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ABSTRACT: Allosteric enzymes regulate a wide range of catalytic transformations, including
biosynthetic mechanisms of important human pathogens, upon binding of substrate molecules
to an orthosteric (or active) site and effector ligands at distant (allosteric) sites. We find that
enzymatic activity can be impaired by small molecules that bind along the allosteric pathway
connecting the orthosteric and allosteric sites, without competing with endogenous ligands.
Noncompetitive allosteric inhibitors disrupted allostery in the imidazole glycerol phosphate
synthase (IGPS) enzyme from Thermotoga maritima as evidenced by nuclear magnetic
resonance, microsecond time-scale molecular dynamics simulations, isothermal titration
calorimetry, and kinetic assays. The findings are particularly relevant for the development of
allosteric antibiotics, herbicides, and antifungal compounds because IGPS is absent in mammals
but provides an entry point to fundamental biosynthetic pathways in plants, fungi, and bacteria.

Allosteric enzymes are ubiquitous biological catalysts that
control and regulate fundamental chemical processes in

cells. The transformation of the primary ligand (substrate)
occurs at the orthosteric (or active) site and is regulated by
binding of a second ligand (i.e., effector) at a distant and
topographically distinct (i.e., allosteric) site (Figure 1). In
positive allosteric modulation, effector binding stabilizes an
active protein conformation, ultimately enhancing the enzy-
matic activity by either increasing the affinity of the substrate
for the orthosteric site (in K-type enzymes) or improving its
catalytic conversion rate (in V-type enzymes). The molecular
details of allostery, however, remain to be fully resolved,1

despite the acknowledged validity of historical (symmetric2 and
sequential3) phenomenological models4 and the recognition of
structure-based and ensemble views of allostery.5,6 Changes in
dynamics and disorder critical to inhibition of enzymatic
activation have been found to be associated with the allosteric
communication between the orthosteric and allosteric sites,6−8

which is expected to propagate through conserved allosteric
pathways.9

Advanced experimental techniques such as nuclear magnetic
resonance (NMR) combined with computer simulations10 can
provide fundamental insights for structural, dynamical, and
energetic characterization of allosteric enzymes,11−17 especially
in the absence of available crystallographic data. The
combination of molecular dynamics (MD) simulations and
NMR experiments has improved our understanding of the
connection among allostery, ligand binding, and protein

flexibility, allowing characterization of specific allosteric path-
ways at the molecular level and correlation between structural
dynamics and small molecule binding.18

A detailed understanding of protein allostery can permit the
development of allosteric drugs.4,7,19−21 However, a better
mechanistic understanding of allosteric inhibitor binding
effects, particularly in enzymes where allostery occurs primarily
through changes in dynamics, would enhance the outcome of
those therapeutic efforts. Here, we show that characterization of
allosteric pathways in a model enzyme allows the discovery of
small molecules that interfere with allosteric signaling,
ultimately impairing enzymatic activity without directly
competing for the endogenous ligand sites.
Traditional enzyme inhibitor discovery has been based on

the optimization of lead molecules that bind to an active site
(Figure 1) and compete with endogenous agonists to alter
(generally inhibit) the natural physiological reaction. Allosteric
systems offer a second target site for ligands, the effector
binding site, where an exogenous ligand can bind and modulate
the natural function. Thus, endogenous allosteric modulators
can be substituted with exogenous ligands designed to bind at
the effector site and alter the allosteric signaling mechanism at
its origin (Figure 1).22,23 However, discovering effective
exogenous allosteric ligands is hampered by the fact that
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allosteric sites often remain unidentified and “orphan” of their
endogenous ligands. Nevertheless, allosteric ligands can offer
pharmacological advantages over traditional orthosteric ago-
nists by exerting their effects only when endogenous agonists
are present, providing exceptional spatial and temporal
selectivity, and offering saturability of their effects and intrinsic
safety in overdosage.22,24 Once the allosteric sites are occupied,
no further effect can be produced, even with excessive doses.
Here, we focus on targeting specific protein domains that are
essential for allosteric communication to screen allosteric
molecules that do not compete with the natural effectors and
still suppress catalytic activity. The identification of such
allosteric inhibitors requires detailed molecular insights into the
allosteric mechanism and, in particular, characterization of the
allosteric pathways with atomistic resolution.
We combine NMR experiments, computational modeling,

isothermal titration calorimetry (ITC), and kinetic assays to
find clear evidence of small heterocyclic organic molecules that
function as noncompetitive allosteric inhibitors of the enzyme
imidazole glycerol phosphate synthase (IGPS) from Thermo-
toga maritima,13,25 a V-type allosteric enzyme essential for
purine and histidine biosynthesis in plants and important
human pathogens.26 This work is motivated by the absence of
X-ray structures establishing the binding modes of small
molecules (effectors and/or inhibitors) bound to the flexible V-
type enzyme. IGPS is a key metabolic enzyme of the
amidotransferase family that links amino acid and nucleotide
biosynthesis in bacteria, plants, and fungi but is absent in
mammals. Because of its metabolic role, IGPS is also a potential
target for herbicides and antifungal agents.27,28 IGPS from T.
maritima is a heterodimeric enzyme consisting of two
noncovalently associated subunits, HisH (23 kDa, glutaminase
domain) and HisF (28 kDa, cyclase domain), depicted in
Figure 2. In fungi and plants, the two IGPS subunits reside on a
single polypeptide.29 IGPS catalyzes glutamine (Gln) hydrolysis
at the active site of HisH, where there is a conserved catalytic

triad (C84, H178, and E180) that produces ammonia (NH3)
and glutamate. The generated NH3 travels from the HisH
active site to the HisF effector site passing, more than 25 Å
away, through the (β/α)8 barrel (see Figure 2) and reacts to
break down the N′-[(5′-phosphoribulosyl)formimino]-5-ami-
noimidazole-4-carboxamide ribonucleotide (PRFAR) effector
into two products [IGP and AICAR (Figure 2)], which are
entry points to the histidine and purine biosynthetic pathways,
respectively.25,26,30 The glutaminase half-reaction of IGPS
exhibits V-type allosteric modulation, with the Gln binding
affinity being minimally altered by the presence of PRFAR,
while a 4900-fold increase in reaction rate is observed for the
PRFAR-bound complex over the basal glutaminase activity of
IGPS.26,30

In the absence of X-ray structures, the study of these
challenging systems must rely on state-of-the-art NMR and
computational methods. The allosteric pathways of IGPS have
been described by a combined NMR and MD study of the apo
and PRFAR-bound IGPS complexes.13,31−33 Essential changes
in conformational fluctuations were found upon PRFAR
binding at HisF, which propagate along the right side (side
R) of the IGPS complex (Figure 2) and promote an active
conformation of the HisH glutaminase site. In particular, when
PRFAR binds at the bottom of the HisF barrel, it alters
hydrophobic contacts at the fβ2 strand of the (β/α)8 barrel
(involving residues fV48, fL50, and f I52), affecting the motion
of the fα2 helix and the flexible loop 1. The f and h prefixes
indicate residues or secondary structure elements of HisF and
HisH, respectively. These changes at the bottom of side R
propagate toward HisH, leading to stabilization of salt bridges
between charged side chains of the fα2 and fα3 helices of HisF
and the hα1 helix of HisH. Changes in ionic interactions at the
heterodimer interface affect the “breathing motion” of the
complex, i.e., the relative motion of HisH hinged to HisF at the
fR249−hW123 joint (Figure 2).
While the two subunits are anchored together by a salt bridge

( fD98−hK181), the changes induced by PRFAR binding are
enough to alter the opening/closing motion of the IGPS
complex, reducing the correlations in motions at the bottom of
the HisH domain. Such poorly correlated motions allow more
flexibility of the oxyanion strand, i.e., the hP49-hG50-hV51-
hG52 (49-PGVG) amino acid sequence whose H-bond to the
Ω-loop (hV51−hP10) breaks rather easily, facilitating rotation
of the strand and stabilizing a charged tetrahedral intermediate
(oxyanion hole) in the active site,13,34 a critical intermediate in
glutaminase catalysis.35 These data suggest that the difficulty of
achieving PRFAR-bound X-ray structures is likely due to the
enhanced flexibility of the enzyme when PRFAR binds and
demonstrated that a combination of MD and NMR studies can
provide a detailed understanding of allostery in this challenging
system.

■ MATERIALS AND METHODS
Computational Modeling. Molecular Docking.Molecular

docking calculations were performed with the Maestro suite
(Schrödinger, LLC, New York, NY), using the extra-precision
procedure implemented in the Glide software,36 including an
exhaustive screening of ligand binding over the entire
Maybridge library containing a collection of 83766 heterocyclic
organic molecules. Of the ∼400000 pharmacophores in the
world drug index, ∼87% are expressed by the Maybridge
Screening collection. The docking score is determined by the
Glide score (i.e., the sum of the Coulomb, binding, and van der

Figure 1. Basal (low or negligible) catalytic activity of the apoenzyme
observed in the presence of substrate (green) but no endogenous
effector (red). Positive allosteric modulation by effector binding >10 Å
from the active site increases enzymatic activity. The two sites
communicate through an allosteric pathway (red dotted line).
Enzymatic activity is inhibited upon binding of competitive exogenous
ligands at the active or effector sites. Noncompetitive ligands disrupt
allosteric communication upon binding at critical sites along the
allosteric pathway.
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Waals energetic contributions) and the state penalty for a given
protonation or tautomeric state of the ligand. The ligands were
prepared using Maestro’s Ligprep utility, and Epik software37

was used to generate protonation states at the target pH (7.0 ±
2.0).38 The protein structure of IGPS was obtained from the
Protein Data Bank (PDB entry 1GPW), the crystal structure of
the enzyme complex from T. maritima. The position of PRFAR
in the HisF active site was determined after superimposing the
phosphate groups in the T. maritima IGPS crystal and the
PRFAR-bound complex in the yeast enzyme (PDB entry
1OX5). The standard-precision (SP) calculation was first done,
and the resulting top 2% molecules and their poses based on
the SP glide score were sent to extra-precision (XP) screening.
The resulting molecular structures and interactions within their
nearby environment were carefully examined, and eliminations
were made when undesired functional groups and structures
were observed. The top three candidates from the interface XP
screening were selected for further analysis and MD
simulations.
Molecular Dynamics Simulations. The structural models

for all IGPS complexes were prepared using the coordinates of

the docked ligands obtained from Glide screening. MD
simulations of all IGPS complexes were performed with
NAMD239 using the AMBER-ff99SB40 force field for the
protein and the generalized Amber force field41 for ligands and
PRFAR. The system pre-equilibration and production run
procedures followed methods previously reported.13 Data
analysis and figure rendering were performed using VMD.42

Anton MD Simulations. All microsecond-time simulations
were performed using Anton,43 a special-purpose computer for
long molecular dynamics simulations, starting from well-
equilibrated structures after at least 0.1 μs of the NAMD
simulations. The simulated system and the force field used in
Anton are the same as in NAMD simulations. Three
independent Anton simulations were performed using the
reversible multiple-time step algorithm44 to integrate the
equations of motion with a time step of 2 fs for short-range
nonbonded and bonded forces and 6 fs for the long-range
nonbonded forces, for a total simulation time of ∼7 μs. Long-
range electrostatic interactions were calculated using the k-
space Gaussian split Ewald method45 with a 64 × 64 × 64 grid
and a cutoff of 11 Å for the Lennard-Jones and short-range

Figure 2. Glutamine hydrolysis, catalyzed by IGPS at the HisH active site, initiated after binding of the effector (PRFAR) to HisF and allosteric
communication. (a) Tertiary structures of the HisH and HisF domains of IGPS, showing the active site (green), the allosteric site (red), and a
schematic representation of the internal ammonia (blue) channel (gray tube). The allosteric pathway (red dashed line) involves secondary structures
(labeled in red) on the right side (side R) of the complex. (b) Schematic representations of glutamine hydrolysis and effector decomposition at the
active and effector sites. (c−f) The allosteric communication involves structural changes induced by binding of PRFAR (red) to the apo complex
(blue), affecting the IGPS breathing motion targeted by small molecule inhibitors that bind at the HisF−HisH interface.
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electrostatic interactions. The simulations were performed at
constant temperature (303 K) and pressure (1 atm) using the
multigrator integrator as implemented in Anton.46 All bond
lengths involving hydrogen atoms were held fixed using the
SHAKE algorithm.47

Experimental Procedures. Sample Preparation. Labeled
samples of HisH- and HisF-IGPS were expressed and purified
as previously described.13,34,48 Escherichia coli BL21(DE3) cells
supplemented with 15NH4Cl were grown in deuterated M9
minimal medium to an OD600 of 0.9−1.0. Following induction
with 1.0 mM isopropyl β-D-1-thiogalactopyranoside (IPTG),
cell pellets for HisH and HisF were harvested, resuspended,
and co-lysed by ultrasonication. Purification of the IGPS
complex was facilitated through a C-terminal histidine tag
(HisH) for Ni/NTA affinity chromatography. The purity and
uniformity of IGPS samples were confirmed through sodium
dodecyl sulfate−polyacrylamide gel electrophoresis (SDS-
PAGE) and dynamic light scattering, respectively.
NMR Chemical Shift Perturbation of Apo IGPS by 3. NMR

spectroscopic data were collected at 30 °C on a Varian INOVA
600 MHz spectrometer. NMR chemical shift perturbations
were determined through titrations of 3 into 15N-labeled
samples of HisF- and HisH-IGPS and were conducted in the
following manner. Concentrated stocks (∼15 mM) of 3 were
prepared by dissolving solid aliquots in 20 μL of dimethyl
sulfoxide (DMSO) (to aid solubility) and diluting with 380 μL
of NMR buffer (10 mM HEPES, 10 mM KCl, 0.5 mM EDTA,
and 1.0 mM DTT). The final pH of the stock solution was
adjusted to 7.3. For [15N]HisF-IGPS, spectra were recorded in

the presence of 0, 0.2, 0.755, 1.34, 1.69, 2.05, 2.41, 2.79, and
3.17 mM 3 (0.74 mM IGPS). For [15N]HisH-IGPS, spectra
were recorded at 0, 2.05, and 3.17 mM 3 (0.52 mM IGPS).
Spectra were processed with NMRPipe49 and analyzed with
Sparky.50

NMR Chemical Shift Perturbation of Binary PRFAR-Bound
IGPS by 3. NMR experiments were also conducted on PRFAR-
bound HisF-IGPS under similar conditions. PRFAR was
synthesized as previously described26,34,48 and added to a
concentration of 0.96 mM to a sample of HisF-IGPS (0.68 mM
IGPS), and NMR confirmed saturation. The binary PRFAR
complex was then titrated with a 16 mM stock solution of 3 to
concentrations of 1.1, 4.5, 6.0, 7.2, and 9.4 mM. Spectra were
processed and analyzed as described above.

Isothermal Titration Calorimetry. IGPS was expressed in
LB medium without isotopic enrichment and purified as
described for the NMR titration studies. IGPS samples used in
ITC experiments were dialyzed twice in 4.0 L of 50 mM
HEPES (pH 7.6) and 10 mM KCl. 7-Benzyl-8-[(1-{[(2-
hydroxyethyl)amino]methyl}propyl)amino]-1,3-dimethyl-
2,3,6,7-tetrahydro-1H-2,6-purinedione (3) (product no.
RJC03502) was purchased from Ryan Scientific. 3 was
dissolved in DMSO and then diluted with ITC buffer to a
final concentration of 12.4 mM and 10% DMSO; 10% DMSO
was added to each IGPS sample immediately prior to beginning
the experiment for a final IGPS concentration of 377.0 μM.
Stocks of 3 and IGPS were adjusted to a pH of 7.60 as needed.
ITC experiments were performed on a MicroCal iTC200

Figure 3. Docking of allosteric inhibitors 1−3 and their effects on IGPS motions. (a) Inhibitors (black) dock at the HisF−HisH interface, affecting
the motion of HisH relative to HisF (breathing motion). The breathing motion is measured by the angle ϕ defined by the α-carbon atoms (Cα) of
fF120, hW123, and hG52. (b−d) Docking poses of allosteric inhibitors 1−3. (e−g) Evolution of ϕ during the MD simulation of the apo complex
(blue), the binary PRFAR-bound complex (red), and the ternary complex with inhibitors 1−3 (black). (h, i, and l) The average root-mean-square
fluctuations (RMSF) of Cα atoms, relative to average configurations, are reported for the apo complex (blue), the binary PRFAR-bound complex
(red), and the ternary complex with inhibitors 1−3 (black). (m) Inhibitors 1−3 were selected according to the docking scores of the top 400
molecules screened by Glide from the 83766 heterocyclic small molecules of the Maybridge library. (n−p) The three inhibitors affect IGPS motions
differently. The Cα atoms of the amino acid residues showing the highest differences in the RMSF average values (ΔRMSF > 1.1 Å) between the
ternary and binary complexes (i.e., the RMSF of those residues that have been largely affected by the presence of potential inhibitors) are mapped
onto the structures of the ternary IGPS complexes.
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instrument at 303 K with 14 injections of 2.5 μL of 12.4 mM 3
into 377.0 μM IGPS.
Kinetic Glutaminase Assays. Kinetic assays monitoring the

glutaminase activity of IGPS in the presence and absence of 3
were adapted from the procedure of Klem and Davission.26

Stock solutions of IGPS (0.3 mM), PRFAR (5 mM), 3 (12
mM), and glutamine (165 mM) were prepared in a 50 mM Tris
buffer (pH 8.0). Samples containing IGPS, PRFAR, and 3 in
the same buffer were incubated at 30 °C with varying
concentrations of glutamine (0−12 mM) for 15−20 min.
Following incubation, samples were boiled for 3 min and
immediately frozen at −80 °C to quench the reaction. Identical
reactions were performed with and without the inhibitor 3.
Quantification of glutamate production required stock solutions
of glutamate dehydrogenase (10 mg/mL) and 3-acetylpyridine
adenine dinucleotide (APAD, 70 mM) in an identical 50 mM
Tris buffer (pH 8.0). Aliquots of previously quenched reactions
were thawed, and 0.5 mM APAD and 100 μg of glutamate
dehydrogenase were added. The reaction mixtures were
incubated at 37 °C for an additional 65 min, and the
concentration of APADH, formed during the conversion of
glutamate to 2-oxoglutarate, was determined by measuring the
sample absorbance at 363 nm (ε363 = 8900 M−1 cm−1). Plots of
k (inverse seconds) versus glutamine concentration (Figure 5)
were analyzed using nonlinear regression with noncompetitive
inhibition modeling in GraphPad Prism 6 (GraphPad
Software).

■ RESULTS AND DISCUSSION
Identification of Allosteric Inhibitors. IGPS serves as a

particularly interesting model for investigating the potential for
disrupting allosteric communication with noncompetitive
inhibitors because of its importance in amino acid and
nucleotide biosynthesis. Here, we explore the binding of
small organic molecules at the HisH−HisF interface to block
allosteric information transfer between PRFAR and Gln
binding sites (Figure 2). Our strategy is inspired by the
allosteric mechanism suggested by the earlier computational
and NMR work of us and others, involving interactions at the
HisH−HisF interface that affect the breathing motion of the
IGPS complex.13,31,33,34,48 The interfacial inhibitor concept has
been successfully applied for desynchronizing other macro-
molecular machines and for arresting allosteric enzymes.51

Here, we explore the interfacial inhibitor concept at the
molecular level, as correlated to the allosteric signal inhibition,
providing an original approach for the identification of
noncompetitive inhibitors. We performed molecular docking
targeting the HisF−HisH interface, previously determined by
NMR and MD simulations to exhibit conformational flexibility,
with small heterocyclic organic molecules, from the Maybridge
screening collection of 83766 heterocyclic small molecules.38

Computational docking was performed by defining a docking
area embracing the domain interface.
Figure 3 shows the docking scores and binding sites of the

most promising compounds. Upon careful structure examina-
tion, we found that the top three potential inhibitors, N1-[3,5-
di(trifluoromethyl)phenyl]-2-({[5-hydroxy-4-(hydroxymethyl)-
6-methyl-3-pyridyl]methyl}thio)acetamide (1), 7-{3-[bis(2-
hydroxyethyl)amino]-2-hydroxypropyl}-1,3-dimethyl-3,7-dihy-
dro-1H-purine-2,6-dione (2), and 7-benzyl-8-[(1-{[(2-
hydroxyethyl)amino]methyl}propyl)amino]-1,3-dimethyl-
2,3,6,7-tetrahydro-1H-2,6-purinedione (3), had specific inter-
actions with the IGPS residues directly involved in the allosteric

mechanism. The three ligands were found to dock at the same
region of the HisH−HisF interface, in the proximity of the Ω-
loop of HisH and the fα3−fβ3 turn (Figure 3). The initial poses
of 2 and 3 involved H-bonding interactions with critical IGPS
elements, such as fD98, which is part of the fD98−hK181
anchor that regulates the relative interdomain breathing motion
and is important for IGPS catalysis, as demonstrated by a
decrease in glutaminase activity after mutation to alanine
(D98A).32 The three potential inhibitors also make H-bonds
with hE180, a constituent of the catalytic triad. More
importantly, all ligands interact with the hN12 residue and
bind close to the HisH Ω-loop, a crucial structural element for
the allosteric signal transduction in IGPS.13 These fundamental
interactions are important because prior community network
analysis of correlated motions in IGPS has shown that the
communication flow between HisH and HisF in the PRFAR-
bound complex involves the Ω-loop, with hN15, hN12, and
hP10 in HisH and fD98 in HisF being the protein network
elements most altered by effector binding.13

The docking results for 1−3 at the IGPS interface suggest
that binding of these small molecules might affect the
interdomain motions and enzyme dynamics necessary for
activity. Submicrosecond dynamics of the PRFAR-bound
complex show that effector binding enhances the overall
interdomain motion, increasing the correlations at side R,
which remains more rigidly closed than side L during breathing.
An allosteric inhibitor of IGPS should thus disrupt the PRFAR-
induced signal by inhibiting the breathing motion and releasing
the side R motions. We have evaluated the inhibition effect of
binding exogenous ligands 1−3 by comparing the protein
motions of the PRFAR-bound binary complex with those of the
ternary (PRFAR and inhibitor) complexes.
Figure 3 compares the HisH−HisF breathing motion

amplitude during MD simulations of apo and PRFAR-bound
IGPS to those in the 1−, 2−, and 3−IGPS ternary complexes.
The apo complex exhibits slow (a single opening motion in 0.1
μs) and ample interdomain motions, with a breathing angle (ϕ)
between 12° and 30°. The PRFAR-bound complex shows more
recurrent (multiple opening/closing events in 0.1 μs) and
smaller breathing oscillations (17° < ϕ < 25°), while all ternary
complexes exhibit distinct interdomain motions. The presence
of the interfacial ligands stabilizes a “static” open structure, with
fluctuations of the breathing angle of 5−6° with respect to the
average angles, which are similar for 1− and 2−IGPS
complexes (∼26−27°) and slightly smaller (∼23°) for the
3−IGPS complex. Notably, binding of interfacial ligands has a
significant influence on the motions large distances from the
HisF−HisH interface. The ionic interactions between residues
of the fα2 and fα3 helices (and the relative displacement of the
two secondary structure elements) and the hydrophobic
contacts at the fβ2 strand of the (β/α)8 barrel are significantly
altered in the ternary complexes when compared to those in the
PRFAR-bound binary IGPS complex (Figures S1 and S2 and
Table S1). Interestingly, these changes in motion are correlated
with a change in the accessibility of ammonia to the HisF
barrel. Residues fR5, fE46, fK99, and fE167 create salt bridges
that serve as an ammonia gate for the α/β barrel,25 which easily
opens (in ∼0.03 μs) upon PRFAR binding but remains closed
in the ternary (PRFAR and inhibitor) complexes (like in apo
IGPS) along the MD trajectories (Figure S3). Therefore, the
barrier for NH3 tunneling toward HisF must be higher in the
ternary complexes.

Biochemistry Article

DOI: 10.1021/acs.biochem.6b00859
Biochemistry 2016, 55, 6484−6494

6488

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00859/suppl_file/bi6b00859_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00859/suppl_file/bi6b00859_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.6b00859/suppl_file/bi6b00859_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.6b00859


The protein motions of 1−, 2−, and 3−IGPS ternary
complexes showed similar features among the various ternary
complexes, which in some cases significantly differ from those
of the PRFAR-bound binary complex. Figure 3 shows, for each
complex, the averaged root-mean-square (RMS) deviations of
α-carbon atoms, relative to the average configurations along the

MD trajectories, which represent the averaged RMS fluctua-
tions (RMSF), i.e., the mobility of each residue. PRFAR
binding induces significant changes in the RMSF of amino acid
residues belonging to loop 1 as well as the fα2 and fα3 helices,
which unsurprisingly are components of the IGPS allosteric
pathways.13 The RMSF indicate that exogenous ligand binding

Figure 4. Characterization of inhibitor binding by chemical shifts changes in apo- and effector-bound IGPS, induced upon inhibitor binding. (a) Raw
(top) and integrated (bottom) calorimetric isotherm collected upon binding of 3 (12.4 mM) to apo IGPS (0.377 mM). (b and c) Correlation peaks
(of selected residues mapped onto the structure of the 3−IGPS complex) from 1H−15N HSQC NMR experiments with 15N-labeled HisF-IGPS.
Titration of 3 into apo IGPS (blue) at 3.17 mM (orange) causes distinct shifts and/or exchange broadening in several resonances. Residues with Δδ
values of >0.1 (green spheres at Cα) are mapped onto the structure of the 3−IGPS complex, highlighting the four most affected resonances (orange
spheres) with Δδ values of >0.14. (d and e) Analogous correlation peaks are shown for the binary IGPS complex, with a PRFAR concentration of
0.96 mM. Titration of 3 into binary PRFAR-bound IGPS (red) to a concentration of 9.4 mM (orange) causes distinct shifts in several resonances.
Residues with Δδ values of >0.1 (blue spheres at Cα) are mapped onto the ternary IGPS structure (3 and PRFAR) (e), highlighting the six most
affected resonances (black spheres) with Δδ values of >0.14.
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enhances the mobility of IGPS amino acid residues with respect
to those of both apo and PRFAR-bound complexes to a
different extent with each ligand. In particular, the RMSF of the
1−IGPS complex is not considerably different from those of
the apo or binary complexes, while both 2− and 3−IGPS
complexes show much larger RMSF values, with the 2−IGPS
complex being the largest. Highlighting the residues with the
largest RMSF differences (Figure 3) between the ternary and
binary complexes (ΔRMSF > 1.1 Å) shows how only a few
residues are largely affected by binding of 1, while the effect of
2 and 3 is spread over different regions of IGPS. In particular,
the effect of 2 involves almost the entire side L of HisF and side
R of HisH, comprising some secondary structure elements
involved in allostery, i.e., loop 1, fα3, hα1, and the Ω-loop.
Notably, binding of 3 affects mostly amino acid residues that
belong to HisF side R and are involved in allosteric
communication, suggesting that 3 is a good candidate for
inhibition of the PRFAR allosteric signal. Therefore, in the
following sections, we focus on the characterization of the
binding of 3, its ability to reduce IGPS enzymatic activity, and
the mechanism of allosteric communication disruption by
means of NMR experiments and MD simulations extended to
the microsecond time scale.43

Inhibitor Binding and Allosteric Effects. Binding of 3 to
apo IGPS was monitored by isothermal titration calorimetry
(ITC), which revealed an exothermic process with a
dissociation constant Kd of 1.5 ± 0.3 mM (see Figure 4).
Favorable enthalpic (ΔH = −566 ± 54 cal/mol) and entropic
(−TΔS = −378 cal/mol) contributions lead to a free energy
change of −0.94 kcal/mol. These results suggest a loose
binding mode, in agreement with docking and MD simulations,
showing binding in a shallow and rather water-exposed
interface pocket. Titration of 3 into apo IGPS, containing
15N-labeled HisF, caused substantial chemical shift perturba-
tions (Δδ) in several resonances at increased inhibitor
concentrations (Figure 4). A total of 31 HisF residues were
found to have significant Δδ values (≥0.08 ppm) determined
from a trimmed mean of all resonance positions (Figures S4
and S5). The four amino acid residues that undergo the largest
chemical shift changes (Δδ > 0.14) upon binding of 3 are in
loop 1 and at the HisH−HisF interface. Notably, fD98 displays
the most substantial chemical shift perturbation (Δδ > 0.15) of
any interfacial residue. Interestingly, the other three residues
most affected by 3 binding ( fV12, fK13, and fV18) belong to
the flexible loop 1 with displacements correlated to the
breathing motion,13,31 as influenced by the interfacial ligand.
PRFAR binding causes widespread chemical shift perturba-

tions throughout HisF, with several residues affected by as
much as 0.5 ppm, a magnitude consistent with previously
reported NMR titrations.34,48 Subsequent addition of saturating
concentrations of 3 results in the chemical shift changes of 27
residues beyond the significance cutoff of 0.08 ppm, with an
average perturbation of 0.128 ppm (Figures S4, S7, and S8).
The magnitudes and identities of the shifted residues vary when
compared to those of the apo enzyme, with a large cluster of
perturbations near the PRFAR binding site and a smaller group
of shifted residues at the dimer interface (Figure S8).
Therefore, the chemical shift perturbation studies suggest that
3 binds to the apo complex and the binary PRFAR−IGPS
complex and interacts somewhat differently with the binary
complex, perhaps because of a more preferable enzyme
conformation induced by initial effector binding. A more
favorable arrangement of the binary structure would result in

several key resonances showing less substantial shifts when
interacting with 3, as they have already been perturbed by
PRFAR.
Figure 4 shows the residues with larger changes in chemical

shifts (Δδ > 0.14), induced upon binding of 3 to the binary
IGPS complex. In addition to the loop 1 residues affected by
binding of 3 to the apo structure ( fV12, fK13, and fV18), two
significant changes in chemical shifts are observed for residues
fD85 and f S90. Interestingly, these polar residues belong to the
fα3 helix, one of the secondary structure elements, along with
loop 1, involved in the IGPS allosteric pathway. While not
emerging as the most affected residue, fD98 and other interface
residues are still involved in chemical shift changes upon
binding of 3 to the binary complex (Figure S8). However,
PRFAR perturbs these regions significantly, perhaps masking
the full extent of variations induced by the binding of 3. In
summary, NMR experiments consistently indicate binding of 3
at the HisH−HisF interface, with the most significant changes
in chemical shifts in HisF involving side R, in agreement with
MD simulations and supporting 3 as a potential inhibitor of the
allosteric signal in IGPS.
We examined the inhibitory properties of 3 with kinetic

assays monitoring the glutaminase activity of IGPS. Figure 5

Figure 5. Suppression of PRFAR-enhanced glutaminase activity upon
binding of 3. (a) Inhibition of glutaminase activity of the PRFAR−
IGPS binary complex (blue) by 3 (red) as measured by kinetic assays.
Nonlinear least-squares fitting of a noncompetitive binding model
yields a Ki of 0.9 ± 0.07 mM. (b) Microsecond MD simulations of
inhibitor binding. Binding of 3 to the PRFAR-bound IGPS binary
complex is monitored along a representative 2.5 μs MD trajectory,
showing two main poses (1, 2, and a transient pose 2′) characterized
by specific H-bonds (highlighted with dotted lines and colored circles)
and hydrophobic contacts between the benzyl functional group of 3
and HisF (ring down) or alternatively HisH (ring up).
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shows that addition of 3 to a PRFAR-bound binary complex of
IGPS inhibits glutaminase catalysis substantially. The kinetic
profile supports 3 as a noncompetitive inhibitor with respect to
glutamine. Gln and 3 bind with similar affinities (millimolar),
which is 3 orders of magnitude weaker than PRFAR
(micromolar) binding.34

The following section provides a detailed description of the
mechanism of allosteric signal disruption, due to binding of 3,
inducing inhibition of glutaminase activity.
Mechanism of Allosteric Signal Disruption. Micro-

second MD simulations provide fundamental insights into the
effect of binding of 3 to the PRFAR-bound ternary complex
and the inhibition of allosteric communication between HisF
and HisH in the IGPS heterodimer. Figure 5 shows
representative poses of 3 during a 2.5 μs MD simulation,
during which time 3 remained bound to the HisH−HisF
interface. In the first pose (pose 1), the terminal hydroxyethyl
group of 3 is H-bonded to the carboxylic side chain of hE180,
with the 7-benzyl substituent group of the purinedione
aromatic ring pointing toward the hydrophobic part of the
HisF barrel (ring down conformation), in the proximity of the
fα3−fβ3 turn. These polar and hydrophobic contacts stabilize
the ligand between the two protein domains for more than 1.3
μs, after which the 3−hE180 H-bond exchanges with a new 3−
fD98 H-bond. The change in the H-bond acceptor residue

from HisH to HisF moves the inhibitor to a slightly more
solvent-exposed pose (pose 2), in which the benzyl ring is
pointing toward the hydrophobic area of the 49-PGVG
sequence in HisH (ring up conformation), keeping the ligand
sandwiched between HisH and HisF. Thermal fluctuations
allow transient changes in the H-bonding interactions of the
hydroxyethyl group of 3, which can form H-bonds with hP10
(an important residue in the IGPS protein network), without
significantly changing the position of the ligand relative to the
interface (pose 2′). Thus, microsecond time-scale MD
simulations indicate that exchange of polar and hydrophobic
interactions between 3 and the two domains holds the inhibitor
at the interface, stabilizing a rigid open structure with limited
breathing motion (Figure S9), as observed in shorter
(nanosecond) time-scale simulations. In summary, micro-
second MD simulations support the binding mode of 3 in
the proximity of secondary structure elements that are crucial to
the allosteric communication of IGPS, including the Ω-loop
and the oxyanion strand in HisH, and the fα3 helix in HisF,
which is consistent with the docking analysis.
Figure 6 describes the 3−IGPS contacts that affect allosteric

communication in IGPS and inhibit glutaminase activity.
Submicrosecond MD simulations of the allosteric signal
transduction promoted by PRFAR binding showed how
changes in hydrophobic contacts at the bottom of the HisF

Figure 6. Mechanism of IGPS allosteric signal disruption by inhibitor binding. Changes in ionic interactions among the fα2, fα3, and hα1 helices
(bottom row) in the apo IGPS complex (blue, center column) induced by PRFAR binding (red, right column) and subsequently altered by inhibitor
binding (black, left column). Disruption of the allosteric signal launched by PRFAR manifested as hampered oxyanion strand flip, which is initiated
on the submicrosecond time scale in the binary complex while absent in the 3−IGPS ternary complex (middle row). The flip of the 49-PGVG strand
is crucial for glutaminase activity because it allows stabilization of a four-center intermediate (FCI) in the oxyanion hole (top row).
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barrel propagate to HisF side R, changing ionic interactions
among the solvent-exposed helices fα2, fα3, and hα1, with
changes in the relative positions of helices fα2 and fα3 due to
formation of specific salt bridges (Figure 6).13 Strong
interactions of 3 with the IGPS fα3−fβ3 turn (by H-bonding
with fD98 and establishing hydrophobic contacts with the
benzyl ring) perturb thermal fluctuations of the fα3 residues,
promoting ionic contacts with fα2 side chains that differ from
those stabilized by PRFAR binding. An important aspect is the
fact that the presence of the inhibitor promotes formation of
the fR59−fD85 salt bridge, an ionic interaction that brings the
fα2 and fα3 helices closer together, never observed in apo IGPS
or binary complexes. Notably, NMR measurements indicate
that fα3, including the fD85 residue, is a structural element
significantly disturbed by binding of 3 to the binary PRFAR-
bound complex.
The allosteric effect of binding of PRFAR to HisF is

transduced by rupture of the hP10−hV51 H-bonding
interaction between the Ω-loop (hP10) and the 49-PGVG
sequence (hV51) in HisH, which is an essential event for
freeing the oxyanion strand.13 In fact, if the 49-PGVG strand
can easily flip along the backbone, the NH amide group of
hV51 can likely be found in a catalytically active conformation13

that stabilizes a charged four-center tetrahedral intermediate in
the “oxyanion hole” during Gln hydrolysis (Figure 6). Our
microsecond MD simulations of the ternary 3−IGPS complex
clearly indicate how the hP10−hV51 H-bond is quickly broken
and transiently substituted with the hP10−3 H-bonding
interaction, because of the presence of the interfacial inhibitor
near the Ω-loop and the 49-PGVG strand (Figure 5). Despite
the rupture of the hP10−hV51 H-bond as in the PRFAR-bound
complex, however, the oxyanion flip does not occur in the
ternary complex during the 2.5 μs MD trajectory (Figure 6),
although it is rapidly initiated in the binary PRFAR complex
(<50 ns). The origin of the hindrance for oxyanion flipping can
be traced back to the effect of the interfacial inhibitor on the
breathing motion and the direct interactions with the oxyanion
strand. These results suggest that breaking of the hP10−hV51
H-bond is necessary but not sufficient for flipping the oxyanion.
Thus, inhibitor binding at the HisF−HisH interface uncouples
the changes in motion induced by PRFAR binding at the
bottom of the HisF barrel and the HisH motions that lead to a
catalytically active conformation in the glutaminase active site.
This likely leads to a reduction in the degree of conformational
sampling of the fully active enzyme that is normally induced by
PRFAR binding, thereby causing a decrease in glutaminase
activity.

■ CONCLUSIONS
Disruption and characterization of the allosteric signal in IGPS
have been achieved by docking of a small organic molecule that
interferes with the IGPS allosteric pathways and inhibits the
catalytic activity. These findings are significant for the
development of allosteric ligands in general and potentially
for IGPS because it is involved in fundamental biosynthetic
pathways of important human pathogens. Characterization of
secondary structure elements that are essential for IGPS
allostery by MD simulations and NMR methods has revealed a
noncompetitive allosteric inhibitor of IGPS for the first time,
i.e., a potential druglike molecule that suppresses catalytic
activity without competing with the substrate or the effector for
their binding sites. Molecular docking and microsecond MD
simulations in conjunction with ITC, NMR techniques, and

enzyme kinetics support certain binding modes of the ligands
and disruption of allosteric mechanisms, while further work
would be required to unambiguously establish both of these
fundamental aspects. We observed that the largest changes in
chemical shifts due to binding of 3 to the binary PRFAR−IGPS
complex at important sites of allosteric communication are
consistent with MD simulations. Kinetic assays show that IGPS
glutaminase activity is substantially suppressed upon binding of
the inhibitor to the HisH−HisF interface. Microsecond MD
simulations provide a detailed characterization of the inhibition
mechanism at the molecular level. The allosteric inhibitor is
able to uncouple motions induced by the effector ligand with
essential motions in the distant active site, favoring an inactive
conformation of this V-type enzyme. Moreover, our findings
pave the way for the development of conceptually new
molecular inhibitors, involving noncompetitive ligands that
target specific protein structural elements found by NMR
experiments and comprehensive computational modeling
rather than resulting from a serendipitous search.
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