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ABSTRACT: Human infection by Mycobacterium tuberculosis Anion-7 Interactiong
(Mtb) continues to be a global epidemic. Computer-aided drug — .
rchitectural Integrity
design (CADD) methods are used to accelerate traditional drug of the Active Site Model
discovery efforts. One noncovalent interaction that is being Pa®
increasingly identified in biological systems but is neglected in gy NEN T
CADD is the anion-z interaction. The study reported herein I v })\
supports the conclusion that anion-7 interactions play a central role ol | Nt Computational Efficiency

for Substituent Screening

in directing the binding of phenyl-diketo acid (PDKA) inhibitors to lrw, .
malate synthase (GlcB), an enzyme required for Mycobacterium ~ &;?\\ i
tuberculosis virulence. Using density functional theory methods Ry P
(M06-2X/6-31+G(d)), a GlcB active site template was developed P etve o maaie”®
for a predictive model through a comparative analysis of PDKA-

bound GIcB crystal structures. The active site model includes the

PDKA molecule and the protein determinants of the electrostatic, hydrogen-bonding, and anion-z interactions involved in
binding. The predictive model accurately determines the Asp 633-PDKA structural position upon binding and precisely predicts
the relative binding enthalpies of a series of 2-ortho halide-PDKAs to GlcB. A screening model was also developed to efficiently
assess the propensity of each PDKA analog to participate in an anion-z interaction; this method is in good agreement with both
the predictive model and the experimental binding enthalpies for the 2-ortho halide-PDKAs. With the screening and predictive
models in hand, we have developed an efficient method for computationally screening and evaluating the binding enthalpy of
variously substituted PDKA molecules. This study serves to illustrate the contribution of this overlooked interaction to binding
affinity and demonstrates the importance of integrating anion-7 interactions into structure-based CADD.

H INTRODUCTION ods.*® Structure-based methods screen the environment of the

Tuberculosis (TB) was responsible for over 1.3 million deaths ]?r%e t grotelﬁ s Xﬁctwg Slt:f agalnst' a library f Of' dP ot'enFlal
and an additional 10.4 million new incidents of infection in inders.” Suc X austive efforts are important for 1 eptlfylng
2016 alone.! While TB cases are often successfully treated with classes of promising molecular scaffolds that are more likely to
first- and second-line drugs, this disease continues to threaten eXh}blt ap prec%able bm(.:hng and eﬂicgcy. Current a}gorlthms
the global population due to ever-increasing drug resistance typically consider steric, electrostatic, hydrophobic/hydro-
and indefinite persistence of Mycobacterium tuberculosis (Mtb), philic, and. hydrogen-bonding contributions  to b.lndmg, but
the pathogen responsible for TB infection, ™ these algorithms do not properly account for the interplay of
In response to the continued threat of drug-resistant bacteria weak, rioncovglent Interactions that involve aromatic 7
such as Mtb, it is imperative that researchers use an arsenal of systems. Yet, in many biological systems, subtle interactions
modern techniques in the pursuit of new drugs. In this vein, ¥nv01V1ng aromatic 7 systems have bee_n. shown to great61}77
computer aided drug development (CADD) methodologies influence the binding affinity and selectivity of substrates.
are extremely useful when applied in tandem with traditional
drug discovery methods to efficiently identify efficacious drug Received: June 25, 2018
molecules through structure-based and ligand-based meth- Published: August 23, 2018
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Therefore, more sophisticated, higher-level computational
methods are required to take into account these noncovalent
interactions.

This study presents the development of a structure-based
computational approach to modeling the inhibition of malate
synthase (GlcB), an enzyme involved in the glyoxylate shunt of
the tricarboxylic acid (TCA) cycle of Mtb.*~"" GlcB facilitates
the reaction between glyoxlyate and acetyl-coenzyme A to
form malate, and this protein is necessary for the virulence and
persistence of Mtb.'>"? Additionally, GlcB has been targeted
for drug development because it has a 1a1'5ge, accessible active
site and has no homologue in humans."*~"” Sacchettini and co-
workers screened a series of molecules with glyoxylate-like
moieties for GlcB inhibition and found that a phenyl-diketo
acid (PDKA) had activity. This hit was developed into a series
of PDKAs with various substituents around the aromatic ring
(Figure 1a), and the PDKA series demonstrated a favorable
combination of inhibition, whole cell potency, and low
toxicity.'® Protein crystallography studies identified that the
PDKA inhibitors coordinate to the catalytic magnesium ion in
GlcB, occupy the active site pocket, and interact with the
nearby residues through a series of noncovalent interactions,
including an anion-7 contact (Figure 1b).'" The carboxylate
portion of the Asp residue generally packs face-on to the z-
cloud of the aromatic ring, and the mean contact distance is
~3.5 A (less than the typical ~4.5 A distance of hydrophobic
contacts,16 suggesting an anion-7 interaction). Furthermore,
adding substituents around the ring differentially affected the
affinity of the compound, supporting the importance of the
anion-7 interaction in the PDKA inhibition of GlcB.

Anion-7 interactions are broadly defined as attractive,
noncovalent interactions between an anion and an aromatic
system and are being increasingly identified in biological
systems.”'™>' These weak contacts can be described as
attractive substituent-driven, ion-dipole interactions and
contrast with cation-z interactions, which are driven by the
electrostatic interaction between the positive charge of the ion
and the negative charge of the 7-cloud.*>**

The study of the noncovalent interactions, particularly the
anion-7 interaction, involved in PDKA binding to GlcB has
generated interest in designing PDKAs that leverage such
intermolecular interactions to increase inhibition activity. After
the testing of a limited set of PDKAs with singly substituted
aromatic rings, it became apparent that both the nature and the
combination of the substituents influence the ICg, values
(Table 1). Most importantly, from the perspective of the
present study, is the fact that these data could not be explained
in terms of conventional noncovalent interactions nor
Hammett-like equations involving substituent electronegativity
and that these data likely stem from the influence of the
substituents on the anion-7 interaction between the Asp 633
residue of GlcB and the aromatic ring of the inhibitor. The
identification of optimal PDKA molecules using current
predictive methods was impeded because standard computa-
tional approaches (i.e., ligand docking, molecular dynamics,
pharmacophore modeling, etc.) did not appropriately or
efficiently account for the critical anion-7 interactions.

Frontera and co-workers created an active site model from
the PDKA-bound GIcB crystal structures to explore anion-7
and long-range electrostatic interactions using computational
ab initio methods.”* The results of full unconstrained
geometry optimizations of these model active sites led the
authors to predict an increase in binding efficacy for the per-F-
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Figure 1. PDKA and PDKA-GIcB information: a) PDKA framework
with labeled phenyl positions 2—6; b) Crystal structure of GlcB
bound to 2-F-3-Me-6-CI-PDKA (PDB: 3SB0)."* (Inset) GlcB active
site and the residues that participate in close-contacts (green
framework) with the PDKA (white framework). Supramolecular
interactions identified by dashed lines; ¢) PDKA-GlcB model active
site, including four simplified residue analogues of Asp 633, Arg 339,
Glu 340, and Asp 462; the catalytic Mg** ion; two water molecules
and the monoanionic PDKA inhibitor.

PDKA due to the increase in the strength of the long-range
anion-z interaction.”* The calculations, however, fail to
incorporate the steric constraints of the protein active site
pocket in the calculations, which casts doubt on the validity of
the predicted structures and interactions (Table S1 and Figure
S1). Furthermore, the inconsistency of these predictions with
the experimental structure—activity relationship (SAR) data
belies the complexity of the biological and chemical
contributions to inhibition and demonstrates the need for a
more accurate computational model that appropriately
accounts for the structural constraints of the full system. In
this vein we have designed a computational active site (Figure
1c) that maintains biological integrity and allows for a more
robust evaluation of the subtle interactions involved in the
binding of PDKAs to GlcB.

In this study, we demonstrate that the PDKA-GIcB
interaction can be suitably modeled using Density Functional

DOI: 10.1021/acs.jcim.8b00417
J. Chem. Inf. Model. 2018, 58, 2085—2091


http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.8b00417/suppl_file/ci8b00417_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jcim.8b00417/suppl_file/ci8b00417_si_001.pdf
http://dx.doi.org/10.1021/acs.jcim.8b00417

Journal of Chemical Information and Modeling

Table 1. Library of PDKA Molecules Synthesized and
Characterized in Complex with GlcB*

substituent(s) per PDKA ICyo (uM) PDB ID
2-Cl-3-Me-6-F (1) 5.5 3SBO
unsubstituted (2) 2.1 3591
2-F (3) 02 6C8P
2-Cl (4) 0.5
2-Br (5) 0.6 389Z
2-Me 1.1 3SAD
2-Nitro 2.8 6DL]
2,6-F 16 6DKO
2-F-3-Me-6-F 6.6 6DNP
2,6-Cl 1.0 6DL9
2-Cl-4-OH 0.007 6BA7
2-Br-3-OH 0.06 6BU1
2-Br-4-OH 0.00S 6C60
2-Br-6-Me 17.4 6C2X
3-OH 0.15 6APZ
3-Br 0.8 3SAZ
3-Prop-6-Me 152 6AS6
4-Me 6.1 6ASU
Per-F >50
dioxine 1.1 6AU9
naphthyl 0.5 6AXB
methoxynaphthyl L5 6C7B

“ICyo values for 1-5, 2-Me-PDKA, 3-Me-PDKA, and 4-Me-PDKA
previously reported by Krieger et al'’.

Theory (DFT) methods and that these calculations explain
both the geometry of the interaction (as observed in crystal
structures of complexes) as well as the enthalpies for analogs in
this series. By appropriately conducting semiempirical
quantum calculations with the necessary steric constraints
and electronic contributions to the GlcB active site model, this
study presents the first structure-based computational method
that is capable of deriving PDKA-GIcB interaction energies
that reproduce the SAR data with high correlation and,
furthermore, is suitable for future evaluation of substituents for
future predictions of improved PDKA inhibitors. These results
are an effective validation of DFT methods and support the
conclusion that the driving forces in this system are ultimately
electrostatic in nature. These methods provide a medicinal
chemistry guide for the future of structure-based drug design in
systems involving weak, noncovalent interactions, in particular
the anion-7 interaction.

B EXPERIMENTAL DETAILS

Protein Crystal Structures. Mtb malate synthase was
overexpressed in E. coli, purified, and crystallized as described
in previous studies by Krieger et al.'” All PDKA ligands at the
final concentration 0.5—5 mM were soaked overnight into
preformed malate synthase crystals. After cryo-protecting with
Fomblin HVAC (Sigma), crystals were flash-frozen for the data
collection. Data were collected on the rotating anode home
source instruments (RAXIS and BRUKER), as well as at the
APS synchrotron 19 and 23ID beamlines of the Argonne
National Lab. Diffraction data were indexed, integrated, and
scaled in HKL2000.> Data were truncated in CCP4.>° Model
INSI of the isomorphous P4;2,2 crystal with only the protein
atoms included in the refinement was used for the initial rigid
body refinement in REFMAC.”” Then, iterative runs of
inspection and manual modification in COOT*® and refine-
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ment in PHENIX"® with simulated annealing were done to
gradually improve the model. The ligand model and dictionary
files were created in ELBOW BUILDER from the PHENIX
suite and fitted into the density in COOT. For data collection
and refinement statistics see Table S2. For 3, §, 2-Me-PDKA,
2-F-2-Me-PDKA, and 2-Br-3-OH-PDKA, multiple conforma-
tions were built for portions of the active site. The atomic
coordinates of the residue orientations with highest occupancy
were retained for the model active site analysis. For 3-OH-
PDKA, two alternative conformations were modeled for the
ligand, which we denoted as 3-OH-PDKA (refined to 0.17
occupancy) and S-OH-PDKA (refined to 0.83 occupancy).

Protein Inhibition Studies. IC, values were determined
by testing serial dilution of PDKA inhibitors in 5,5'-
dithiobis(2-nitrobenzoic acid) (DTNB) coupled assay of
malate synthase enzymatic activity as described in previous
studies by Krieger et al.'’ Each data point for the ICj, plots
was measured in duplicate.

Isothermal Calorimetry (ITC). ITC measurements were
performed using MicroCal iTC,y, instrument by titrating
PDKA ligand into 50 uM solution of malate synthase
equilibrated at 25 °C. Both the enzyme and the ligand were
dissolved in the same enzyme activity assay buffer (20 mM
TRIS-HCI pH = 7.5, S mM MgCl, 0.8 mM EDTA) with 1%
DMSO.

Computational Methods. All GlcB model active sites,
PDKA substrates, PDKA analogues, and chloride anions were
partially- or fully optimized, as described in the text, using the
M06-2X density functional theory functional®® and the 6-
31+G(d) basis set in Gaussian 09.' Each calculation was
performed using a fine DFT integration grid to account for the
sensitivity of the MO06-2X functional to integration grid
density.>* This functional has been shown to appropriately
evaluate weak, noncovalent interactions, such as anion-7
interactions,””>® and is recommended for modeling non-
covalent interactions in biological systems.”* Interaction
energies were obtained from the partially optimized and fully
optimized calculations, as appropriate, as a difference in energy
between the final complex and the sum of the parts.

B RESULTS AND DISCUSSION

A simplified, biologically relevant model active site (Figure 1c)
was developed through comparative analysis of 20 PDKA-
bound GlcB crystal structures (Table 1, Figure S2, Table S2).
In the model active site, the PDKA ligand is deprotonated at
the terminal carboxylate group and occupies an overall charge-
neutral binding pocket. The PDKA binds as a ditopic ligand to
the catalytic magnesium ion. The octahedral coordination
environment of the catalytic Mg** includes Glu 340 and Asp
462 (simplified to formate anions) and two water molecules.
The approximate Mg2+ coordination environment is retained
to provide the appropriate electrostatic interaction between
each PDKA and the Mg** ion. The Arg 339 residue is
simplified to amino(methylamino)methaniminium and is
included in the active site model. This positively charged
residue fragment participates in hydrogen-bonding interactions
with the PDKA along the diketo acid tail, balances the charge
of the active site, and provides steric and electrostatic
contributions to the orientation of Asp 633. The final
component of the active site is the Asp 633 residue which is
deprotonated at the terminal carboxylate. Asp 633 participates
in long-range electrostatic interactions with Mg>* and Arg 339
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and in an anion-7 interaction with the aryl portion of the
PDKA inhibitor.

The PDKA-bound GIcB active site for 2-Cl-3-Me-6-F-PDKA
(1 bound to GIcB in PDB: 3SB0) was selected as the structural
template for the construction of a predictive model. This active
site template was chosen because 1 has demonstrated suitable
activity against GlcB, and the electronegative substituents on 1
facilitate an archetypal, close anion-7 interaction with Asp 633.
Furthermore, of the templates investigated for this study
(including templates based on 1, 2, 2-Nitro, 2-Cl-4-OH, S-OH,
dioxine, naphthyl-PDKA-GIcB structures), the active site of 1
most suitably reproduced the broad range of PDKA-GIcB
interactions identified.

For each predictive model active site, the PDKA substituents
in the template structure were modified in order to simulate
each of the 22 unique PDKA compounds. The aforementioned
comparative analysis of the PDKA-GIcB crystal structures
indicated that the orientation of the entire active site is
relatively fixed except for the positioning of the Asp 633
residue (Figure S2). The configuration of the Asp 633 residue
therefore is a sensitive characteristic of the binding interactions
of each PDKA in the active site. Informed by this structural
analysis, each model active site was partially optimized using
the M06-2X density functional theory (DFT) functional®® and
the 6-31+G(d) basis set in Gaussian 09.*" In each calculation,
the atomic coordinates of the heteroatoms that anchor the
backbone of Asp 633 and the non-hydrogen atoms comprising
the PDKA inhibitor (except for the substituents), Mg**, water
molecules, Asp 462, Glu 340, and Arg 339 were constrained
(gray atoms in Figure 2a). The remaining atoms of Asp 633,
the hydrogen atoms, and the modified aryl substituents were
optimized (green atoms in Figure 2a).

Upon partial-optimization of each of the predictive model
active sites, the distance between the carbon atom of the Asp
633 carboxylate group and the centroid of the PDKA aryl
moiety was measured (dc.cenuod 25 denoted by the dashed line
in Figure 2a) and compared to the d¢.cenwoia Of €ach respective
crystal structure (see Figure 2b, Table S3). The average
dc_Centroid accuracy across the entire predictive model series is
0.16 A, well within the precision of atom locations for this
crystallographic data (0.2 A average across the data sets, as
estimated from Luzzati plots).

The active site template facilitates highly accurate dc_centroid
calculations for PDKAs with more electronegative substituents,
accurate to within 0.02 and 0.04 A for 2-F-PDKA (3) and 2-
Br-PDKA (5) respectively. For PDKAs with less electro-
negative substituents and for PDKA-GIcB crystal structures
that exhibit dc cenpoq Vvalues greater than 3.7 A, dc_cenoid
calculations are less accurate due to the active site template
being predisposed for close PDKA-Asp 633 contact (based on
the relatively short anion-z contact in the 1-GlcB template).
For example, the calculation of the d¢_ cenoiq distance for the
GlcB complex with 2 is only accurate to within 0.24 A, but this
prediction is still within the precision of the crystal data as
determined by Luzzati plots. Select overlays of the respective
crystal structure and predictive model active sites for 2, 3, and
5 visually demonstrate the ability of the predictive model to
reproduce the orientation of Asp 633 relative to the PDKA
phenyl ring in the active site, Figure 2c.

While the predictive model accurately reproduces the
geometry of the Asp 633-PDKA interaction, the computational
assessment must also predict the relative binding strength of
each PDKA-GIcB complex in order to be compelling for use in
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Figure 2. Predictive model of PDKA-GIcB binding: a) Predictive
model 1-GlcB with the optimized atoms identified in green. dc_centroid
denoted by dashed line; b) Comparison of the d¢._cenroid Values of the
predictive model with each respective crystal structure; c) Overlays of
the respective crystal structure (blue with optimized hydrogen atom
orientation) and partially optimized predictive model active sites
(green) for 2, 3, and S.

guiding drug development. To evaluate the predictive model’s
electronic treatment of the active site, the PDKA-GIcB binding
enthalpies were calculated for each of the 22 predictive model
active sites. Each binding enthalpy was determined as the
energetic difference between the PDKA-GIcB complex and the
sum of the uncomplexed substrate and active site.

There does not exist an obvious pattern between the PDKA
substituents, PDKA-GIcB interaction energies, and the
expanded library of SAR data, see Table 1. Generally,
PDKAs with bulky substituent groups or multiple strongly
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electronegative substituents result in high ICy, values, while
the lowest ICs, values are exhibited by PDKAs with only one
or two electronegative substituents at the 2 and 6 positions and
one hydroxyl or methyl group at the 3 or 4 position. Therefore,
to simplify the myriad factors that influence PDKA inhibitory
activity and to isolate the influence of substituent choice on
PDKA binding in the active site, isothermal calorimetry (ITC)
studies were performed on 2 and the 2-ortho halide-PDKA
compounds (3, 2-CI-PDKA (4), and 5) in complex with GlcB.
This series of PDKA-GIcB complexes was selected in order to
deconvolute the impact of the anion-7 interaction on binding
affinity from the steric and electronic effects of additional
substituents at other positions. The predictive model binding
enthalpies of 2—5 (relative to the ITC enthalpy for 2) were
compared to the corresponding ITC data, specifically the
binding enthalpy, Figure 3a. The correlation between the
predictive model and experimental binding enthalpies suggests
that the predictive model template appropriately captures the
steric and electronic factors that influence the 2-ortho halide-
PDKA-GIcB binding enthalpies. As shown by both the
experimental and computational studies, the magnitude of
the interaction energy increases as the size of the PDKA
substituent increases. This is consistent with results for model
anion-7 interactions previously described by Wheeler and co-
workers.”> The slight deviation from an ideal linear regression
may be a result of small steric or long-range electrostatic
factors in the intact protein that are not accounted for in the
predictive model. Contributions to PDKA-GIcB binding from
other residues in the active site or greater protein structure that
are not included in this model are inconsequential for the
purpose of comparing the binding of the ligands within a set of
close analogs. It also underscores the conclusion that anion-7
interactions drive the difference in the inhibitory activity within
the series.

In accordance with our initial objectives, the template-based
predictive model appropriately describes the steric (the Asp
633-PDKA orientation upon binding) and electronic environ-
ment (the relative 2-ortho halide-PDKA binding enthalpies) of
the PDKA-bound GIcB active site. Unfortunately, partial-
optimization of each predictive model active site is
prohibitively time-intensive for use as a comprehensive
screening tool for new PDKA drug development. In order to
more efficiently explore the binding enthalpies of new PDKA
derivatives, a simplified screening model was developed as a
way to narrow the field of promising small-molecule candidates
for further analysis by the predictive model. The initial
comparative analysis identified that the primary structural
difference across the series of PDKA-GIcB complexes is the
anion-7 interaction between the flexible Asp 633 side chain
and each PDKA, so the screening model focused on this
difference. Analogously substituted benzene rings were used to
model each of the PDKAs, and a chloride ion was used to
approximate the Asp 633 side chain carboxylate. Chloride was
selected because it is a symmetrically simple, computationally
affordable anion that streamlines the evaluation of the anion-7
interaction, and because chloride has previously been used in
anion-substituted benzene model systems to study anion-m
interactions and substituent effects.””***> In each screening
model complex, the chloride was located directly above the
centroid of each of the fully optimized aromatic molecules, the
atoms of the benzene molecules were restrained, and the CI~
was optimized along the z-axis at the M06-2X/6-31+G(d) level
of theory (see inset of Figure 3b). The anion-7 interaction
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axis, denoted by the dashed line.

energies were calculated for each of the resulting screening
model complexes and are in agreement with previous studies
regarding substituent effects on anion-7 interactions.”***

A high correlation exists between the anion-7 interaction
energies predicted by the screening model (relative to the ITC-
based enthalpy for 2) and the ITC-derived binding enthalpies
for the 2-ortho halide-PDKA series, Figure 3a. The difference
between the screening model interaction energies and the ITC
binding enthalpies results from the additional noncovalent
interactions that participate in binding in the biological active
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site, but the correlation of the experimental and theoretical
data suggests that these additional binding interactions are
relatively constant for 2—S. Therefore, while the anion-7
interaction may not be the strongest interaction in the active
site, it is the factor that determines fine control over the
binding enthalpy of PDKA-GIcB.

Furthermore, the relative interaction energies from both the
predictive and screening models are correlated across the
entire series of PDKAs (see Figure 3b and Table S3).
Variations in the anion-7 interaction probed by the screening
model for each PDKA analogue captures the trend in the
overall interaction energy, as calculated by the more
comprehensive predictive model. The screening model
describes the substituent effects on each respective anion-m
interaction, but the predictive model is needed to more
carefully evaluate the fine impact of varying the substituent
position on the PDKA phenyl ring, especially the effect on the
other interactions of the PDKA in the active site as permitted
by the constraints of the GlcB active site framework.

While the screening model does not incorporate the
structural constraints associated with the GlcB active site,
this simplified model can be used as a computationally efficient
method to evaluate the relative affinity of PDKAs that
favorably bind in the model active site. Future efforts will
employ the screening model to narrow the field of PDKA
candidates to those that will facilitate favorable anion-m
interactions and increased binding enthalpies. The predictive
model can then be applied to this pared-down list of
candidates in order to more thoroughly interrogate the
additional interactions involved for each PDKA and how
they are expected to influence the PDKA-GIcB binding.

B CONCLUSIONS

While anion-7 interactions are being increasingly identified for
their importance in biological systems, these noncovalent
forces have yet to be incorporated into modern structure-based
CADD methodologies. Further motivated by the continued
need for advancements in TB treatments, we have demon-
strated the importance of including anion-z interactions in
CADD assessments of biological systems, specifically the
inhibition of GlcB by PDKAs.

An active site template was developed for our predictive
model by incorporating key components of the active site from
the 1-GlcB crystal structure that facilitated appropriate
electrostatic, hydrogen-bonding, and anion-7 interactions and
maintained structural integrity of the active site. A predictive
model has been developed and shown to accurately replicate
the orientation of the Asp 633 residue as it interacts with each
of the PDKAs, with an average dc_cenrroia accuracy of 0.16 A. In
addition to functioning as a suitable steric model, the
predictive model appropriately handles the cooperativity and
substituent effects of the noncovalent interactions that
influence PDKA binding in the active site. The PDKA-GIcB
interaction energies for the 2-ortho halide-PDKA series
calculated by the predictive model are correlated with the
experimental binding enthalpies determined by ITC. The
predictive model is consistent with experimental data—
simultaneously describing key PDKA-GIcB architectural factors
and modeling PDKA binding enthalpies.

To improve the computational efficiency of the predictive
model, we have also developed a screening model that
determines the propensity of each PDKA to participate in
anion-7 interactions. The series of anion-7 interaction energies

2090

of the PDKA analogues was shown to be directly proportional
to the interaction energies of the predictive model and the
experimental ITC binding enthalpies. The screening model
highlights the fine control over PDKA-binding that is governed
by the anion-7 interaction and provides a simple tool for
preliminary screening of potential PDKA analogue candidates
for synthesis.

Future studies will couple the screening and predictive
models to evaluate favorable PDKA ligands and identify the
most ideal PDKA candidates for further experimental studies.
Through this study, we have demonstrated the importance of
appropriately incorporating anion-z interactions into CADD
methodologies, thereby providing a guide for future medicinal
chemistry pursuits.
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