BIOCHEMISTRY

including biophysical chemistry & molecular biology

pubs.acs.org/biochemistry

The Substrate Capture Mechanism of Mycobacterium tuberculosis
Anthranilate Phosphoribosyltransferase Provides a Mode for

Inhibition

Alina Castell,”® Francesca L. Short,T’|| Genevieve L. Evans,” Tammie V. M. Cookson,*
Esther M. M. Bulloch,T Dmitri D. A. _]oseph,i Clare E. Lee,Jr Emily ]J. Parker,;t Edward N. Baker,T

and J. Shaun Lott®"

"Maurice Wilkins Centre for Molecular Biodiscovery and School of Biological Sciences, University of Auckland, 3 Symonds Street,

Auckland 1142, New Zealand

*Maurice Wilkins Centre for Molecular Biodiscovery and Department of Chemistry, University of Canterbury, 20 Kirkwood Avenue,

Christchurch 8140, New Zealand

© Supporting Information

ABSTRACT: Anthranilate phosphoribosyltransferase
(AnPRT, EC 2.4.2.18) is a homodimeric enzyme that catalyzes
the reaction between S5’-phosphoribosyl 1’-pyrophosphate
(PRPP) and anthranilate, as part of the tryptophan biosyn-
thesis pathway. Here we present the results of the first
chemical screen for inhibitors against Mycobacterium tuber-
culosis AnPRT (Mtb-AnPRT), along with crystal structures of
Mtb-AnPRT in complex with PRPP and several inhibitors.
Previous work revealed that PRPP is bound at the base of a
deep cleft in Mtb-AnPRT and predicted two anthranilate
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binding sites along the tunnel leading to the PRPP binding site. Unexpectedly, the inhibitors presented here almost exclusively
bound at the entrance of the tunnel, in the presumed noncatalytic anthranilate binding site, previously hypothesized to have a
role in substrate capture. The potencies of the inhibitors were measured, yielding K values of 1.5—119 uM, with the strongest
inhibition displayed by a bianthranilate compound that makes hydrogen bond and salt bridge contacts with Mtb-AnPRT via its
carboxyl groups. Our results reveal how the substrate capture mechanism of AnPRT can be exploited to inhibit the enzyme’s
activity and provide a scaffold for the design of improved Mtb-AnPRT inhibitors that may ultimately form the basis of new

antituberculosis drugs with a novel mode of action.

T uberculosis (TB), the disease caused by the bacterium
Mycobacterium tuberculosis (Mtb), continues to be a major
global health burden in the 21st Century, with an estimated 2
billion people infected and almost 1.5 million deaths caused by
TB in 2010." Multidrug resistant (MDR) or extensively drug
resistant (XDR) Mtb strains cause almost 4% of new TB cases”
but are responsible for almost 9% of deaths from the disease. This
is because they require treatment with second-line drugs that are
less potent, have more side effects, and are much more expensive
than the first-line antibiotics approved for Mtb. XDR-TB cases
have now been confirmed in 58 countries, and the prevalence of
these strains is increasing, making the development of new anti-
TB agents a priority.

Genetic analysis has revealed a set of new potential drug
targets in Mtb, including the biosynthetic pathways for a number
of amino acids. For example, a genetic knockout in the
tryptophan biosynthetic pathway [trpD or Rv2192c, the open
reading frame encoding anthranilate phosphoribosyltransferase
(AnPRT)] produced an auxotrophic Mtb strain that is essentially
avirulent, even in immunodeficient mice,’ showing the
essentiality of this pathway for pathogenesis. As mammals do
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not synthesize tryptophan, the enzymes in this pathway therefore
appear to be attractive potential targets for new anti-TB drugs.

AnPRT catalyzes the second step in the tryptophan biosyn-
thesis pathway. In the reaction, 5’-phosphoribosyl 1’-pyrophos-
phate (PRPP) donates a phosphoribosyl group, which is added
to the amino group of anthranilate to make N-(5’-
phosphoribosyl)anthranilate (PRA) (Figure 1). The use of
PRPP as a phosphoribosyl source is a general characteristic of
phosphoribosyl transferases (PRTs), which require the presence
of a divalent metal, usually magnesium, to catalyze transfer to
their specific nitrogenous bases.”> The only specific AnPRT
inhibitor recorded to date in the literature is 3-hydroxyan-
thranilate, with a reported K; of 12 uM.S

AnPRT is the only representative of a type IV PRT and is
structurally distinct from the other PRTs (types I-III).> PRT
type IV enzymes have the same fold as type II nucleoside
phosphorylases (NP), the family of enzymes that catalyze the
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Figure 1. Reaction catalyzed by AnPRT.

removal of the ribosyl group from pyrimidines. Thus, AnPRT
represents a link between two classes of enzyme, which catalyze
near-reverse reactions.” Interestingly, both type I NP enzymes
and type I PRT enzymes undergo significant conformational
changes upon substrate binding, and crystal structures of NPs
and PRTs that are “closed” to various degrees have been
observed. In type II NP enzymes, the conformational change
involves rotation of the two domains relative to each other about
the “hinge” region, whereas in PRT type I enzymes, it involves a
flexible loop rearranging to effectively close the substrate-binding
pocket. This suggests the importance of sequestering the highly
reactive transition state or intermediate, which is proposed to
have carbenium ion character in both reactions.*”

The structure of Mtb-AnPRT has previously been determined
in both substrate-free and PRPP-bound forms [Protein Data
Bank (PDB) entries 2BPQ and 1ZVW, respectively].'” AnPRT
enzymes from other bacteria have also been characterized
structurally, including those from Sulfolobus solfataricus (Sso),”
Thermus thermophilus (PDB entry 1V8G), Nostoc sp. (PDB entry
1VQU), and Pectobacterium carotovorum (Pca).'' Mtb-AnPRT,
like its homologues, forms an S-shaped homodimer, with each
monomer consisting of an all-helical N-terminal domain and a
larger @/ C-terminal domain, separated by a deep cleft.”'*""
The N-terminal domain is composed of a four-helix bundle
(al—a4, residues 1—89), decorated with two additional helices
(a8 and a9, residues 189—209), and is joined to the C-terminal
domain by three chain segments (between a4 and 1, 43 and a8,
and a9 and $4).'° Dimerization occurs solely through the N-
terminal domain, via helices al, a3, and a8.

The structure of Mtb-AnPRT soaked with PRPP (PDB entry
1ZVW) shows the substrate binding at the bottom of a deep cleft.
The pyrophosphate of PRPP is coordinated to a Mg** ion and
forms hydrogen bonds with residues from the N-termini of
helices aS and a6, and f-strands 1 and 2 from the C-terminal
domain. The remainder of the PRPP molecule is bound by two
loops that link these a-helices and fS-strands (f1—as, residues
107—117, loop I; f2—a6, residues 138—146, loop II) and close
around the PRPP substrate on each side.”'”"" Loop I contains a
glycine-rich phosphate-binding sequence motif, and loop II
contains an invariant asparagine, Asn138, which coordinates the
hydroxyl groups of the ribose ring via its backbone carbonyl
oxygen.'® A third substrate-binding loop has also been identified
(BS—p6, residues 247—258, loop III) and is involved in
coordinating both Mg** ions that bind in association with PRPP.

Anthranilate binding to the Mthb-AnPRT—PRPP—Mg>*
complex (PDB entry 1ZVW) was modeled using GOLD,"
which predicted two distinct binding sites.'® The first, which is
presumably the catalytically relevant site, is adjacent to PRPP,
with the anthranilate making contact with the side chain amide
group of the invariant Asn138, as well as other residues located
on the flexible PRPP-binding loops. The second predicted
binding site is farther from the PRPP and near the entrance to the
substrate-binding cleft. At this outer site, anthranilate makes a salt
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bridge with a highly conserved arginine, Arg193, from the N-
terminal domain. Similar “inner” and “outer” anthranilate
binding sites were subsequently experimentally observed in the
complex of Sso-AnPRT with PRPP and anthranilate (PDB entry
1ZKY)." The sites were generally similar to those predicted for
Mtb-AnPRT, with an anthranilate molecule at an inner site and
another at an outer site, both of which make hydrogen bonds
with the conserved asparagine from the flexible loop. Two
histidines that are conserved in Mtb-AnPRT were also identified
as m-acceptors with the potential to form weak hydrogen bonds
with the C—H groups on the aromatic rings of anthranilate in
both sites."* To date, no other types of PRT have been observed
to have two distinct binding modes for the same substrate within
the active site pocket.

Here we report the first investigation into inhibition of Mtb-
AnPRT and the first crystal structures of an AnPRT complexed
with small molecule inhibitors. This provides insight into the
binding modes of inhibitor molecules, supplies further evidence
of the presence of two distinct anthranilate binding sites in Mtb-
AnPRT, the outermost of which is proposed to have a role in
substrate capture, and establishes a basis for the structure-based
design of improved inhibitors.

B EXPERIMENTAL PROCEDURES

Materials. Unless otherwise stated, all chemicals were
obtained from Sigma-Aldrich, Scharlau, or Pure Science. All
inhibitors characterized here were from Sigma-Aldrich except for
ACS165 {hexanoic acid, 3-amino-6-[ (2,4-dinitrophenyl)amino -
(6C1)}, which was from BDH Chemicals.

Cloning, Expression, and Purification. The Mtb trpD gene
had previously been cloned into expression vector pET23a,
which adds a C-terminal Hisg tag."’ This plasmid was used to
transform Escherichia coli BL21(DE3) (Stratagene) and the same
strain containing pRIL for expression of rare codons (Novagen),
or plasmids (pBB528 and fBB54l) for coexpression of
chaperonins (GroES-GroEL)."* Use of the latter strain resulted
in an improved soluble protein yield. Cells were grown in shaking
flasks at 37 °C until the culture reached an ODgy, of 0.6.
Expression of Mtb-AnPRT was induced by the addition of 1 mM
isopropyl f-p-thiogalactopyranoside (IPTG), and the cells were
incubated at 18 °C overnight, before being pelleted and frozen at
—20 °C. For expression of selenomethionine (SeMet)-labeled
Mtb-AnPRT, E. coli BL21(DE3) pRIL cells harboring the trpD
plasmid were grown in minimal medium at 37 °C to an ODy, of
>0.3. Cultures were then cooled to 18 °C and supplemented with
branched chain amino acids and L-SeMet. Expression of Mtb-
AnPRT was induced 30 min later with IPTG and growth
continued overnight."®

Bacterial cell pellets were defrosted as needed, resuspended in
lysis buffer [SO mM Tris-HCl (pH 8.0), 150 mM NaCl, and 10
mM imidazole], and lysed by being passed through a cell
disrupter (Constant Systems Ltd.) at 2 kbar. Mtb-AnPRT was
purified to homogeneity using affinity and gel filtration
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chromatography as previously described,'® concentrated using a
centrifugal concentrator (Vivaspin, 10000 molecular weight
cutoff), and flash-cooled in liquid nitrogen before being stored at
—80 °C. The final storage bufter for AnPRT consisted of 50 mM
Tris-HCI, 150 mM NaCl, S mM f-mercaptoethanol, and 5% (v/
v) glycerol for crystallography and 50 mM KH,PO,, 200 mM
NaC], and 25 mM imidazole for biochemical assays.

Biochemical Assays. The initial screen was performed in a
96-well plate using the fluorescence-based assay previously
described."® An enzyme-coupled absorbance-based assay
developed in house was used to determine the inhibitor—
enzyme kinetic parameters of Mtb-AnPRT, including K; values
for the inhibitors. Conversion of PRA, the product of Mtb-
AnPRT, by PRA isomerase-indoleglycerol phosphate synthase
(PRAI-InGPS) into indoleglycerol phosphate (InGP) can be
monitored spectrophotometrically at 270 nm.'® PRAI-InGPS
was added in excess to ensure that the AnPRT-catalyzed reaction
is the rate-limiting step and to prevent feedback inhibition caused
by the buildup of PRA. The extinction coefficient for InGP
production from anthranilate and PRPP was determined to be
7500 L mol™ cm™ at 270 nm under assay conditions that
included known concentrations of anthranilate.

All assays were conducted with a Varian Cary 100 UV—vis
spectrophotometer using quartz cuvettes thermally equilibrated
to 25 °C. The final concentrations of the following components
were included in the coupled assay: PRPP (0.6 mM), MgCl, (1
mM), Mtb-AnPRT (0.1 uM), Eco-PRALInGPS (1.7 uM),
anthranilate (0—140 uM), inhibitor (0—150 uM), and Tris-
HCl buffer [SO mM Tris and 150 mM NaCl (pH 8.0)]. The Tris
buffer solution was made using ultrapure water that had been
pretreated with Chelex, and all other solutions were subsequently
made using this Tris buffer. Reactions were initiated via the
addition of Mtb-AnPRT, with initial rates of reaction determined
by a least-squares fit of the initial rate data and the average value
of two replicates used for subsequent K; determination. K; values
were obtained by fitting the data to the Michaelis—Menten
equation using GraFit S (Erithacus Software).17

Crystallization. Prior to crystallization, aliquots of Mib-
AnPRT at 3—6.6 mg/mL were thawed by incubation at 37 °C
and where applicable mixed with 10 mM PRPP, 10 mM MgCl,,
and 1-S mM inhibitor (dissolved in DMSO). High-quality
crystals of Mtb-AnPRT in complex with inhibitors were obtained
in hanging drops of 1 uL of protein solution [in SO mM Tris-HC],
150 mM NaCl, S mM p-mercaptoethanol, and 5% (v/v)
glycerol] with 1 yL of reservoir solution. Initially, crystals of Mtb-
AnPRT in complex with PRPP, Mg2+, and inhibitors were grown
in 24-well screens of 0.2 M cacodylate (pH 5.5—7.0) and 6—12%
PEG6000, based on the condition identified by Lee et al.'® but
without the additive benzamidine. Selenomethionine-labeled
Mtb-AnPRT was used as this had crystallized more readily than
the native form in previous work.

New conditions for crystallization of native Mtb-AnPRT in the
absence of benzamidine [0.2 M imidazole/malate (pH 8.0) and
15% PEG4000] were found by sitting-drop vapor diffusion (0.1
UL of protein solution with 0.1 uL of precipitant) in IntelliPlate
plates (Art Robbins Instruments) at 291 K using a Cartesian
Honeybee dispensing robot with an in-house 480-component
screen.'® Optimized crystals of Mtb-AnPRT, in its substrate-free
form and in complex with PRPP, Mgzﬂ and various inhibitors,
were obtained in 24-well screens of 0.2 M imidazole/malate (pH
7.0—8.5) and 10—20% PEG4000. For inhibitors for which high-
quality crystals were not obtained using this method, the screen
was repeated and crystallization drops were seeded from native
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substrate-free crystals using a cat whisker. Precise crystallization
conditions for each inhibitor are listed in Table S3 of the
Supporting Information. The crystals generally had block
morphology and grew to dimensions of ~0.1 mm X 0.8 mm X
0.5 mm within 2 weeks.

For data collection, crystals were removed from the
crystallization drop with a nylon loop. The cocrystallized Mtb-
AnPRT—inhibitor crystals were soaked in a cryoprotectant
containing the mother liquor and 26% glycerol before being
flash-cooled in liquid nitrogen.

Data Collection, Structure Solution, and Refinement.
Data were collected at the Australian Synchrotron, beamline
MX2, and on the home source. The crystals of the Mtb-AnPRT—
inhibitor complexes diffracted to a maximum resolution that
varied between 1.6 and 2.4 A. X-ray diffraction data were indexed,
integrated, and scaled with the autoPROC suite,19 XDS,20 and
SCALA*" or with the HKL2000 suite of programs.”* Chain A of
the original Mtb-AnPRT—PRPP complex structure (PDB entry
lZVW),10 without ligands, was used as the search model for
structure determination by molecular replacement using
MOLREP,* and as the initial model for refinement of the
AnPRT—inhibitor complex structures. Refinement and model
building were performed with Coot’* and Refmac$,” or
autoBUSTER,”® with restraints for the inhibitors generated by
using the PRODRG server.”” Restraints on bond lengths and
angles were based on the ideal values of Engh and Huber,”® and
model quality was assessed using MolProbity.”” Full data
collection and refinement statistics are listed in Table 2. Figures
illustrating structural details were prepared using PyMOL,*" with
maps generated with FFT®' in the CCP4 suite,”> and the
inhibitor binding modes were characterized using LigPlot+.*®
Structural superpositions were performed with SSM,** using the
Ca atoms of residues 25—369 for comparing monomers of Mtb-
AnPRT and the Ca atoms of secondary structure elements for
comparing monomers of Mtb-AnPRT and Sso-AnPRT.

The crystallographic coordinates and structure factor
amplitudes for all structures have been deposited in the Protein
Data Bank with the entries listed in Table 1.

B RESULTS AND DISCUSSION

Compounds of Anthranilate and Bianthranilate Char-
acter Inhibit Mtb-AnPRT. To identify inhibitors of Mtb-
AnPRT, a targeted library of 165 compounds from the Auckland
Cancer Society Research Centre (ACSRC) was screened (Figure
S1 of the Supporting Information) using the fluorescence assay
originally developed by Bauerle et al.*> The compounds were
chosen from the ACSRC in-house chemical collection, based on
their substratelike or metal binding properties. The best
inhibitory compounds were found to have aromatic rings with
a carboxyl group, and most had substituents at position 2, like the
native substrate anthranilate (Figure 1). A number of these
compounds (e.g, ACS125 and ACS130) were competent to
undergo the phosphoribosyl transferase reaction catalyzed by
Mtb-AnPRT to form PRA derivative products. These will be
discussed elsewhere (manuscript in preparation). In the study
presented here, we focus on the compounds that did not act as
alternative substrates (Table 1), with the aim of structure-based
inhibitor design.

The inhibition properties of the top compounds from the
screen were characterized using an absorbance assay that coupled
AnPRT activity with the subsequent enzyme in the tryptophan
pathway, PRA isomerase-indoleglycerol phosphate synthase.
The use of an absorbance assay prevented interference from
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Table 1. Chemical Structures, K, Values, and PDB Entries of
Inhibitors

Resolution | Binding
ACS No. Structure Ki (uM) |PDB ID
(A) modes
o)
L
172 NH O 1.5+£0.1 3QQs 1.97 27
@)ko_
0. O
142 /&“Hz 6.3+0.8 3UU1 1.82 2
O _O
NH,
145 15+4 3R88 1.73 1
9
O\
0.0
174 18+2 3QS8 215 2
179 19+5 |3R6C 1.83 1°
Oy O
126 60+ 13 n/a’® n/a n/a
NH,
O\
,0‘ o
: Ii
d/«N NQO
: :NH
165 79 £17 n/a n/a n/a
NH,
o)
o
0. O
10 HO& 119+20 | 3TWP 1.83 1

“There is a third binding mode that involves contacts between
different dimers and, hence, is likely an artifact of crystal packing.
bThere is a second mode is in a hydrophobic region on the surface of
the protein that is likely a crystallographic artifact. “Not available.

inhibitors that fluoresced at wavelengths similar to that of
anthranilate. Inhibition constants (K;) were determined by fitting
a competitive inhibition model with respect to anthranilate
(Figure S2 of the Supporting Information) and ranged from 1.5
to 119 yuM (Table 1). The strongest inhibition (K; = 1.5 + 0.1
uM) was observed for compound ACS172 [2-(2-
carboxyphenylamino)benzoic acid], which is composed of two
benzoic acid rings linked via a secondary amine and is thus
bianthranilate-like in character.
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A New Crystallization Protocol Reveals More of the
Active Site Pocket of Mtb-AnPRT. A new substrate-free
structure of Mtb-AnPRT was determined in the process of
optimizing the crystallization protocol for inhibition studies
(PDB entry 3QR9). A new crystallization condition was found
[0.2 M imidazole/malate (pH 8.0) with 15% PEG4000 as a
precipitant] that produced crystals that diffracted to 1.87 A,
without the need for the addition of benzamidine, which had
previously been required to produce diffraction-quality crys-
tals.'® This new substrate-free structure, although largely similar
to that reported previously, showed two significant differences:
helix a8 of the N-terminal domain is shifted by ~S A, narrowing
the entrance to the active site, and loop I no longer folds into the

substrate-binding cleft (Figure 2).
Arg187,

(’ A$p2£‘1‘7\

SONA

Figure 2. New substrate-free structure of Mtb-AnPRT. The new
substrate-free crystal structure of Mtb-AnPRT (PDB entry 3QRY, chain
A, blue) is shown superimposed on the original substrate-free structure
(PDB entry 2BPQ, chain A, pink), which was cocrystallized with
benzamidine (red). The inset shows the movement of helix a8 and the
reorientation of Arg187, which forms a salt bridge with Asp247 from an
adjacent molecule in the crystal (orange) in the original substrate-free
structure.

We propose that helix a8 in the original substrate-free (PDB
entry 2BPQ) and PRPP-bound (PDB entry 1ZVW) structures of
Mtb-AnPRT was captured in a conformation favored by the
crystal packing in the original crystal form. Superposition of the
new substrate-free structure on the original substrate-free
structure of Mtb-AnPRT shows that the latter has several a-
helices (a3, @9, and a10) that appear to have rearranged around
the benzamidine binding site, with these movements propagating
outward to helix @8 (Figure 2). Helix a8 is longer in the new
ligand-free structure and includes Argl87, which in the original
structure formed a salt bridge with Asp247 from an adjacent
molecule as part of a crystal contact (Figure 2, inset). In addition,
the length of helix a8 and its position adjacent to the substrate
entrance in the new substrate-free Mtb-AnPRT structure are
consistent with the substrate-free structures of AnPRT from
other bacterial species (PDB entries 1KHD, 1017, 1V8G, and
2ELC).”" Taken together, these observations suggest that the
position of helix a8 in the original structures (PDB entries 2BPQ
and 1ZVW) arises from the presence of the crystallization
additive or from crystal packing.

The different positions of loop II in the two substrate-free
structures of Mtb-AnPRT reflect the inherent flexibility of this
loop, which is important for substrate binding. Both loops I and

dx.doi.org/10.1021/bi301387m | Biochemistry 2013, 52, 1776—1787
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Table 2. Data and Refinement Statistics for All Complexes

space group
cell dimensions

a, b, c(A)

B (deg)
no. of unique reflections
resolution range® (A)
Riperge™
I/o(I)?
completeness” (%)
redundancy”
Wilson B factor (A)

resolution range (A)
no. of atoms, B factor®
protein
solvent
Ry (%), Reee™ (%)
Ramachandran outliers’ (%)
rmsd®
bond lengths (A)
bond angles (deg)

space group

cell dimensions
a,b,c(A)
B (deg)

no. of unique reflections

resolution range® (A)

completeness” (%)
redundancy”
Wilson B factor (A)

resolution range (A)
no. of atoms, B factor®
protein
solvent
Ry (%), Reee™ (%)
Ramachandran outliers” (%)
rmsd®
bond lengths (A)
bond angles (deg)

AnPRT

P2,2,2,

79.5,91.8, 120.1

90.0

72847

26.5—1.86 (1.96—1.86)
0.079 (0.74)

19.4 (2.6)

98.1 (87.6)

6.9 (6.7)

23.8

26.5—-1.87

5006, 23.9

520, 32.4

18.7, 214 (32.9, 35.7)
0.3

0.015
1.46

AnPRT—PRPP—ACS174

AnPRT—PRPP—ACS172

Data Collection
P2,

94.9, 782, 101.7
111.0
97403
94.9-1.97 (2.08—1.97)
0.091 (0.72)
119 (2.0)
99.1 (97.8)
3.7 (3.6)
23.3

Refinement
94.9-1.97

9898, 26.1

601, 30.2

21.6,25.9 (29.1, 32.6)
0.4

0.012
1.46

Data Collection

AnPRT—PRPP—-ACS142

P2,

782, 111.0, 80.4

89.97

116249

111.0-1.82 (1.92—1.82)
0.076 (0.48)

111 (3.0)

95.2 (73.5)

4.6 (34)

17.9

80.4—1.82

9813, 19.8
1087, 30.4

212, 25.6 (65.6, 69.8)
03

0.014
1.45

AnPRT—PRPP—ACS179

P, C2
78.4, 80.8, 110.5 94.0,77.9, 99.8
90.0 1102
94047 58097
110-2.15 (2.25-2.15) 93.7—1.83 (1.93—1.83)
0.068 (0.64) 0.055 (0.37)
19.8 (2.2) 24.8 (5.2)
98.8 (98.9) 98.0 (86.0)
74 (6.3) 7.1 (5.7)
23.7 19.5
Refinement
110.4-2.15 93.7—-1.83
10020, 23.6 5010, 21.3
829, 33.8 572,325
17.7,21.4 (22.4,28.1) 18.6,22.7 (51.7, 53.1)
0.3 0.3
0.014 0.009
1.49 1.50

AnPRT—PRPP—ACS145

C2

94.3,78.9, 100.5
110.3

71917

94.3—1.73 (1.82—1.73)
0.065 (0.66)

23.1 (3.3)

99.8 (99.2)

7.3 (7.0)

20.3

58.9-1.73

4976, 19.4

689, 33.4

17.5,21.4 (24.9,29.2)
0.3

0.011
142
AnPRT—PRPP—ACS10

P2,

78.7,111.3, 81.1
90.1

104098

111.3—1.83 (1.93—1.83)
0.044 (0.24)

15.3 (4.4)

96.4 (76.8)

3.6 (29)

182

81.1-1.83

10003, 19.4

1199, 30.7

19.3,23.8 (539, 56.9)
0.3

0.013
143

“Data for the outer resolution shell are given in parentheses. meerge = >l (hkl) — (I(hk1))/ Yl (hkl), where (I(hkI)) is the mean of the symmetry-
equivalent reflections of I(hkl). “A> The average atomic temperature factor. Details of the average atomic temperature factors for the ligands in the
structures are given in Table S2 of the Supporting Information. 9Ron = IIF| — IEII/IF,]. “Rg., = Y lIF,| — IF I/ Y 1IF,| (where T is a test data set of
5% of the total reflections randomly chosen and set aside before refinement). ‘Ramachandran outliers calculated using Molprobity.* éIdeal values

from Engh and Huber.?®

IT are involved in binding PRPP, and without PRPP, the residues
from these loops are disordered (either lacking electron density
or with high B factors) in both the new substrate-free Mtb-
AnPRT crystal structure (PDB entry 3QR9) and in all other
substrate-free AnPRT structures (PDB entries 2BPQ, 1KHD,
1017, 1V8G, and 2ELC).7’11 Structural alignment of the new
substrate-free structure with an Mtb-AnPRT—inhibitor—PRPP
complex structure (Figure S3 of the Supporting Information)
shows that both loops I and II move significantly upon substrate
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rearrangement of flexible loops.

The movement of loops I and II upon PRPP binding, along
with the new position of helix a8, results in an ~15 A long tunnel
between the PRPP and the solvent, which contains both
predicted anthranilate binding sites. The position of helix a8

binding. This suggests that Mtb-AnPRT, in a manner analogous
to that of the structurally dissimilar PRT type I enzymes, protects
its highly reactive carbenium ion intermediate from solvent by

affects the predicted binding of anthranilate in the outer site as it

dx.doi.org/10.1021/bi301387m | Biochemistry 2013, 52, 1776—1787
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brings extra residues into the interdomain cleft, such that they are
able to interact with incoming molecules. Thus, the new
crystallization protocol was important for determining and
analyzing the binding mode of the inhibitor compounds as
discussed below.

Binding of the Most Potent Inhibitor, ACS172. Because
Mtb-AnPRT was predicted to have two adjacent anthranilate
binding sites,'”'® and the most potent inhibitor identified in our
screen (ACS172) is bianthranilate-like in character, it was
important to determine the exact mode of binding of this
inhibitor to the enzyme. To elucidate its binding mode, inhibitor
ACS172 was cocrystallized with Mtb-AnPRT. The cocrystals
formed in space group P2,, with four monomers per asymmetric
unit, corresponding to two homodimers of Mtb-AnPRT. The
structure was determined by molecular replacement using chain
A of the original Mtb-AnPRT—PRPP complex structure (PDB
entry 1ZVW) ,*% with the ligands removed, as the search model. It
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was then refined against data to a resolution of 1.97 A, with
excellent refinement statistics and geometrical parameters (Table
2).

Clear electron density in one of the subunits of each
homodimer (corresponding to chains A and B) allowed for
unambiguous placing of the inhibitor at full occupancy (Figure 3a
and Figure S4a of the Supporting Information). The positions of
PRPP and two Mg** ions were also clearly identified, but the
ribosyl ring of PRPP showed evidence of multiple conformations,
as has been observed previously in other AnPRT enzymes,”"?
and was refined with an occupancy of 0.5. As mentioned above,
the associated PRPP-binding loops adopted a “closed”
conformation compared to the substrate-free structure (Figure
S3 of the Supporting Information). In this subunit, ACS172
binds in a site that overlaps with the outer anthranilate binding
site (Figure 4a), with the carboxylic acid group of the inhibitor
9.3 A from C2 of PRPP (Figure 3a). This binding mode, termed

dx.doi.org/10.1021/bi301387m | Biochemistry 2013, 52, 1776—1787
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Figure 4. Position of the most potent inhibitor in the substrate-binding
tunnel. The cocrystal structure of Mtb-AnPRT, inhibitor ACS172,
PRPP, and Mg** (PDB entry 3QQS) is superimposed on the Sso-
AnPRT crystal structure (PDB entry 1ZYK) determined by Marino et
al® (a) Binding mode I of ACS172 (cyan) overlaps with the outer
binding site of anthranilate (yellow) observed in the Sso-AnPRT crystal
structure. (b) Binding mode IT of ACS172 (cyan) overlaps with both the
inner and outer binding sites of anthranilate (yellow) observed in Sso-
AnPRT.

mode I, is formed by residues from helix a8, loop II, and a region
linking the C-terminal and N-terminal domains (a8—f3)
(Figure S4a of the Supporting Information), thus occupying
the outer end of the substrate-binding tunnel formed by helix a8.
The carboxylic acid groups of ACS172 form salt bridges with the
guanidinium groups of Argl93 and Argl94 from helix a8, and
hydrogen bonds are made with the side chain amide group of
Asn138 from loop II and the backbone carbonyl oxygen of
Phe202 via an ordered water (Figure 3a,c). The plane of the
outermost ring of ACS172 is stacked parallel with that of Pro180
(Figure 3a), with 3.9 A between the two rings (Figure 3c),
suggestive of possible weak hydrogen bonds between the
hydrogens of the proline ring and the z-electron cloud of the
aromatic ring of ACS172.% The inner ring of ACS172 packs in a
plane-to-edge fashion against the phenyl ring of Tyr186, and the
distances again suggest possible C—H--7 interactions® ”*
between Tyr186 and the ACS172 aromatic ring,

In the other subunit of each homodimer (corresponding to
chains C and D), a different binding mode for ACS172 was
observed, with the inhibitor bound such that its carboxylic acid
group is only 3.4 A from C2 of PRPP (Figure 3b). In this binding
mode, termed mode II, the ACS172 molecules had a lower
occupancy (0.6), suggesting that this is a less favored binding
mode in the crystal structure (Figure S4c of the Supporting
Information) and the electron density was less clear for PRPP
(and for the associated PRPP-binding loops) in this subunit, with
little visible density for the ribosyl moiety, indicating that in
addition to the ribose ring, the entire PRPP molecule has
increased flexibility (Figure S4c of the Supporting Information).
In mode I, the outer ring of the inhibitor packs in plane-to-edge
fashion against the phenyl ring of Tyr186 (Figure 3b,d), with its
carboxylic acid hydrogen bonded to Asn138 and the inner ring
occupying part of the predicted inner anthranilate site (Figure
4b). In this subunit, a second ACS172 molecule was also
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observed near the entrance to the substrate-binding tunnel
(Figure 4b). However as this outermost site (mode III binding)
also involves crystal contacts (Figure SS of the Supporting
Information), it was presumed to not represent a likely binding
mode in solution and thus is not described in detail. Although we
cannot rule out the possibility that mode II binding is also
favored or even driven by crystal packing, the fact that it mimics
some substrate-like contacts makes it a useful guide for the design
of improved inhibitors.

The significance of binding mode II of ACS172 is that it
directly prevents anthranilate from binding to its catalytically
relevant binding site. Although mode I binding does not overlap
with the catalytically relevant anthranilate binding site, it involves
several residues from both domains of the protein, and binding
here would block incoming molecules from entering the enzyme
active site via the substrate-binding tunnel (Figure 4a). Hence,
binding in either site could contribute to enzyme inhibition. In
addition, having two possible binding modes, corresponding to
slightly different conformations of the residues in the binding
pocket, may contribute to the overall potency of the
bianthranilate inhibitor against Mtb-AnPRT.

The Substrate-Binding Tunnel Entrance Binds Chemi-
cally Diverse Inhibitors. Following the observation that
ACS172 binds at the entrance to the substrate-binding tunnel,
an additional five of the best inhibitors identified from the initial
screen (ACS10, ACS142, ACS145, ACS174, and ACS179) were
cocrystallized with Mtb-AnPRT and their binding sites examined.
Attempts to cocrystallize Mtb-AnPRT with inhibitors ACS126
and ACS165 were unsuccessful, perhaps because of their higher
K, values of 60—70 uM. The inhibitors that were observed in
complex with the enzyme are diverse in structure, with some
single-ring anthranilate mimics and some extended molecules
containing multiple aromatic rings and side groups. All of these
inhibitors could be observed in complex with Mtb-AnPRT, from
cocrystal structures determined at resolutions ranging from 1.8
to 2.4 A (Tables 1 and 2, Figure S, and Figure S6 of the
Supporting Information).

The binding mode of these inhibitors broadly matched
binding mode I of ACS172, with variations in the number and
location of hydrogen-bonded contacts (Figure S). Binding in the
outer anthranilate-binding site is the only mode of binding
observed for ACS145, AC179, and ACS10, whereas other
compounds also bind in the inner anthanilate-binding site (Table
3, discussed below). Some residues were universally involved in
binding at the outer site, whereas others appear to be dispensable,
while still contributing additional interactions for some inhibitors
(Table 3). Hydrophobic interactions and/or z-interactions with
Pro180 and Tyr186 on either side of the aromatic plane were
universal, and this “hydrophobic sandwich” appears to be the
main determinant of binding at the outer site. Residues Asn138
and Arg193 also appeared to be fundamental for binding here, as
all of the inhibitors were observed to form hydrogen bonds with
one or both of these residues. The cocrystal structures of the
other inhibitors binding to this site were very similar to the
cocrystal structure of ACS172, as reflected by small rmsds when
the monomer structures were overlaid (0.35 A for ACS142, 0.43
A for ACS145,0.29 A for ACS174, 0.25 A for ACS179, and 0.33
A for ACS10).

Molecules binding at the outer anthranilate site at the entrance
to the substrate-binding tunnel are presumed to prevent enzyme
activity by blocking anthranilate from reaching the catalytic site
deeper inside the enzyme. Although it is conceivable that
anthranilate could enter the active site without first passing
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through the substrate-binding tunnel, it would require rearrange-
ment of the PRPP-binding loops. However, most of the
inhibitors, like ACS172, form hydrogen bonds with residue
Asn138, which is located on one of the flexible PRPP-binding
loops, suggesting that inhibitor binding could stabilize the
flexible loop in the “closed” conformation, effectively preventing
both the exchange of PRPP and any potential simultaneous
binding of anthranilate.

Several of the inhibitors tested were composed of single
aromatic rings with varying substituents (ACS10, ACS142, and
ACS145). It is perhaps surprising a priori that these single-
aromatic ring inhibitors were observed to bind preferentially at
an outer binding site rather than at the catalytic site. However,
this preference was observed for ACS14S both when it was
cocrystallized with Mtb-AnPRT and in soaking experiments
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(data not shown) and provides further evidence that the outer
site, previously observed in docking experiments and crystal
structures of Sso-AnPRT, is functionally relevant, presumably for
substrate capture, in bacterial AnPRTs.

Assuming the binding modes observed crystallographically are
also the relevant modes in solution, this information together
with the kinetic analysis of these inhibitors suggests that relatively
strong inhibition can be obtained by blocking the substrate-
binding tunnel entrance.

Inhibitor Binding at Multiple Sites in the Substrate-
Binding Tunnel. Two moderately potent inhibitors, ACS174
(K, =18 +2 uM) and ACS142 (K; = 6.3 uM), showed additional
binding interactions distinct from the hydrophobic sandwich at
the substrate-binding tunnel entrance seen in the other inhibitor
cocrystal structures.

dx.doi.org/10.1021/bi301387m | Biochemistry 2013, 52, 1776—1787
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Table 3. List of Contacts Made by Inhibitors®

ACS172
outer inner? ACS142 ACS145 ACS174 ACS179 ACS10
mode I mode IT outer® inner® outer inner? outer? outer outer
inhibitor + ++ ++ + +
PRPP + + + ++
Met86 + + + +
Val106 + +
Gly107 + +
Thr108 +
His136 + +
Gly137 +
Asn138 +++ +++ +++ +++ + + + +++
Argl39 ++
Alal41 +
Alal79 + + + + + + +
Pro180 + + +
His183 + + +++ +
Prol84 +
Tyr186 ++ + + + +++ +++
Argl87 + + ++ ++
Alal90 + + + + +
Argl93 +++ +++ +++ +++ +++
Argl94 +++ +++ ++ +++ +++
Ala197
Phe202 ++ ++ +
Asn203 ++ ++
Leu205 + +
Gly206 + ++ + ++ ++
Pro207 +
Thr209 + + +

“Contacts were initially identified by LigPlot+, where hydrogen bonds are defined by spatial (<3.3 A) and geometric parameters.® The symbols
correspond to the type of interaction: +, van der Waals interactions or z-interactions (<4.0 A); ++, water-mediated hydrogen bonds; +++, hydrogen
bonds or salt bridges. Both inner modes involved the binding of another inhibitor molecule in the outer position. The data are bold if the equivalent

re51due was identified as being part of the anthranilate binding sites in the Sso-AnPRT structure (PDB entry 1ZYK) determined by Marino et a

113

bThis mode occurs simultaneously with binding mode III, with the inhibitors in hydrophobic contact with each other. Binding mode III involves
contacts between different dimers and hence is not included. “These modes occur simultaneously, with the inhibitors in hydrophobic contact with
each other. “These modes can occur simultaneously with the inhibitors in hydrophobic contact with each other or if only the inner motif is observed.
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Figure 6. Alternative binding modes observed for ACS174 and ACS142. (a) Dual binding mode of ACS174 cocrystallized with Mtb-AnPRT, PRPP, and
Mg** (PDB entry 3QS8). (b) Dual binding mode of ACS142 cocrystallized with Mtb-AnPRT, PRPP, and Mg** (PDB entry 3UUL).

ACS174 has a two-ring structure similar to that of ACS172 but
contains a methylene group linking the rings in place of a
secondary amine group, and the carboxylic acid substituent is
present on only one of the two rings. The complex of Mtb-
AnPRT with ACS174 and PRPP crystallized in the same space
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group as the ACS172 complex, with four monomers per
asymmetric unit corresponding to two homodimers of Mtb-
AnPRT. Clear electron density allowed the unambiguous
placement of both the inhibitor and PRPP (Figure 6 and Figure
S4e of the Supporting Information), with the inhibitor again
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displaying different binding modes for each subunit of the dimer,
in the same manner as ACS172.

In all of the subunits of the cocrystal structure of Mtb-AnPRT,
ACS174, PRPP, and Mg®, the inhibitor is bound with its
benzoate ring in the site approximately equivalent to the inner
ring of ACS172 in binding mode I (Figure 5d). In this position,
the carboxylate group of ACS174 hydrogen bonds to Arg193 and
Tyr186 and the benzene ring of ACS174 extends more deeply
into the active site. In two of the four protein monomers in the
asymmetric unit, an additional ACS174 molecule is also bound
with its benzoate ring held by hydrophobic contacts to Arg194,
Tyr186, and Pro180 and a hydrogen bond to Arg194 (Figure 6a).
In this position, the benzene ring of the inhibitor extends
sideways across the substrate-binding tunnel entrance, so that its
center is only 3.9 A from Arg194, possibly indicating an amino—
aromatic hydrogen bond.* Interestingly, it seems that the
benzoate rings of ACS174 recapitulate the binding of ACS172 in
binding mode I (Figure Sa), but with the interactions split across
two inhibitor molecules, perhaps explaining its weaker inhibition
with a K; of 18 + 2 uM, compared to the value of 1.5 + 0.1 M for
ACS172.

Although most single-ring inhibitors were found to bind only
to the site at the entrance to the substrate-binding tunnel,
ACS142 bound simultaneously at two sites: with full occupancy
at the outer site and at lower occupancy (~0.80) at an inner site
(Figure 6b). ACS142 was also the best inhibitor of the smaller,
single-ring compounds (K; = 6.3 uM), and the second most
potent of all the compounds tested, possibly reflecting its ability
to bind at two sites. Density for the PRPP in this structure was
incomplete (Figure S4e,f of the Supporting Information), raising
the possibility that PRPP could have been turned over in some
monomers in the crystal. However, ACS142 showed no evidence
of turnover in a one-dimensional nuclear magnetic resonance
assay with AnPRT, PRPP, and Mg** (data not shown).

Characterizing the Substrate Entrance Site as a Guide
for Improved Inhibitor Design. On the basis of the observed
binding modes of all the inhibitors, we can speculate about the
relative importance of the residues that make up the anthranilate-
binding site at the entrance of the tunnel. Hydrophobic
interactions and/or z-interactions with Prol80 and Tyrl86
were observed for all inhibitors, and this appears to be a major
determinant of binding. Arg194, which is located on the outside
of the enzyme, was frequently observed binding to inhibitors and
may be involved in capturing ligands from solution by hydrogen
bonding to their carboxyl groups. Neither Argl94 nor the two
hydrophobic residues, Tyr186 and Prol80, are conserved in
AnPRT enzymes from other species. However, the structure of
Sso-AnPRT in complex with a substrate shows that anthranilate
binds at the outer site through contacts with the hydrophobic
side chain of Metl51, and with His154, which could form 7-
interactions through its aromatic ring.”'>"" These interactions
may be comparable to those seen in Mtb-AnPRT. The equivalent
histidine in Mtb-AnPRT (His183) forms hydrophobic contacts
with all of the inhibitors (Table 2). Asn138 and Argl93 also
appeared to be particularly important for binding at the outer site
of the substrate-binding tunnel. These residues are conserved in
other AnPRT enzymes, and their equivalents in the Sso-AnPRT
are essential for enzyme activity.7’10 Interestingly, these residues
were also involved in binding molecules farther into the active
site. This raises the possibility that these two residues, which are
capable of binding both polar substituents of an anthranilate
molecule, function to shuttle substrate molecules from the outer
binding site at the edge of the substrate-binding tunnel to the
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inner catalytic site, following initial weak binding mediated by
CH:--7 bonds*”*® with Tyr186 and Pro180.

These observations suggest routes for the design of further
inhibitors. The inhibitors in this study illustrate that it is possible
for a compound to be an effective inhibitor by occupying the
outer binding site in the substrate-binding tunnel. Most of the
inhibitory compounds that bind into the outer site do so without
making many specific hydrogen bonds with the protein; instead,
most of the contacts are due to the enclosure of an aromatic ring
in the hydrophobic sandwich at the mouth of the substrate-
binding tunnel, formed by Tyr186 and Alal90 on one side and
Pro180 on the other. This makes the generation of a traditional
pharmacophore problematic, as there is little chemical
conservation among the inhibitors that bind into this site,
beyond an aromatic ring. However, the binding modes of
compounds ACS172, ACS174, and ACS179 suggest a strategy
for future inhibitor design, in which an aromatic ring fits into the
hydrophobic sandwich, and extended substituents on this ring
then reach into the substrate-binding tunnel to make specific
interactions with both Asn138 and Arg193.

The inhibitors described here show modest inhibition of
AnPRT (low micromolar K; values at best) and do not have
chemical properties that are likely to be favorable for their uptake
into mycobacterial cells. Hence, they are starting points for the
structure-guided design of high-affinity inhibitors of AnPRT with
chemical characteristics better suited to penetration of the
mycobacterial cell wall We are currently embarking on a
program of improved inhibitor synthesis based on the structures
presented in this paper.

Bl CONCLUSION

New crystallization conditions have revealed a tunnel, ~15 A in
length, in the potential drug target Mtb-AnPRT when the
enzyme is in its closed form. The closed form of the enzyme
seems to be driven by the binding of its first substrate, PRPP, and
the concurrent ordering of several loops. A new set of inhibitors
of AnPRT with chemical characteristics similar to those of its
second substrate, anthranilate, have been identified, along with
detailed structural information about how these inhibitors bind
to this enzyme. To the best of our knowledge, these are the first
inhibitors of Mtb-AnPRT to be described. All were found to bind
primarily at the entrance of the tunnel, rather than deeper inside
the tunnel at the active site. Some of them, including the most
potent, were also able to bind in positions deeper inside the
tunnel. These results support previous findings'”'® that in
AnPRT enzymes there is a second position for anthranilate to
bind at the entrance of the tunnel leading to the active site and
indicate the potential for taking advantage of this feature of
AnPRT for further inhibitor design.
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Details of the inhibitor screening and enzymatic characterization
(Figures S1 and S2), a figure describing ligand-induced changes
in the protein structure (Figure S3), illustrations of electron
density maps to support the modeling of the inhibitors (Figures
S4 and S6), and details of crystallization conditions, structure
refinement, and binding modes for the enzyme—inhibitor
complexes (Tables S1—S3). This material is available free of
charge via the Internet at http://pubs.acs.org.
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