying a substitutent on the enolpyruvyl
side chain, this compound is observed to bind to Mbtl in mode
2. Clear electron density is seen for methyl-AMT bound in the
active site of each of the four MbtI molecules in the asymmetric
unit (Figure S3 of the Supporting Information). In each case,
the electron density is consistent with the Z isomer of methyl-
AMT and was modeled as such. The Z-methyl-AMT-bound
MbtI crystal structure will be used to illustrate the features of
mode 2 binding.

Relative to the binding mode predicted by in silico studies,
and the mode 1 binding observed for AMT, the orientation of
Z-methyl-AMT is rotated by approximately 180° (Figure 4B).
The 2-hydroxybenzoate ring of Z-methyl-AMT occupies the
enolpyruvyl-binding pocket described for the AMT-bound
Mbtl structure, whereas the enolpyruvyl group of Z-methyl-
AMT is oriented toward the opening of the active site. The
intramolecular conformation of Z-methyl-AMT when bound to
Mbtl is also different from that of AMT, with a significant
rotation of the enolpyruvyl group relative to the plane of the
hydroxybenzoate ring. Z-Methyl-AMT bound to MbtI has C2—
C3—03-C7 and C3—03—C7—-C8 dihedral angles that are
rotated 115° and 102°, respectively, relative to AMT bound to
MbtI (see Figure 1 for atom numbering). The significance of
this conformational change for the binding mode is explored in
the computational analysis described below.

Overall, the conformations of active site residues are very
similar in the AMT- and Z-methyl-AMT-bound MbtI
structures. Arg40S is the only active site residue that undergos
significant movement between the AMT and Z-methyl-AMT
structures, with the side chain shifting by approximately 4 A
(Figure 4). This opens up a space that accommodates the 2-
hydroxybenzoate ring of Z-methyl-AMT. Because the in silico
molecular docking originally used to model the binding of
AMT series inhibitors considers the protein structure as fixed,"?
it could not have predicted binding of Z-methyl-AMT in this
position without flexibility being specifically permitted in the
side chain position of Arg40S. As for the AMT-bound structure,
there is no metal ion at the active site entrance in the Z-methyl-
AMT-bound structure, with the carboxylate side chain of
Glu297 moving away from the metal binding site and forming a
hydrogen bond with His204.

The C1 carboxylate of Z-methyl-AMT hydrogen bonds with
Tyr38S, the backbone amide of Gly419, and an ordered water
molecule, in a manner analogous to that of the enolpyruvyl
carboxylate of AMT (Figure 4B). An ordered water molecule
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Figure S. Positional differences (angstroms) between equivalent Car atoms in the Mbtl crystal structures with Z-phenyl- and Z-methyl-AMT bound,
after global alignment of the two structures. The cartoon shows the structure determined for Mbtl with Z-methyl-AMT bound, but with this
inhibitor removed and Z-phenyl-AMT overlaid in its place as a space-filling model. Colors indicate the regions of the MbtI backbone that shift upon
binding of Z-phenyl-AMT relative to the Z-methyl-AMT structure. Regions of the Z-phenyl-AMT structure that could not be modeled because of

disorder are colored gray.

mediates hydrogen bonding of Arg40S and His334 with the 2-
hydroxyl and enol oxygens of Z-methyl-AMT, respectively. The
plane of the Z-methyl-AMT 2-hydroxybenzoate ring is
sandwiched between the hydrophobic side chains of Leu404
and Lys438. A cation—x interaction occurs with Lys438, with
its side chain &-amine positioned 3.4 A above the center of the
2-hydroxybenzoate ring. The e-amine of Lys438 also hydrogen
bonds with the enolpyruvyl carboxylate of Z-methyl-AMT,
which is further hydrogen bonded to the hydroxyl group of
Thr271.

Z-Ethyl-, Z-Isopropyl-, Z-Cyclopropyl-, Z-Phenyl-, and
E-Phenyl-AMT Are Accommodated through Localized
Flexibility in the Mbtl Active Site. Crystal structures of the
remaining AMT series inhibitors bound to Mbtl show that all
bind in mode 2. It was not evident from inspection of the Z-
methyl-AMT structure that all the AMT derivatives would be
able to bind in mode 2, as the methyl substituent sits in a
constrained pocket with only 3.5—5 A clearance. Hence, it
appeared that inhibitors carrying larger substituents on the
enolpyruvyl side chain would not readily fit in this binding
mode. The structures determined here show that Mbtl active
site plasticity is the main factor allowing larger inhibitors to
bind in this mode, but that moderate variations in inhibitor
location at the active site and the internal conformation of each
inhibitor also contribute.

Cocrystal structures of Mbtl with ethyl-, isopropyl-, and
cyclopropyl-AMT (K; = 12—14 uM) show these compounds
bound to all four molecules in the asymmetric unit, and the
electron density is best modeled as the Z isomer (Figure S3 of
the Supporting Information). However, the electron density for
the terminal methyl groups of the ethyl and isopropyl
compounds is weak, suggesting that these groups are able to
rotate. There is no evidence in the electron density of the
bound E isomer for these inhibitors. In contrast, in the cocrystal
structure of Mbtl with phenyl-AMT (K; = 21 uM), there are
only two molecules of Mbtl in the asymmetric unit and both
isomers of phenyl-AMT are present. There is clear electron
density for the Z isomer of phenyl-AMT in the active site of
one Mbtl molecule and the E isomer in the active site of the
second Mbtl molecule (Figure S3 of the Supporting
Information). In addition, Z-phenyl-AMT is observed bound
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at three other locations outside the active site, but these binding
sites appear to be nonspecific and may result from the
hydrophobic nature of this compound.

The most significant differences between the Mbtl structure
with Z-methyl-AMT bound and those with Z-ethyl-, Z-
isopropyl- Z-cyclopropyl-, Z-phenyl-, and E-phenyl-AMT
bound exist in regions proximal to the enolpyruvyl group
comprising residues 268—293 and 324—336 (Figure S and
Figures S1 and S2 of the Supporting Information). Electron
density is weak or unobservable for some residues in this
region, and shifts in the peptide backbone of up to 10 A occur,
relative to the closed form of Mbtl. The flexible region
encompasses a three-stranded p-sheet consisting of S-strands
15—17, which runs immediately alongside the enolpyruvyl-
binding site and is shifted out from the active site to
accommodate the bulkier substituents. Movement of this f-
sheet propagates through the peptide backbone to cause
disorder in oa-helix 6, the N-terminus of a-helix 7, and
intervening loop regions (Figure S). Smaller changes are
observed in other helices on the periphery of the Mbtl
structure, whereas the core f#-sheet sandwich remains relatively
invariant between structures

Structural changes and disorder that occur in these inhibitor-
bound Mbtl structures appear to originate from movements in
active site residues immediately surrounding the enolpruvyl
group. Leu268, Thr271, and His334 are located on f-strands 15
and 17 that line the enolpyruvyl binding site and sit on either
end of the region of greatest perturbation (Figures 4B and $).
In the Z-methyl-AMT-bound Mbtl structure, Leu268, Thr271,
and His334 are positioned just 3.9, 2.7, and 3.6 A, respectively,
from the enolpyruvyl side chain. Ethyl, isopropyl, and
cyclopropyl substituents on the enolpyruvyl side chain are
accommodated by outward shifts of these residues via
movement of the Mbtl peptide backbone on the order of
1.5—3 A. Binding of both isomers of phenyl-AMT is associated
with more substantial reorganization of the peptide backbone in
this region. The phenyl ring of Z-phenyl-AMT is inserted into a
binding pocket created by approximately 3 A shifts in the
positions of Glu252, Thr261, and Leu268, all facilitated by
peptide backbone movement. A cavity is created for the phenyl
substituent of E-phenyl-AMT by an approximately 4 A outward
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shift of the backbone in the region of Leu268—Thr271 on the
B1S strand.

As noted previously, although Arg405 is situated in a
relatively fixed section of the Mbtl active site, the side chain of
this residue is flexible and appears to adapt to inhibitor binding.
This residue is observed to form a range of different
interactions with the core AMT structure in the cocrystal
complexes of the six inhibitors that bind in mode 2. In the Z-
ethyl-, Z-isopropyl-, and Z-cyclopropyl-AMT structures, the
side chain of Arg40S directly hydrogen bonds to the 2-hydroxyl
and enol oxygens of these AMT derivatives, rather than
through the indirect, water-mediated interaction seen with Z-
methyl-AMT (Figure S3 of the Supporting Information). In the
Z-phenyl-AMT structure, the ordered water that hydrogen
bonds with the C1 carboxylate group in the other inhibitor-
bound structures is absent. In its place is the guanidinium group
of Arg405, with the side chain bending around by almost 180°
to form a direct head-to-head charge interaction with the C1
carboxylate group (Figure S3 of the Supporting Information).
The E-phenyl-AMT-bound Mbtl structure indicates no
interaction between the inhibitor and Arg40S.

Changes in active site placement of the larger inhibitors,
relative to Z-methyl-AMT, also assist in weakening potentially
unfavorable steric interactions. To compare the locations of the
five larger substituted inhibitors in the MbtI active site with that
of Z-methyl-AMT, we aligned the crystal structures using
Tyr385 and Gly419 (Figure 4B and Figure S4 of the
Supporting Information). These active site residues are
relatively invariant in position between cocrystal structures
and lock in the position of the C1 carboxylate of the inhibitors
bound in mode 2. For Z-ethyl-, Z-isopropyl-, and Z-cyclo-
propyl-AMT, the location of the common AMT core structure
of each inhibitor within the active site is very similar to that of
Z-methyl-AMT, with rmsds of <1 A. For the Z and E isomers of
phenyl-AMT, the core 2-hydroxybenzoate ring also sits in a
similar plane, sandwiched between Leu404 and Lys438.
However, these inhibitors are displaced along this plane by
19° and 16° respectively, relative to Z-methyl-AMT. This
moves the phenyl substituents of both isomers into less
constrained regions of the active site.

In addition, there are variations in the intramolecular
conformation of the core AMT structure for these five
inhibitors when bound to Mbtl, compared to that observed
for Z-methyl-AMT. This slightly alters the position of the
enolpyruvyl group in relation to the relatively fixed position of
the 2-hydroxybenzoate ring in the active site. The C2—C3—
03—C7 and C3—03—C7—C8 dihedral angles of the core AMT
structure for the larger substituted inhibitors vary by 20—36°
and 9—27°, respectively, relative to those of Z-methyl-AMT.
The greatest changes in these angles occur for E-phenyl-AMT.

As observed with the smaller inhibitors, there is no metal ion
evident at the active site entrance in Mbtl with Z-ethyl-, Z-
isopropyl-, and Z-cyclopropyl-AMT bound. In the phenyl-AMT
cocrystal structure, the electron density is consistent with Mg>*
ions at the metal binding site in both monomers in the
asymmetric unit. These metal ions appear to be surrounded by
a hydration shell, through which they interact with the
glutamate residues that constitute the metal binding site. The
E-phenyl-AMT structure is the only inhibitor-bound Mbtl
structure in which the side chain of Glu297 is in position to
form the full metal binding site. Because the phenyl-AMT
cocrystals were obtained in a precipitant containing 1.3 M
MgSO,, these hydrated Mg** ions may bind as an artifact of the

4875

very high metal ion concentration. There is no direct
interaction between the metal ion and either Z-phenyl- or E-
phenyl-AMT.

Active Site Flexibility Is Observed in Previously
Determined Structures of Mbtl. From a comparison with
previously determined structures of Mbtl in which the active
site is in an open conformation®*° (PDB entries 2GSF and
216Y), it is clear that there is inherent flexibility in the regions
of the Mbtl structure that undergo changes upon binding of
inhibitors larger than Z-methyl-AMT. The greatest peptide
backbone variation between the closed structure of Mbtl and
the two open structures occurs across ff-strands 15—17 and a-
helix 6 (Figure S1 of the Supportin§ Information). In the
structure determined by Zwahlen et al.*® (PDB entry 2I6Y), in
which there is no ligand bound at the active site, residues could
not be modeled for sections of this -sheet and a-helix because
of disorder. In the open structure previously determined by
us®' (PDB entry 2GSF), which contains a pyruvate ion bound
to the active site, the strands of the f-sheet move outward from
the active site by up to 5 A relative to the closed form of MbtL

These observations suggest that the binding of inhibitors
with an enolpyruvyl substituent larger than a methyl is not
directly inducing movement and disorder in the MbtI peptide
backbone. Rather, the inhibitors are sampling a preexisting
conformation of Mbtl that is readily accessible because of
flexibility in these regions of the structure. This hypothesis is
consistent with the modest decrease in inhibitor potency as the
enolpyruvyl substituent size is increased from a methyl (K; = 11
4M) to a phenyl group (K; = 21 uM)."”

Interestingly, against S. marcescens anthranilate synthase, a
more significant loss of potency was observed as the size of the
substituent was increased. Methyl-AMT, ethyl-AMT, cyclo-
propyl-AMT, and phenyl-AMT have K; values of 1.1, 1.7, 5.0,
and 34 uM, respectively, with the latter being equivalent to the
unmodified parental AMT compound.'” In contrast to Mbtl,
which is a monomer in solution, S. marcescens anthranilate
synthase is a heterotetramer consisting of two TrpE—TrpG
dimers, with the interface between the two dimers occurring
between the TrpE subunits.”* Overlaying the Mbtl structure
with the available crystal structure of this anthranilate synthase
shows that the dimer interface occurs at the position equivalent
to a-helix 6 of Mbtl. It is this helix that becomes disordered in
response to the binding of larger inhibitors to MbtI. Hence, the
flexibility seen in the MbtI peptide backbone in this region is
most likely not available in S. marcescens anthranilate synthase
because of its quaternary structure, and this may explain why
this enzyme is less tolerant than Mbtl to larger inhibitor
substituents.

Thermal Shift Assays Are Consistent with Larger AMT
Series Inhibitors Binding a Disordered Form of Mbtl.
Fluorescence-based thermal shift assays of Mbtl support the
structure-based observation that inhibitors larger than methyl-
AMT bind to a more disordered form of the enzyme. In
principle, the interactions formed upon inhibitor binding
should stabilize the folded form of Mbtl in solution, causing
an increase in the observed midpoint temperature for protein
unfolding (T,,).>> AMT series inhibitors were added to MbtI at
saturating concentrations, and the change in T, (AT,) was
determined relative to the T,, in the absence of an inhibitor.
The AT, value was used as an indicator of the degree of
stabilization conferred by each inhibitor.

The results of the thermal shift assay show that the size of the
substituent on the inhibitor enolpyruvyl group is negatively
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Table 3. Fluorescence-Based Thermal Shift Assays of Mbtl in the Presence of AMT Series Inhibitors

inhibitor AMT methyl- AMT ethyl AMT cyclopropyl-AMT isopropyl-lAMT phenyl-AMT
AT, (°C)* 2.8 + 04 83 + 0.3 7.5+ 03 73 + 04 46 + 0.5 12 + 04
K, (uM) 240 + 40” 11+ 1% 12+2° 2+1 14 + 28 21 + 5%

“AT,, corresponds to the change in midpoint temperature for unfolding of MbtI in the presence of an inibitor relative to the T}, in the absence of an
inhibitor. *Value from ref 12.

correlated with the degree of stabilization provided by the A
inhibitor (Table 3). The presence of saturating amounts of
methyl-AMT considerably stabilizes the Mbtl structure with an
increase in the midpoint temperature for unfolding (AT,,) of
8.3 + 0.3 °C relative to that of MbtI alone (Table 3). This is
consistent with the highly ordered Mbtl crystal structure
observed with this inhibitor bound. As the size of the
enolpyruvyl substituent of the inhibitor is increased, there is
an incremental decrease in the observed level of stabilization of
the Mbtl structure, with the presence of phenyl-AMT
producing a AT, of only 1.2 + 0.4 °C.

The fact that the K; values for all of the substituted AMT
inhibitors are similar in magnitude'” suggests that all have B
similar binding affinity for Mbtl. Hence, it is likely that this
trend in AT, is a reflection of the localized disorder upon
binding of larger substituted inhibitors observed in the
inhibitor-bound Mbtl crystal structures. Our results indicate
that, although inhibitors larger than methyl-AMT stabilize the
structure of Mbtl overall, resulting in an increase in Ty, these
inhibitors appear to select a conformation of Mbtl less tightly
folded than that selected by methyl-AMT.

Computational Studies Indicate a Correlation of Figure 6. (A) Conformation of Z-methyl-AMT bound to Mbtl
Binding Mode and Potency with the Conformational (magenta) overlaid with calculated solution state global minimum
Landscape of Inhibitors in Solution. Insight into the switch conformations for Z-methyl-AMT (green) and E-methyl-AMT (cyan).

(B) Conformation of AMT bound to MbtI (purple) overlaid with a
calculated solution state global minimum conformation for AMT
(orange).

in binding mode, and the higher potency, exhibited by
inhibitors carrying a modified enolpyruvyl group was achieved
by exploring the conformational landscape of the inhibitors.
Solution phase global minimum structures were calculated for
AMT, E-methyl-AMT, and Z-methyl-AMT and compared with Boltzmann populations and the overall conformational entropy
the experimentally determined conformations when bound to of each inhibitor (Tables S1—S3 of the Supporting
Mbtl. In addition, statistical conformational entropy (S.on) Information). It should be noted that for each conformational

values were estimated to examine if entropic factors contribute minimum found, a nonsuperimposable mirror image structure
to the higher potency of methyl-AMT. For this analysis, we exists with equal energy.

assumed that the inhibitors have very low conformational Interestingly, for both Z-methyl-AMT and E-methyl-AMT,
entropy when bound to the enzyme, thus allowing the AS, the solution state global minimum structures resemble the
value for each inhibitor on formation of the protein—inhibitor actual conformation of Z-methyl-AMT bound to MbtI (Table 4
complex to be estimated on the basis of solution state and Figure 6). Dihedral angles D, and D, are —173° and 107°,
calculations on the unbound inhibitor. The changes in

conformational entropy of the protein and solvent upon Table 4. Comparison between Dihedral Angles in Mbtl-
inhibitor binding were also not considered in our analysis but Bound and Calculated Solution State Global Minimum
may have a significant effect on inhibitor potency. Structures of AMT Series Inhibitors

Conformational landscapes of AMT, E-methyl-AMT, and Z-

methyl-AMT were surveyed with respect to the two dihedral ,
calculated solution state

angles determining the position of the enolpyruvyl side chain it T e global minimum
relative to the 2-hydroxybenzoate ring: C3—03—C7—C8 (D) conformation conformation”
and C2-C3-03-C7 (D,) (Figure 6 ?nd Figure SS of the DY (deg) D) (deg) Dy (deg) Dy (deg)
Supporting Information). A systematic density functional AMT 53 s —89 >
theory approach was used to identify global minimum E-methyl-AMT e na® 162 126
structures in solution. Conformer distributions were calculated Z-methy-AMT —173 107 163 117

for each inhibitor in three stages. First, the three-dimensional
potential energy surfaces of D, and D, were mapped with 18°
resolution (Figure SS of the Supporting Information). Second,

“For each global minimum conformation listed here, a non-
superimposable mirror image structure exists with equal energy.
These have dihedral angles of the same magnitude but opposite sign

all minima identified were reoptimized without geometric compared to those listed. “D; corresponds to the C2—C3—-03—-C7
constraint. Finally, the unscaled zero-point-corrected energies dihedral angle. D, corresponds to the C3—03—C7—C8 dihedral angle.
for all minimum confomers were calculated to give the “Structure of E-methyl-AMT bound to Mbtl not determined.
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respectively, in the experimental structure of Z-methyl-AMT
bound to Mbtl. D, and D, for the calculated minimum
conformer of Z-methyl-AMT differ by 24° and 10°,
respectively, from these angles. The results are similar for E-
methyl-AMT with variations of 25° and 19° for D, and D,,
respectively, between the minimum conformation and the
Mbtl-bound Z-methyl-AMT structure. This suggests that in
solution both Z-methyl-AMT and E-methyl-AMT are to some
degree preorganized for binding to Mbtl in a conformation
similar to mode 2.

Correspondingly, for AMT there is a resemblance between
the solution state global minimum structures and the
experimentally determined conformation of AMT bound to
MbtI (Table 4 and Figure 6). Dihedral angles D, and D, are
—58° and 5°, respectively, for AMT in the Mbtl-bound
structure. The calculated global minimum conformer of AMT
has D, and D, angles that differ by 33° and 7°, respectively,
from those of this bound conformation. Therefore, the solution
state conformation of AMT is closer to that required for
binding in mode 1.

Calculations on the distribution of minima and overall
solution state conformational entropy values (S.,.;) for each
inhibitor show that Z-methyl-AMT is the least disordered
(Tables S1—S3 of the Supporting Information). The methyl
substituent of Z-methyl-AMT effectively works as a conforma-
tional lock, disfavoring conformers in which the methyl group
would sterically interact with the C2 hydroxyl group. Therefore,
Z-methyl-AMT has the lowest S, of 0.8 ] K™ mol ™, with the
Boltzmann distribution indicating that 98% of the compound
will exist in the conformations corresponding to the global
minimum. AMT and E-methyl-AMT have higher S, values of
5.1 and 3.8 J K™ mol™, respectively. Correspondingly, it is
estimated that for AMT and E-methyl-AMT, 75 and 86% of
each compound, respectively, will exist in the global minimum
conformations.

On the basis of these calculations, and considering only the
entropic cost of restricting the inhibitor structure upon
formation of the MbtI—inhibitor complex, Z-methyl-AMT is
expected to the most effective inhibitor. Unfortunately, in our
previous study, the two isomers of methyl-AMT could not be
entirely separated to conclusively determine which is more
potent.'” Diastereomeric mixtures of methyl-AMT containing
predominantly the Z isomer (K; = 11 uM) or the E isomer (K;
= 14 yuM) show comparable inhibitor potency against Mbtl.
However, against the homologous enzyme, S. marcescens
anthranilate synthase, a diastereomeric mixture containing
predominantly the Z isomer (K, = 1.1 M) is an order of
magnitude more potent than one consisting predominantly of
the E isomer (K; = 34 uM). It is also interesting to note that for
the Mbtl-bound crystal structures of all AMT derivatives,
excluding that of phenyl-AMT, only the Z isomer is observed.
However, this may simply reflect the higher concentration of
the Z isomer in the diastereomeric mixtures used for
cocrystallization with MbtL ">

B CONCLUSION

The inhibitor-bound Mbtl crystal structures determined in this
study reveal a correlation of inhibitor potency with observed
binding mode. It is evident that a subsitutent on C8 of the
enolpyruvyl side chain of the core AMT compound leads to a
switch in binding mode. The least potent compound of the
series, AMT, binds in a substrate-like mode, close to that
predicted for our inhibitor series from in silico modeling
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studies.'”” The higher-potency AMT variants, which carry

hydrophobic substituents on the enolpyruvyl side chain, have
a binding mode that is flipped by almost 180° relative to that of
AMT. Computational studies suggest that this change in
binding mode is due to modulation of the conformational
landscape of the AMT core of the inhibitors upon addition of a
substituent to the enolpyruvyl side chain. Considerable
localized plasticity is observed in the Mbtl active site and
appears to be facilitated by inherent flexibility in the
surrounding peptide backbone. This allows the larger inhibitors
from the AMT series to be accommodated at the active site and
is consistent with the tolerance of Mbtl to various substituents
on the enolpyruvyl side chain.

To the best of our knowledge, the Mbtl structures obtained
in this study are the first for this family of chorismate-utilizing
enzymes that contain an inhibitor bound to the active site.
Hence, these structures provide information that could be used
to guide inhibitor development against other enzymes from this
CUE family. More generally, our results emphasize the
importance of considering conformational flexibility in both
inhibitor compounds and target enzymes for inhibitor
design.ss_é1 On the basis of the structural information gained
in this study, our future work will focus on elaborating the
AMT series of Mbtl inhibitors to both optimize the inhibitor
conformation for binding and gain further inhibitor—protein
interactions, with the ultimate aim of developing an anti-TB
drug with a novel mode of action.
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Mbtl, M. tuberculosis salicylate synthase; CUE, chorismate-
utilizing enzyme; TrpE/TrpG, anthranilate synthase; PabB, 4-
amino-4-deoxychorismate synthase; MenF and EntC, isochor-
ismate synthase; K;, inhibition constant; GST, glutathione S-
transferase; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid; DTT, dithiothreitol; AMT, 3-(1-carboxyetheny-
loxy)-2-hydroxybenzoic acid; methyl-AMT, 3-(1-carboxyprop-
1-enyloxy)-2-hydroxybenzoic acid; ethyl-AMT, 3-(1-carboxy-
but-1-enyloxy)-2-hydroxybenzoic acid; cyclopropyl-AMT, 3-(1-
carboxy-2-cyclopropylethenyloxy)-2-hydroxybenzoic acid; iso-
propyl-AMT, 3-(1-carboxy-3-methylbut-1-enyloxy)-2-hydroxy-
benzoic acid; phenyl-AMT, 3-(1-carboxy-2-phenylvinyloxy)-2-
hydroxybenzoic acid; T, midpoint unfolding temperature;
B3LYP, Becke three-parameter hybrid functional with Lee—
Yang—Parr correlation function; S, conformational entropy;
rmsd, root-mean-square deviation; PDB, Protein Data Bank.
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