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Abstract

The applicability of a computational method, Site Identification by Ligand Competitive Saturation
(SILCS), to identify regions on a protein surface with which different types of functional groups
on low-molecular weight inhibitors interact is demonstrated. The method involves molecular
dynamics (MD) simulations of a protein in an aqueous solution of chemically diverse small
molecules from which probability distributions of fragments types, termed FragMaps, are
obtained. In the present application, SILCS simulations are performed with an aqueous solution of
1 M benzene and propane to map the affinity pattern of the protein for aromatic and aliphatic
functional groups. In addition, water hydrogen and oxygen atoms serve as probes for hydrogen
bond donor and acceptor affinity, respectively. The method is tested using a set of 7 proteins for
which crystal structures of complexes with several high affinity inhibitors are known. Good
agreement is obtained between FragMaps and the positions of chemically similar functional
groups in inhibitors as observed in the X-ray crystallographic structures. Quantitative capabilities
of the SILCS approach are demonstrated by converting FragMaps to free energies, termed Grid
Free Energies (GFE), and showing correlation between the GFE values and experimental binding
affinities. For proteins for which ligand decoy sets are available, GFE values are shown to
typically score the crystal conformation and conformations similar to it more favorable than
decoys. Additionally, SILCS is tested for its ability to capture the subtle differences in ligand
affinity across homologous proteins, information which may be of utility towards specificity-
guided drug design. Taken together, our results show that SILCS can recapitulate the known
location of functional groups of bound inhibitors for a number of proteins, suggesting that the
method may be of utility for rational drug design.

INTRODUCTION

Structure-based drug design (SBDD), which involves the discovery and optimization of
small molecules that bind to a target with known 3D structure, is of central relevance to
medicinal chemistry. Computational methods have important roles to play in SBDD from
early to late phases in a typical drug discovery project! resulting in time and cost savings.
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Docking followed by scoring of millions of compounds may be used to identify novel lead
compounds in the early stages of SBDD campaigns. However, due to approximations used
in the scoring functions as required for computational feasibility, a high population of false
positives (or false hits) is typically identified. More importantly, only a limited range of
chemical space is represented in the seemingly large libraries used in virtual and high-
throughput screenings (HTS).2 On the other end, there exist highly accurate, albeit
computationally expensive methods such as free energy perturbation (FEP) that have been
used in SBDD.3- 4 Since such calculations require an already known binding mode of a lead
compound, they are of more utility in later stages of SBDD such as lead optimization.

Fragment-based drug discovery (FBDD) is a promising method for identifying novel high
affinity small molecule binders.? The basic idea behind FBDD is to identify small molecule
fragments that bind to specific sites on the protein and the subsequent optimization or
linking of the fragments to create a higher affinity binder. In order to detect fragment
binding in FBDD, NMR spectroscopy or X-ray crystallography are among the experimental
approaches usually employed. 2 Atomic-detail information from these methods has been
successfully combined with fragment evolution yielding lead candidates in numerous
cases.® 7 However, such methods require significant time and resources and are limited by
the requirement that fragment affinities be in the millimolar range or better®, thereby
limiting the use of simpler and smaller fragments in the discovery process. Another problem
associated with X-ray crystallography is overemphasis on a single conformation as opposed
to a conformational distribution.

Using a theoretical model, Hann et. al.? predicted that less complex (or small) ligands are
likely to have multiple binding sites on a protein. This is due to their small size such that the
chance of “mismatch” interactions that would decrease binding is less leading to non-unique
binding sites. While weak binding affinity and the resulting non-unique binding modes may
be experimentally problematic to detect, this is not the case in in-silico methods.'%-17 SILCS
(Site Identification by Ligand Competitive Saturation) is such an in-silico method!8 that
involves molecular dynamics (MD) simulation of the target protein in the presence of an
aqueous solution of organic solutes to obtain their probability of binding to different sites on
the protein. In this study, we test the ability of the SILCS method to capture the location of
known functional group binding sites on a protein surface based on experimental binding
modes of larger, more complex ligands. Data from the SILCS method is based on 3D
probability distributions of the molecular fragments, called FragMaps, on the protein
surface. In the present study we show that a minimalistic choice of fragments — benzene,
propane and water — still captures to a reasonable extent the crystal binding modes of larger
molecules of high affinity. We then extend the SILCS method to allow for quantitation of
ligand relative affinities by converting FragMaps to free energies, termed Grid Free Energies
(GFE), based on simple inverse-Boltzmann weighting of the FragMap and the bulk solution
probabilities. Using this metric it is shown that the SILCS method can be sensitive to
differences in structures seen across homologous proteins and that quantitative predictions
based on the SILCS method correlate with experimental binding affinities. Finally, the
limitations of the method in its current implementation and potential for improvement are
discussed.

Protein set selection

Since one of the goals of the study is to validate the generality of the SILCS methodology
with regard to identifying binding sites of ligand functional groups on diverse protein
surfaces, seven proteins from five families were chosen. Additionally, each of the chosen
proteins has between two to seven crystal structures of its complexes with different ligands.
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Effort was also made to select proteins for which experimental binding affinity data exist.
Proteins were chosen from several sources in the literature, many of which were accessed
from the Ligand-Protein Database (LPDB)!?. These proteins, along with their PDB
identifiers, resolution of the crystals and additional information is presented in Table 1.
Additionally, for the protein-ligand complex crystal structures used in this study, Table S9,
Supporting Information, provides the PDB ID, Ligand ID, Chain and the SMILES string for
the ligands and Table S10 provides the resolution and other crystallographic parameters of
those crystal structures.

SILCS MD simulations

All simulations were performed using the CHARMM molecular simulation program?® the
CHARMM protein force field?! with CMAP backbone correction?2, and the TIP3P water
model?3. Where available, the crystal structure of the apo (unliganded) form of the protein
was obtained from the PDB2. For cases for which the apo form was not available, protein
coordinates from one of the protein-ligand complex crystal structures were used following
deletion of the crystallographic ligand. For HIV-protease, SILCS simulations were
performed starting with both forms of the protein. Crystal water molecules were retained, as
were any structurally important ions. The Reduce software2 was used to place missing
hydrogen positions and to choose optimal Asn and Gln sidechain amide and His sidechain
ring orientations. Benzene and propane molecules (“fragments”) were placed on a square
grid by randomly choosing between the two molecules at each grid point. For each protein,
ten such grids were generated with grid spacing selected to yield a concentration of ~ 1M
benzene and ~ 1M propane when combined with a box of water molecules at the
experimental density of water. Ten protein+fragments+water systems were generated by
overlaying the crystal coordinates of the protein and water molecules with each of the ten
different solutions and removing all fragment and water molecules with any atom within 2 A
of any protein atom. The net system charge was made neutral by replacing random water
molecules with the appropriate number of sodium or chloride ions.

The system in the presence of periodic boundary conditions?® was minimized for 500 steps
with the steepest descent algorithm?’ while employing harmonic positional restraints having
a force constant of 1 kcal*mol~!A~2 per atomic mass unit on protein non-hydrogen atoms.
The “leap frog” version of the Verlet integrator?® with a time step of 2 fs was used for
molecular dynamics (MD) simulations. Water geometries and bonds involving hydrogen
atoms were constrained using the SHAKE algorithm.2® Long-range electrostatic interactions
were handled with the particle-mesh Ewald method?® with a real space cutoff of 8 A a
switching function3? was applied to the Lennard-Jones interactions in the range of 5 to 8 A,
and a long-range isotropic correction?® was applied to the pressure for Lennard-Jones
interactions beyond the 8 A cutoff length. Following minimization, with the same positional
restraints, the system was heated to 298 K by periodic reassignment of velocities®! over 20
ps, followed by an equilibration for 20 ps using velocity reassignment. In the production
simulations that followed, the positional restraints were removed and replaced by very weak
restraints on only the protein backbone Ca atoms with a force constant of 0.01
kcal*mol ™' A™2 per atomic mass unit to prevent the rotation of the protein in the simulation
box. Each of the ten systems were simulated for 20 ns at 298 K and 1 atm pressure with a
Nosé-Hoover thermostat32 33 and the Langevin piston barostat34, thus yielding a cumulative
sampling time of 200 ns for each SILCS simulation. Snapshots were output every 10 ps as
more frequent saving of snapshots did not change the results (not shown).

As detailed previously!8, to prevent the aggregation of hydrophobic fragments and to
promote faster convergence, a repulsive interaction energy term was introduced only
between benzene:benzene, propane:propane and benzene:propane molecular pairs. This was
achieved by adding an additional massless particle to the center of mass of benzene and to
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the central carbon of propane molecules. Each such particle does not interact with any other
atoms in the system but with other particles on the hydrophobic molecules through the
Lennard-Jones (LJ) force field term2® with parameters (¢ = —0.01 kcal/mol; Ry, = 12.0 A).
Combined with the same switching function and cutoffs used for other LJ interactions, this
leads to a purely repulsive energy vs. distance profile for hydrophobic molecular pairs'8.
Since the repulsive interaction energy approaches zero as the separation distance increases
to the cutoff length of 8A, the additional term is not expected to perturb small

molecule:protein interactions in different sites on the protein surface.

FragMap construction

3D probability distributions of the fragment atoms at various sites called “FragMaps” were
constructed for four atom types — benzene carbons, propane carbons, water hydrogens and
water oxygens — from the SILCS simulation trajectories using the following protocol. Atoms
from snapshots output every 10 ps from the last 5 ns of each SILCS simulation trajectory
were binned into 1 A X 1 A X 1 A cubic volume elements (voxels) of a grid spanning the
entire system, and the voxel occupancy for each FragMap atom type was thus calculated.
For benzene and propane, carbon atoms were binned if they were closer than 5 A from the
protein surface while for water hydrogens and oxygens a 2.5 A cutoff was used. For the
purpose of normalization, a bulk voxel occupancy for each fragment type was calculated. To
this end, simulations of rectangular boxes of size 70 AX67AX60A composed only of
benzene+propane+water were performed using the same protocol as the simulations with
protein. 10 such boxes were simulated for 5 ns each to yield a cumulative sampling time of
50 ns. Fragment and water atoms were binned into the 3D grid and the average voxel
occupancy was calculated for each FragMap atom type over the entire volume. To check for
any change in voxel occupancies with change in box size, another round of benzene
+propane+water simulations were performed with a system size of 62 AX53AX48A.
There was no significant difference in voxel occupancies between the two differently-sized
systems and averages over these two systems were used to compute the bulk voxel
occupancy. The voxel occupancies computed in the presence of the protein were divided by
the value in bulk to obtain a normalized probability. Normalized FragMaps were converted
to free energies via a Boltzmann-based transform of the normalized probability to yield a
“Grid Free Energy (GFE)” for each fragment type f, for each voxel with coordinates x,y,z:

o . voxel occupan c‘v{.‘_\.‘:
GFE;,.=min{ -RTlog, 2 0

T SN
<bﬂfk voxel occupancyry, _\._h.> n

where f corresponds to one of the four FragMap types - benzene, propane, hydrogen bond
donor or acceptor. The GFE values were allowed to assume a maximum of zero. This was
done in order to avoid unphysically high LGFE scores (see Eqn. 2 below for definition)
resulting from ligand atoms positioned beyond the cutoff of 2.5/5 A with respect to the
protein surface. Unless indicated otherwise, all visualization of benzene and propane
FragMaps were made with a GFE cutoff of —1.2 kcal/mol and hydrogen bond donor/
acceptor FragMaps with a cutoff of —0.5 kcal/mol.

Analysis of decoy sets and scoring scheme

To establish the ability of FragMaps to decipher the correct binding modes of ligands, a
collection of ligand-decoy conformations was used as a validation set. For each protein-
ligand complex tabulated in the LPDB, there exist two CHARMM pre-computed decoys
sets: (i) surface-distributed decoys and (ii) binding-site decoys, as described in Roche et
al.!® In short, surface-distributed decoys were generated by translating the ligand onto each
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point on a non-overlapping spherical grid built around the protein, which extends to 5 A
beyond the maximum extent of the protein surface. Random rotations followed by a short
minimization were used to generate multiple conformations on each grid point. Clustering
was then performed based on both root mean square deviation (RMSD) and distance of the
center of mass of the decoy with respect to the crystal conformation to yield 50 diversely-
distributed decoys on the protein surface. Binding site decoys were generated using the
replica method in CHARMM to simultaneously propagate 25 copies of the bound
conformation of a ligand by Langevin dynamics with restraints applied to bias the copies
away from the experimental bound position. At the end of 1000 simulation steps, the
conformations were minimized resulting in a near-continuum of decoy positions close to the
experimental bound pose of the ligand in the binding site.

To quantify the overlap of FragMaps with an arbitrary ligand conformation, the ligand
coordinates were first transformed based on the alignment of the protein conformation in the
protein-decoy structure to the protein conformation with which the SILCS simulations were
initiated. An alignment of structures was also required when comparing the overlap between
ligands and FragMaps of two different homologous proteins. For cases where a protein-
ligand co-crystal structure for one of the homologs did not exist (eg. ATI-D with trypsin and
FXI-2 with Factor Xa), the position of the ligand was assigned based on alignment of the
protein conformation of the homologue lacking a co-crystal structure with the ligand with
the homologue with known protein-ligand conformation based on optimal alignment of
backbone Ca atoms and the FragMaps were then analyzed in relation to the transformed
protein coordinates.

Atoms in the ligands were classified as aromatic carbon, aliphatic carbon (sp> methyl or
methylene), hydrogen bond donor (hydrogen bonded to a nitrogen or oxygen) and hydrogen
bond acceptor atoms (oxygen atoms), consistent with the four FragMap types. It should be
noted that in the present study only oxygen atoms were assumed to act as acceptors; an
assumption that will be tested in future studies. All ligands analyzed in this study are shown
in Figure S8 of the Supporting information. The protonation state of the ligands was
assigned as it was listed in the LPDB. For ligands obtained from other sources, MOE?3> was
used to assign the protontation state consistent with pH 7. Each classified atom of a ligand
with coordinates (x;.y;z;) was assigned a score equal to the Grid Free Energy value of the

corresponding FragMap type f, (fl’l:'_‘;_)-{,ﬁ of the voxel it occupies. A sum over each of the
four classes of atoms separately yields the GFE score for the four FragMap types (e.g.

adding the benzene FragMap GFEY“™ values corresponding to the position of aromatic
carbon atoms of the aligned ligand conformation yields the aromatic GFE score for that
ligand). A sum of benzene, propane, hydrogen bond acceptor and donor GFE scores for a
ligand yields the Ligand Grid Free Energy (LGFE) score:

1duosnuepy Joyiny Yd-HIN

IGFE= ) GFENT™®: %' GFEGYY+ Y GFELdmor, %' GFEL

X Vi XiMiZi Xnynt X YinZi
aromatic aliphatic H — donor H — acceptor
atoms i atoms i atoms i atomsi (2)

Protein preparation

For a-thrombin, eight loop residues and two terminal residues from the heavy chain were
missing from the apo structure (PDB 3D49) and their positions were constructed using the
MODELLER package3© with a ligand-bound (holo) structure (PDB 1BMM) as a template.
Since the loop residues in 1BMM structure were not in close contact with the active site,
they are unlikely to be differently structured in the apo form. The crystal structure of another
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holo form of the protein (PDB 1AES8) was used to build 5 and 3 missing residues from the N
and C terminal, respectively, of the light chain of a-thrombin. Again, this region being distal
to the binding pocket is unlikely to be differently structured in the apo form. 100 models
were generated and were clustered based on the RMSD of modeled residues using the
program NMRCLUST37. The most representative structure of the largest cluster was
selected and a 1 ns MD simulation with GBMV implicit solvent model38 was performed
with all atoms of the protein other than those being modeled constrained. Additionally, in
the SILCS simulations, the weak restraint of 0.01 kcal*mol " 1A™2 per atomic mass unit
applied to Ca atoms was not applied to the modeled residues.

The SILCS methodology is applied in the present work to 7 proteins for which
crystallographic data of satisfactory resolution of protein-ligand complexes are available
(Table 1). SILCS MD simulations were initiated with the apo or/and holo forms depending
on the availability of crystallographic structure coordinates in the PDB;2* ligands were
deleted from the holo structures prior to the MD simulations. Probabilities of fragment
atoms calculated for each voxel, called FragMaps, were computed from the last 5 ns of the
ten independent 20 ns SILCS simulations for each protein. A —RTlog, transform of the
relative grid probabilities was done to convert FragMaps probabilities into free energies,
referred to as the grid free energy (GFE) representation (Equation 1). The GFE; y , value
quantifies the per-atom free energy of binding for each atom type to each voxel in the
simulation system. Since the desolvation penalty is included implicitly in the GFE values, it
justifies their use to quantify the contribution of each type of atom to the overall free energy
of binding of a ligand to the protein.

Fragments used in the present study include benzene, propane and water, as used in our
previous study!8. It has been noted that about 75% of bioactive molecules contain aromatic
rings3® and 40% of drug-like molecules contain a benzene ring.*? This motivated the
inclusion of benzene. Propane, another hydrophobic fragment was included based on its
ability to penetrate smaller protein pockets and to identify protein pockets with affinities for
aliphatic groups that are ubiquitous in known drug-like molecules. The inclusion of both
benzene and propane, which may both be considered hydrophobic, allows for different
regions of the protein that favor one class over the other to be identified. Water can both
donate and accept hydrogen bonds and served as a probe for chemical groups with those
functionalities. Further motivation for the choice of these fragments is their small size. All
fragments are small enough to have no dihedral rotational degrees of freedom involving
non-hydrogen atoms as well to maximize their diffusion constants to facilitate sampling over
the protein surface. In addition, to achieve convergence in a computationally feasible
timescale, a minimal set of representative fragments was chosen so as to maximize their
individual concentrations, which maximizes their binding probability!8.

FragMap convergence

A major concern in the SILCS method is the required duration of the simulations to assure
adequate convergence of the FragMaps. In our previous study!®, convergence focused on the
change in FragMaps with increased sampling. While that criteria was considered in the
present study, we also judged the quality of convergence based on the “predictive power” of
the FragMaps. A preliminary investigation revealed a higher predictive power with
FragMaps constructed from the last 5-ns segments of each trajectory, where the predictive
power is judged by the degree of overlap of FragMaps with the position of the relevant
ligand functional groups in protein-ligand crystal conformations. Using trypsin as a test
case, we investigated the change in the conformational distribution of fragments as a
function of time. Figure 1a shows the radial distribution function, g(r) of benzene molecules
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with respect to the center of trypsin computed using the first and last 5-ns segments of the
20-ns SILCS trajectories. The distribution obtained from the last 5-ns segment shows a
slightly higher population of fragments with low r values, indicating deeper penetration of
fragments into protein pockets. This observation is explained based on the time required for
changes in protein conformation and/or the solvation shell of the protein to occur that are
required to accommodate fragment penetration. To check if the difference seen in the g(r)
profile is significant for the purpose of identifying key binding interactions, we performed
the following analysis. The ten 20-ns trajectories were divided into two sets of five
trajectories each, and two benzene FragMaps were constructed from the 0—5ns segments and
two from the 15-20ns segments. Figure 1b shows the two 0-5ns benzene FragMaps overlaid
on trypsin and Figure 1c shows the same for the 15-20ns dataset. The two sets of FragMaps
generated from the 0-5ns dataset concur on the prediction of most benzene binding sites,
however only one set predicts the relatively buried ligand binding site namely, specificity
S1-pocket (Figure 1b, arrow). This site is predicted by both sets of trajectories by FragMaps
generated from the 15-20ns dataset. Since these maps were constructed from trajectories
that have different initial positions of fragments in the simulation box, the similar prediction
implies convergence to a satisfactory extent rather than redundant unconverged results.
These observations indicate that convergence in the mapping of pockets with higher degrees
of burial requires longer simulation time than that of surface exposed sites. This conjecture
was further tested using a-thrombin and HIV-protease, where the degree of burial of the
inhibitor binding sites is higher than it is in trypsin. Figures S1 and S2 show that FragMaps
constructed from later segments of SILCS trajectories overlap better with inhibitor
functional groups in the crystal binding modes. We also observed that LGFE scores
constructed from later parts of the simulations better distinguish the crystal conformation
from decoy ligand conformations (Figure S3). These results, especially with HIV-protease,
demonstrate that even for significantly buried pockets, the SILCS method identifies the key
interactions necessary for ligand binding when adequate sampling is preformed (see below).

Additional evaluation of the convergence properties was performed by taking the difference
of the raw voxel occupancies of FragMaps from the 15-20ns segment of trypsin SILCS
simulations 1 to 5 and 6 to 10. For fully converged results, such a “difference map” should
have a value of zero for all voxels. Figure S4 of supplementary information shows the
histogram of occupancy differences from the “difference maps” to be centered around zero
as expected for random errors. Importantly, the difference map values approach zero near
the cutoff values used for FragMap visualization, indicating the significance of the cutoff
values of GFE=—1.2 kcal/mol for benzene and propane FragMaps and GFE=—0.5 kcal/mol
for hydrogen bond donor and acceptor FragMaps.

SILCS validation by recapitulation of crystallographic inhibitor-protein complexes

In the following analyses, a set of representative ligands was chosen for each protein and the
overlap of the different FragMap types with positions of chemical groups in the
crystallographic binding mode of the full ligand is discussed. This approach tested the
ability of FragMaps to identify key interactions between the protein and low MW ligands.
Quantification of the extent of FragMap-ligand overlap is done by first aligning protein
structure from the ligand-protein crystal structure with the structure of the protein used to
initiate the SILCS simulations, thereby placing the ligand on the same 3D grid on which the
FragMaps were computed. The atoms in the ligand are placed in the following
classifications: aromatic carbon, aliphatic carbon, hydrogen bond donor or hydrogen bond
acceptor, corresponding to the four FragMap types. Each such classified atom is assigned a
score equal to the GFE of the corresponding FragMap type of the voxel it occupies, with the
sum over the GFE scores of appropriate atoms in a ligand yielding the ligand GFE score
(LGEFE, Equation 2). In the following analysis we present the LGFE scores and also partition
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it into GFE scores associated with the four different atom types to show their individual
contributions (Eq. 2). A comparison of the LGFE score of the crystal conformation and
decoys is made to show the predictive power of the SILCS FragMap-ligand overlap. The
ligand-protein database (LPDB)!? contains two kinds of decoy conformation sets: surface
distributed and binding site decoys, both of which are used as validation populations. A
significant fraction of the binding site decoys tend to have conformations that are very
similar to the crystal (i.e. < 1 A RMSD). Therefore, we show the RMSD of the
conformations along with GFE scores.

Bovine trypsin is a serine protease for which co-crystal structures of the protein with several
small molecule inhibitors exist!®. The crystal structure of the apo form of trypsin (PDB
1S0Q) was used to initiate the SILCS simulations with the resulting FragMaps compared
with 4 trypsin-ligand co-crystal structures. Figure 2a—d shows the primary specificity S1-
pocket of the protein with FragMaps overlaid on the crystal binding modes of the ligands in
crystal structures 3PTB, 1TNH, 1TNI and 1TPP respectively, which we refer to as TI-A, TI-
B, TI-C and TI-D. In all four cases the benzene FragMap overlaps with the crystal
orientation of the aromatic rings, with the extent of overlap being larger in TI-A, TI-B and
TI-D. The aromatic ring in TI-C is positioned approximately perpendicular to the plane
formed by the benzene FragMap density resulting in decreased overlap of ligand atoms with
the benzene FragMap. Interestingly, TI-C also has the poorest binding affinity among the
four as denoted in Figure 2 (3G, bottom right of each panel). The presence of propane
FragMap in the same region suggests that this site has an affinity for aliphatic groups, which
is consistent with the fact that S1-pocket binds lysine and arginine residues of natural
peptide substrates of trypsin.*! The neighborhood of negatively charged Asp189, which
makes favorable electrostatic interactions with substrate Lys/Arg residue sidechains, shows
the presence of hydrogen-bond donor FragMaps. For all four inhibitors, the ammonium/
amidinium hydrogens show overlap with the hydrogen-bond donor FragMap (Figure 2, blue
arrows). The negatively charged Asp189 at the bottom of the pocket and the surrounding
hydrophobic residues create an environment favorable for binding of aliphatic/aromatic
groups with hydrogen bond donors at their end*!. The overlap shown in Figure 2
demonstrates that FragMaps capture these two thermodynamically important interactions.
The benzamidine group in TI-D binds to the S1-pocket in the same orientation as
benzamidine alone (TI-A). The additional acid and alcohol groups in TI-D are in the vicinity
of a hydrogen-bond acceptor FragMap, consistent with the better affinity of that compound
as compared to TI-A. The LGFE values as displayed on the bottom left of each panel in
Figure 2 correctly predict the least and the most favorable ligands.

To quantify the utility of the overlaps shown in Figure 2 the LGFE scores of crystal
conformations of the four inhibitors were compared to values obtained for the surface
distributed and binding site decoys. TI-A, TI-B and TI-C do not contain any hydrogen bond
acceptors, whereas a carboxylate and an alcohol are present in TI-D. Figure 3 shows the
GFE scores computed over aromatic, aliphatic, hydrogen-bond donor and acceptor atoms
separately, as well as the total sum (LGFE score) for the four inhibitor crystal conformations
(red lines) and the respective surface distributed decoys (black histograms). For TI-A, TI-B
and TI-D ligands, the GFE scores for aromatic and H-donor atoms (except TI-A) are
generally lower than most decoys (Figure 3, column 1 and 3). The aliphatic score for the
crystal conformation is consistently more unfavorable than that for most decoys. The lack of
overlap of the methylene groups in all inhibitors with propane FragMaps is also evident in
Figure 2 and indicates that the aliphatic moieties act as linkers between the benzene ring and
the positively charged group interacting with Asp189. Nevertheless, primarily due to the
favorable aromatic and to some extent, H-donor GFE values, the LGFE score for the crystal
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conformation is more favorable than that for almost all decoys for TI-A, TI-B and TI-D.
Notably, low (i.e. favorable) LGFE scores for the crystal conformations are attributed to the
simultaneous low values across all categories. In other words, a decoy conformation may
have a lower GFE score than the crystal conformation for one class of atoms, but when the
contribution of all categories is considered, the crystallographic conformation tends to have
the lower (more favorable) LGFE. The poor overlap observed for TI-C is quantified by high
(unfavorable) GFE scores across all categories for the crystal conformation. Therefore, the
LGFE score does not distinguish the crystal conformation from the decoys. This may be
related to the relatively high binding free energy of this ligand. In addition, it should be
noted that the B factors for ligand in the TI-C crystal structure (1TNI)*2 are much higher
than that of other inhibitors indicating that the location of the ligand may be poorly defined
or that the ligand has additional flexibility in the pocket, a feature not accounted for in our
approach of using the single crystal conformation. This potential limitation is addressed in
the discussion below.

The ability of FragMaps to distinguish the native conformations from decoys within the
binding site was next evaluated. Figure 4 shows the GFE scores for crystal (red line) and
decoy (black filled squares) orientations as a function of RMSD with respect to the crystal
conformation. For aromatic, hydrogen-bond donor and acceptor atoms, the general trend is
that the GFE score increases with increasing RMSD as expected. For these FragMap types,
the lowest GFE value is almost always assumed by a conformation which has an RMSD < 2
A. Again, TI-C with the most unfavorable experimental affinity is an exception showing
poor correlation of GFE scores with RMSD. For all inhibitors, the aliphatic GFE score
correlates poorly with RMSD, presumably for the same reason as suggested above for
surface-distributed decoys. Most importantly, the LGFE for TI-A, TI-B and TI-D show
(Figure 4, right column) that only conformations very similar to the crystal (with RMSD < 2
A) have LGFE scores close to that of the crystal conformation. Thus the LGFE score
distinguishes conformations within the binding site that are similar to the crystal orientation
against the ones that are different.

Human a-thrombin (AT), another serine protease, is a target for anti-coagulation drugs and
has therefore been well investigated. Crystal structures of several high-affinity inhibitors in
complex with this protein are available in the PDB. The crystal structure of the apo form
(PDB 3D49) was used to seed all SILCS simulations after removing the non-covalently
bound peptide, hirudin, that binds distal to the ligand-binding pocket. Missing residues from
the protein structure were constructed using the MODELLER package 30 as detailed in
Methods.

Baum et al.*3 thermodynamically characterized several structurally-similar high-affinity
inhibitors ofa-thrombin and obtained the X-ray crystal structures of the complexes. Since
both the experimental affinities and binding modes are available, this series of inhibitors was
selected to illustrate the capability of SILCS FragMaps in lead optimization. Figure 5a—c
shows the overlay of the crystal orientation of three a-thrombin inhibitors ATI-A (PDB
27GX), ATI-B (PDB 2ZDA) and ATI-C (PDB 2Z03), which have increasing binding
affinity going from ATI-A to ATI-B to ATI-C. The benzene and propane FragMaps are able
to identify the three binding pockets S1, S2 and S3 of the inhibitors (Figure 5). Hydrogen-
bond donor FragMaps are located close to the positively charged amidinium group of
benzamidine at the base of the S1 pocket, although they are occluded from the view in
Figure 5. Both propane and benzene densities are observed to coincide with the benzene ring
of the benzamidine group in the three inhibitors. Similarly, the ligand ATI-D (Figure 5d)
contains an aliphatic chain terminating with an ammonium group, which places methylene
groups in the region located by propane FragMaps. The position of the amide of the peptide
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linker between S1 and S2 binding regions coincides with the hydrogen bond donor FragMap
as shown in Figure 5a by the blue arrow. The S2 pocket shows both propane and benzene
FragMaps, which is in agreement with the crystal-binding mode of the aliphatic proline
group. Finally, the S3 pocket also shows a mixed density of benzene and propane FragMaps,
indicating this as a hydrophobic pocket. The structural differences between the three
inhibitors characterized by Baum et al. occur only in the region that binds to the S3 pocket.
Consequently, their binding modes in the S1 and S2 pockets are the same. FragMaps in the
S3 site show two regions of hydrophobic affinity, one of which is occupied by benzene and
the other by propane FragMaps. ATI-B replaces the terminal S3 methyl with a phenyl group.
Figure 5b shows that the phenyl group occupies one of the two hydrophobic regions in the
S3 site (purple arrow) contributing to the —1.43 kcal/mol*3 more favorable experimentally
measured binding free energy AGO. ATI-C adds an additional benzene group which occupies
the second hydrophobic site in the S3 pocket (Figure 5c, green arrow) resulting in a —0.57
kcal/mol 43 decrease in AGY. The LGFE values for the three inhibitors indicated in Figure
5a, b and c capture the trend of increasing affinity. This case study suggests that SILCS
FragMaps can provide accurate structural information that allows for improved
understanding of changes in ligand-protein affinities, information that is useful to guide lead
optimization. Baum et al.*? note that Glu217 undergoes a conformational change to
accommodate the binding of ATI-C. We show in Figure S11 of supporting information, two
conformations of Glu217 obtained from the SILCS simulation trajectories that overlap with
the two crystallographic positions of the same residue in complex with ATI-C (PDB 2Z03),
thus demonstrating the utility of including protein flexibility in affinity mapping.

To further quantify the ability of FragMaps to identify key protein-ligand interactions, we
used three other known inhibitors of a-thrombin namely ATI-D (PDB 1AES), ATI-E (PDB
1BMN) and ATI-F (PDB 1D4P) shown in Figures 5d, e and f, respectively, which have
decoy conformations available!?. Following the same strategy used for the trypsin
inhibitors, the GFE scores for the individual fragment types and for the full ligands were
calculated and are shown in Figure 6. The GFE scores of the aromatic and aliphatic atoms
are significantly more favorable than that for the decoys. The hydrogen-bond donor GFE
values are weakly negative and score favorably only in the case of ATI-F. The low absolute
values of hydrogen bond donor and acceptor GFE values are explained in the discussion
section. The hydrogen bond acceptor scores do not distinguish the crystal orientations from
decoys. This is analogous to the aliphatic carbons in the trypsin inhibitors, indicating that
not all functional groups interact with high affinity with the protein, rather they may play the
role of linkers. For example, two of the four oxygen atoms in ATI-D face away from the
protein surface and thus are unlikely to form enthalpically favorable interactions with the
protein. More importantly, the LGFE scores for the three inhibitors distinguish the crystal
from decoy conformations very well as seen in the right column of Figure 6. Figure 7 shows
the dependence of GFE scores with RMSD for the three inhibitors in the context of the
binding site decoys. The aromatic, aliphatic and to some extent, the hydrogen bond donor
GFE scores tend to distinguish the conformations with low RMSD. However the hydrogen-
bond acceptor scores do not show this behavior, consistent with the surface-distributed
decoys. The right column of Figure 7 shows that the ligand GFE scores distinguish well the
structures similar to the crystal conformation from those that are significantly different.

HIV protease

HIV protease (HP) has a number of high affinity inhibitors for which protein-ligand
complex crystal structures have been solved. LPDB contains nearly 50 such crystal
structures reflecting the immense interest in this target for drug design. As the binding
pocket is significantly secluded from solution, mapping its affinity pattern in the context of
SILCS poses a difficult problem, as the exchange of molecules from the active site with the
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surrounding solvent must occur during the MD simulations. Further adding to the challenge
is that ligand binding causes significant conformational change in the vicinity of the active
site*4 (Figure 8e). Both an apo form (PDB 2HB4) and a holo form (PDB 1G2K, with the
ligand, HPI-A, removed) were used to seed two series of SILCS simulations. FragMaps
calculated from the last 5 ns of the 10 simulations for the apo and holo forms of the protein
are displayed in Figure 8a and b, respectively, with a slightly higher GFE cutoff of —1.0
kcal/mol for benzene and propane than the values of —1.2 kcal/mol used for the other
proteins. Inhibitors from 5 high-resolution protein-ligand crystal structures, namely HPI-B
to F (PDB 1B6K, 1D4L, 1HBV, 1HPV, 1HVI), were analyzed. Common to the inhibitors
are 4 distinct hydrophobic groups, which are denoted by numbers in Figure 8a, b, as well as
a fifth site common to two of the inhibitors. The flaps covering the active site are flexible on
a timescale > 100ps.%% 43 Therefore, opening and closing events have a very low probability
of occurring on the 20-ns time scale of the present simulations such that only local
conformational changes in the apo (open) and holo (closed) states will occur. In both cases
some sampling of the four hydrophobic sites is occurring as evidenced by the aromatic and/
or aliphatic FragMaps indicated by the arrows in Figures 8a and b. However, as expected the
FragMap overlap with the hydrophobic groups is not as optimal as for the holo protein. In
the following analysis we discuss only the FragMaps of the holo protein, though results from
the apo form are included in Fig. S5 of the supporting information.

An important characteristic feature of the HIV-protease binding pocket is the presence of a
tetra-coordinated structural water molecule that accepts two hydrogen bonds from the
amides of flap residues ILES0 and ILES0' (of both subunits) and donates two to the oxygen
atoms in the carbonyl and sulfonamide groups of inhibitors*® 47 and has been indicated to
induce the fit of the flaps to the inhibitor*8. Figure 8c shows the PDB co-crystal structure of
HPI-C overlaid with FragMaps and the bridging water molecule (Wat301), which is
conserved across all co-crystal structures analyzed. Hydrogen-bond acceptor FragMaps
capture the position of Wat301 accurately. Lowering the grid free energy cutoff value from
—0.5 to —1.0 kcal/mol still retains this density region, indicating it to have very high affinity
in this site, as has been observed previously.*® Another important interaction of the HPI-C
ligand is the hydroxyl group hydrogen bonding to the catalytic ASP25 and ASP25’ residues
of the two subunits at the bottom of HP binding pocket. Figure 8d shows the hydroxyl
oxygen of the inhibitor and the overlap of the likely position of the alcohol hydrogen with
hydrogen-bond donor FragMaps in the vicinity of ASP25 residues of both subunits. Lam et
al.*® sought to replace the hydrogen bonding pattern both near the conserved tetra-
coordinated Wat301 and near the catalytic site with a seven-membered cyclic urea resulting
in one of the highest affinity inhibitors out of 53 listed in the LPDB (—14.23 kcal/mol),
which we refer to as HPI-G. The geometry of the inhibitor from the co-crystal structure
(PDB 1DMP) overlaid with FragMaps is shown in Figure 8f. The four aromatic hydrophobic
groups of the inhibitor show good overlap with benzene/propane FragMaps. The cyclic urea
oxygen, which surrogates for Wat301, overlaps with the hydrogen-bond acceptor map (red
arrow). The position of hydroxyl oxygens at the catalytic site is consistent with the presence
of hydrogen-bond donor FragMaps (blue arrow).

LGFE scores were calculated for the seven HIV-protease inhibitors studies. The data were
then presented as a correlation plot of the calculated relative LGFE scores and relative
experimental free energies of binding (Figure S5 in supporting information). Results show
that the ligand GFE scores computed both from apo and holo FragMaps are able to capture
most, but not all trends in the experimental relative binding free energies. Thus, SILCS
FragMaps were able to capture the thermodynamically important interactions and can point
to regions on the protein surface that have high affinity for different chemical
functionalities, information that can be valuable in scaffold design and lead optimization.
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Similar to the previous two examples, GFE scores were calculated for two ligands and their
decoy conformations!® (HPI-A, C with PDB IDs 1G2K, 1D4L, respectively) for both
surface-distributed and binding-site decoys. Figure S6 in supplementary information shows
that the GFE values of the crystal conformation for all FragMap types are significantly more
favorable than that for decoys, such that the LGFE score distinguishes well the crystal from
decoy conformations; the difference between the LGFE score of the crystal conformation
and that of the most favorable decoy conformation is > 10 kcal/mol in both cases. This is
because, unlike trypsin, HIV protease inhibitors are large such that random placement of the
ligand on the protein surface leads to the loss of several favorable contacts causing an
unfavorable LGFE score. Thus, the case of HIV protease provides a very easy distinction of
the crystal conformation from surface decoys by the FragMaps. Similarly, Figure S7 shows
that the ligand GFE scores of the binding-site decoys increase nearly monotonically with
RMSD thus distinguishing crystal-like conformations from ones that are significantly
different.

FK506 binding protein (FKBP12)

FKBP12 is a cytosolic enzyme that catalyzes cis-trans isomerization of prolyl amide bonds
and is known for its function in T-cell activation.’ To test the ability of FragMaps to
identify key binding interactions, the synthetic ligand from PDB 1FKG and two natural
product ligands, FK506 and rapamycin, were analyzed. Due to the large contact interfaces
between the natural product ligands and the protein, this case provides an opportunity to test
our methodology’s predictability of interactions involving large molecules. The protein
conformation used to initiate the SILCS simulations was the one in complex with one of the
synthetic inhibitors>! (PDB 1FKG). Figure 9 shows the crystal structure of FKBP12
overlaid with FragMaps and the three ligands (PDB IDs 1FKG, 1FKJ, 1FKL which we refer
to as FI-A, FI-B and FI-C, respectively). FragMaps identify three hydrophobic regions in the
binding site marked S1, S2 and S3 in Figure 9a. S1 is one of the regions on the protein
surface with the highest affinity for propane (minimum GFE value of site S1 < —2.4 kcal/
mol) and is occupied by a cyclic aliphatic group in all cases. S2 is another site with a high
aliphatic affinity and is occupied by an alkyl group in all three inhibitors. For both S1 and
S2, the average propane FragMap GFE value is much more favorable than for benzene,
which is consistent with the presence of aliphatic moieties interacting with those sites. The
third hydrophobic site, S3, is occupied by a phenyl group in the 1FKG inhibitor (Figure 9a)
and a cyclic aliphatic group in FK506 and rapamycin (Figure 9b, c), and therefore is
consistent with the presence of both aliphatic and aromatic FragMaps. It is known that the
removal of the benzene group from FI-A, which interacts with I1e56 and Tyr82 in S3, causes
a 3 to 6 fold loss of affinity.7! The phenyl group in FI-A that faces away from the protein
surface (Figure 9a) shows no overlap with any FragMap. It has been argued that this group
contributes to binding affinity more through intramolecular interactions and consequently
enables the ligand to assume a favorable conformation for binding FKBP12, than through
any favorable interactions with the protein itself>!. The hydrogen-bond acceptor FragMap
captures one conserved hydrogen bond acceptor interaction between a carbonyl oxygen
common to all inhibitors and the Ile56 backbone amide (shown by the red arrow in Figure
9a). Figure 9c shows that a fourth hydrophobic site S4 is occupied by a methyl group in
rapamycin. Thus, FragMaps identify the three main hydrophobic interactions that are shared
by the ligands described above, as well as a fourth hydrophobic interaction unique to
rapamycin. Furthermore, consistent with the structures of the three inhibitors, site S1 has a
marked preference for aliphatic hydrophobic groups vs. aromatic hydrophobic groups as
evidenced by the propane FragMap density being much higher than that of benzene.
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Bacterial nicotinic acid mononucleotide adenylyltransferase (NadD)

The protein NadD from the HxGH-motif containing nucleotidyl transferase superfamily has
been recognized as a promising new target for developing novel antibiotics against drug
resistant bacterial infections.>2 Recently, several small molecule inhibitors were identified
for Bacillus anthracis NadD and their X-ray co-crystal structures with the protein were
solved.33- 34 Though the inhibitor compounds are all located at the “handshake” dimer
interface in the crystal structures, NadD inhibition occurs in its monomeric form in solution
and oligomerization caused by crystal packing is not expected to change the complex
structure significantly.>? Thus, the crystal conformation of the monomeric apo-form of
NadD (PDB 3DV2) was used to seed SILCS simulations.

Figure 10 shows the overlay of the crystal orientation of four NadD ligands and the
FragMaps. The protein surface from one of the four co-crystals (PDB 3MMX) is used
instead of the apo form in the figure to facilitate visualization due to changes in sidechain
conformations of residues in the binding site. Together, benzene and propane FragMaps
identify three hydrophobic pockets, which we refer to as P1, P2 and P3, which are used by
the four inhibitors to make contact with the protein (purple and green arrows in Figure 10a—
d). Overlap of the benzene FragMap in the P1 site is seen with the crystal orientations of the
aromatic bicyclic ring of NI-A (PDB 3HF]J), the anthracene of NI-B (PDB 3MLA), the
central phenyl of NI-C (PDB 3MLB) and the naphthalene of NI-D (PDB 3MMX) as shown
in Figure 10a, b, ¢ and d, respectively. In site P2, overlap between benzene the FragMap is
seen with the crystal orientation of the fluorophenyl group of NI-A as shown in Figure 10a.
Additionally, the presence of propane density at this position suggests that both aliphatic and
aromatic carbons can be accommodated. This is supported by the overlaps of propane
FragMaps and the crystal orientation of the aliphatic chain between two amide groups in NI-
B and NI-C (Figure 10b and c, respectively). The benzene FragMap also identifies an
aromatic binding mode in site P3 where overlap occurs with the chlorophenyl moiety of NI-
B. Compared to NI-A, the additional overlap with FragMaps of NI-B is consistent with the
experimental observations that NI-B has a lower experimental K; value than NI-A.
Consistent with experimental ICs values is the fact that inhibitor compound NI-D, which
has the smallest overlaps with FragMaps among the four inhibitors (Figure 10d), shows the
lowest inhibitory effects.’*

Interestingly, beyond the NadD inhibitors, FragMaps also identified binding modes of some
small compounds that exist in the experimental environment and are related to inhibition.
Figure 10b shows that the hydrogen bond acceptor FragMap overlaps with the oxygen in a
formate molecule found to mediate the interaction between the protein and NI-B, which
replaces an interaction between a carboxylate group of the natural substrate and the
protein. 34 This information was used to design NI-D for which an overlap between the
hydrogen bond acceptor FragMap and carboxylate group is observed (red arrow in the left
side of Figure 10d). Moreover, in the NI-D-protein complex, there is a citric acid molecule
near the binding pocket. As Figure 10d shows, overlaps between hydrogen bond acceptor
FragMaps and several oxygen atoms of citric acid are present (red arrows on the right side
of Figure 10d). Indeed, this position corresponds to the ATP phosphate binding site in the
substrate bound crystal structure and thus supplies additional information for design of new
inhibitors. Thus, SILCS FragMaps capture important binding sites, different subsets of
which are exploited by different ligands to form favorable interaction with the protein.

Ribonuclease A

Bovine pancreatic ribonuclease A (RNaseA) has several co-crystal structures of the protein
in complex with inhibitors. The crystal structure of the apo form (PDB 1JVT) was used to
seed the SILCS simulations. Figure 11 shows the overlay of the crystal orientation of the
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RNaseA inhibitors with the FragMaps. There are three important binding subsites on the
protein surface with which the inhibitors make contact. This includes B1 and B2 subsites,
which interact with aromatic rings and a P1 subsite, which interacts with the phosphoryl
groups of a bound substrate. Figures 11a—e show the overlap of FragMaps with a
representative set of inhibitors selected from Dechene et. al. 55 Inhibitors 5'-ADP (RIA;
PDB 100H, Figure 11a) and 2',5'-ADP (RI-B; PDB 1000, Figure 11b) were both designed
to bind to the P1-B2 region of the active site.>® There are overlaps between the hydrogen
bond acceptor FragMap and phosphate oxygens for both inhibitors at the P1 subsite (red
arrows) whereas optimal overlap between benzene FragMap and adenine group at the B2
subsite is only found for inhibitor RI-A, as shown by the purple arrow in Figure 11a. This
finding is consistent with the lower K; value of RI-A at 1.2 uM compared to that of RI-B at
8 UM, a trend that is captured, albeit only qualitatively, by the more favorable LGFE score
of —11.8 kcal/mol for RI-A compared to —1.9 kcal/mol for RI-B. Different FragMap overlap
patterns are also found for inhibitors U-2'-p (RI-C; PDB 100M) and U-3'-p (RI-D; PDB
100N) shown in Figure 11c and d, respectively, which were both bound to the B1-P1
region®® Overlap between benzene FragMaps and uracil groups as well as between hydrogen
bond acceptor FragMaps and uracil oxygen atoms at the B1 subsite are present for both
inhibitors as shown by purple and red arrows, respectively, in the B1 subsite. The 2’ and 3’
phosphate groups in RI-C and RI-D, respectively, make contact with two different sites both
of which show hydrogen bond acceptor densities shown by red arrows in the P1 subsite. The
10 fold higher experimental binding affinity of RI-C with respect to RI-D is not captured by
the LGFE scores (LGFERy.c = —6.4 kcal/mol, LGFER.p = —7.1 kcal/mol). This can be
explained by two significant limitations inherent in the approach used to quantify overlap of
atoms with FragMaps. First is the usage of a single crystal conformation of the ligand as
opposed to an ensemble, as discussed below. Second is the simplistic treatment of all
oxygen atoms as one class of hydrogen bond acceptors. As explained in the discussion
section, use of a conformational distribution of ligands and more elaborate functional group
classification schemes have the potential to overcome these limitations.

Finally, inhibitor pdUppA-3'-p (RI-E, PDB 1QHC, Figure 11e) can be treated as a
combination of inhibitor RI-A and RI-D for which all types of overlaps between FragMaps
and crystal orientations of inhibitor functional groups discussed above are evident. Benefit
from all these overlaps as identified by FragMaps results in the highest affinity inhibitor RI-
E among the five analyzed here..’” LGFE score of RI-E correctly predicts it as the most
favorable binder (Figure S5). This indicates that optimizing interactions based on overlap
with FragMaps may help in the design of inhibitors with improved affinities.

SILCS FragMaps capture the affinity differences between homologous proteins

While the above results validate the capability of the SILCS methodology to recapitulate the
location of binding sites on protein surfaces as well as rank ligands based on binding
affinities in several cases, it would be desirable if the method were able to identify
dissimilarities in binding patterns in homologous proteins. Such a capability would allow for
the method to be used to direct ligand modifications to improve selectivity as well as
affinity. In this section, this potential is examined by comparing FragMaps and GFE scores
for the serine proteases a-thrombin, trypsin and Factor Xa.

a-thrombin has the same fold as trypsin as well as significant structural similarity of the S1-
pocket. Benzamidine is known to bind both proteins in the S1-pocket (PDB IDs 3PTB and
IDWB)!?. The LGFE of benzamidine in complex with trypsin is slightly more favorable at
—9.3 kcal/mol than with a-thrombin at —7.5 kcal/mol. This captures the experimental trend
in binding affinity, which was measured as —6.46 and —3.98 kcal/mol towards trypsin and -
thrombin, respectively.!® However, there exist subtle differences in the region surrounding
the binding pocket. Prominently, the “60-loop” present in a-thrombin, which surrounds the
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S2 site, is absent in trypsin. To understand the impact of this difference and other subtle
sequence differences, including in the vicinity of the S3 pocket, on the affinity pattern of the
proteins FragMaps were analyzed and used to calculate LGFE scores for an additional
ligand common to the proteins. De Simone et al.’8 obtained the crystal structure of EOC-D-
Phe-Pro-Abh (referred to as ATI-D) in complex with a-thrombin and measured its
selectivity to a-thrombin versus trypsin and found it to be very selective to a-thrombin
(selectivity was quantified by K, ratios as described in Ref 38 as > 18,000). Figure 12a and b
shows the crystal-binding mode of ATI-D overlaid with FragMaps obtained for a-thrombin
and for apo trypsin, respectively. The FragMaps in the S1 pocket of both proteins are
similar, consistent with the affinity of benzamidine for both proteins; however, the aliphatic/
aromatic densities observed in the S2 and S3 pockets of a-thrombin are shifted away from
the pocket in the case of trypsin. This leads to decreased overlap with the FragMaps in the
prospective binding mode of ATI-D to trypsin. The change in the affinity pattern of the
protein around the binding pocket captured by the FragMaps is thus the likely cause of the
differential affinity of ATI-D for trypsin. To quantify these differences the LGFE score of
the inhibitors were calculated and are displayed on the lower left corner of each panel in
Figure 12. A significantly more favorable LGFE for a-thrombin suggests that the FragMaps
predict correctly the higher affinity of this inhibitor as compared to trypsin.

Factor Xa (FX) is another serine protease sharing the same fold as a-thrombin and trypsin.
The absence of the “60-loop” from Factor Xa makes it much more structurally similar to
trypsin. Consequently, there exist inhibitors that have high affinity for trypsin and Factor Xa
but not to a-thrombin. Due to the availability of X-ray co-crystal structures of Factor Xa
inhibitors and experimental binding affinities to both Factor Xa and trypsin®®, we chose the
Factor Xa/trypsin pair as a more strict test of selectivity. The crystal structure of a ligand-
Factor Xa complex (PDB 1MQ5) was used to seed the SILCS simulations. Maignan et al.>®
synthesized several high affinity inhibitors (K;=0.7 to 22nM) of Factor Xa, of which only
one (referred to as FXI-1) showed reasonable affinity (K;=69nM) to trypsin. Figure 12c and
d show the similar crystal binding orientations of the inhibitor to Factor Xa and trypsin,
respectively (PDB 1EZQ and 1FOU). FXI-1, as well as other inhibitors, bind in an extended
orientation with two main interactions with the S1 pocket and the hydrophobic S4 pocket>?.
The FragMaps correctly predict this by hydrophobic densities in the S1 and S4 pockets and a
hydrogen bond donor density at the bottom of the S1 pocket (Figure 12d; difficult to
visualize in Figure 12c¢). FragMaps also predict a third hydrophobic region (marked as S2').
It has been shown that replacement of the ester group in FXI-1 that occupies this site with a
terminal methyl causes a decrease in binding affinity>®: ©0. Figure 12c and d show similar
levels of overlap of FXI-1 with Factor Xa and trypsin, which is consistent with the fact that
it has high affinity to both proteins. LGFE scores of the ligand for Factor Xa and trypsin are
both highly favorable and hence consistent with the high affinity the inhibitor has for both
proteins. However, the LGFE scores do not correctly predict the relative binding affinities

Similar analysis was performed on another inhibitor (FXI-2) that binds both Factor Xa and
trypsin (Figure 12e and f). FXI-2 could only be co-crystallized with trypsin ° and therefore,
Figure 12e shows the inhibitor conformation obtained by alignment of the protein structures
as described in Methods. For this inhibitor, the GFE scores calculated with the FragMaps of
the two proteins do not correlate with the inhibition constants. Figure 12e shows that the
inhibitor overlaps with the benzene/propane densities in the S4 pocket; however, most of the
overlap is made by the atoms of sulphonyl group and the ring sulphur atom. (Maignan et al.
note that the sulfonamide makes only hydrophobic interactions with the protein and not
electrostatic). One possible reason for the LGFE score not capturing the relative binding
affinities of FXI-2 to Factor Xa and trypsin could be that the benzene molecule used in
SILCS simulations may not capture the binding pattern of a sulfonamide group and
consequently is not able to predict the probability of such a group in the S4 pocket. A more
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diverse choice of fragments in SILCS simulations could help alleviate this problem and
efforts towards this are actively underway. Another reason could be the use of static crystal
structures to compute overlap with FragMaps, as discussed below. Nevertheless, the first
example discussed in this section showed that FragMaps are capable of identifying changes
in affinity pattern of the protein across homologs that have significant differences. For
homologs with very similar affinity patterns, the scoring scheme in its current
implementation does not distinguish ligands that have high affinity to both proteins.

DISCUSSION

Presented is a validation study of the SILCS approach in the context of its ability to
recapitulate the location of functional groups in ligands bound to a diverse collection of
proteins. Results consistently show that the experimentally determined positions of
functional groups of ligands coincide with SILCS FragMaps of similar chemical type. This
is shown qualitatively by visualizing the overlap of the FragMaps and the ligands and
quantitatively by using the GFE scores. Two initial conclusions emerge from this result.
First, MD simulations of a protein in a 1 M aqueous solution of two organic solutes are able
to identify thermodynamically important protein-ligand interaction sites. Second, despite
being simplistic, the fragments used are able to identify binding regions of modified analogs
of the fragments (e.g. benzene vs. benzamidine) or incorporated into larger ligands (e.g.
ligands of a-thrombin or HIV protease). Additional observations from the present study will
be discussed below.

The extent of agreement of the SILCS FragMaps with the experimental data is primarily
associated with three main assumptions used in our study. One is the assumption of
additivity of fragment binding free energies that is inherent to fragment-based methods.® In
the present work we introduce additivity on a per-atom basis through GFE scoring. Further,
the use of only four FragMap types leads to atoms in diverse chemical functional groups
being treated as identical in the scoring scheme. For example, the water oxygen atom is used
as a probe for any oxygen atom present in the context of an ether, alcohol, carbonyl,
carboxylate or phosphate group. The same atom type in different chemical functional groups
is likely to have different properties, such as the desolvation penalty, and, consequently,
different binding free energy contributions. Additionally, selected atoms in any given ligand
are not assigned to FragMap categories resulting in some contributions being unaccounted
for in GFE scoring (for example the aryl-halogen in the trypsin ligand TI-B or the
sulphonamide in FXI-2). While the SILCS methodology may inherently require the atom-
based additivity assumption, the use of only four FragMap types is a specific choice that will
be addressed in future studies.

Possibly the most significant limitation in the present study is the use of a single
experimental crystal conformation of the inhibitors. This impacts the qualitative comparison
of the FragMaps with the bound inhibitors as well as the quantitative calculation of the GFE
scores. In general, this approximation inherently contrasts one of the significant advantages
of the SILCS approach, the explicit inclusion of conformational distributions of both the
protein and the fragments being studied. To overcome this limitation, future studies will
involve the use of conformational distributions of ligand-protein complexes obtained from
MD simulations. It is anticipated that the use of probability distributions of the ligands will
allow for more representative comparisons with the FragMaps as well as significantly
improving the accuracy of the calculated GFE scores. Given these assumptions the level of
agreement between the experimental binding orientations and relative binding affinities of
the ligands with the SILCS simulations speaks to the robustness of the methodology.
Improved agreement with experimental data is anticipated in future studies designed to
overcome these assumptions.
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The limitations concerning the use of a single crystal conformation contributes to the
FragMaps not necessarily recapitulating the location of all functional groups in the ligands.
As stated above, the use of distributions of the ligands obtained from MD simulations would
allow for more rigorous comparisons, though other contributions exist. Many of the
comparisons involve different ligand-protein structures, such that alignment of the proteins
followed by placement of the ligand on the structure used to initiate the SILCS simulations
represents a significant approximation, which is exacerbated by local conformational
changes in the protein associated with the different ligands. This leads to the slight offset of
the FragMaps from the crystal atomic positions of functional groups in some large inhibitors
(e.g. HIV protease-inhibitor shown in Figure 8f). Again, MD simulations of the ligand-
protein complexes may partially overcome this issue. Differences will also be present due to
the intrinsic affinity of the protein for the ligand not being additive in that each functional
group does not make ideal contributions to binding. This is due to spatial constraints
associated with the ligand structure and due to certain moieties acting as linkers rather than
directly contributing to binding. Interestingly, this was observed for aliphatic moieties in the
trypsin inhibitors TI-B, TI-C and TI-D (Figure 2), as evidenced by the GFE score for the
crystal orientation as compared to the surface (Figure 3) and binding-site (Figure 4) decoys.
In contrast, with the a-thrombin inhibitors ATI-D, ATI-E and ATI-F hydrogen bond
acceptors, associated with amide and ester moieties acting as linkers, do not make favorable
contributions as compared to the surface decoys (Figure 6), which is consistent with the
acceptor oxygens pointing away from the protein towards the solvent (Figure 5). Such
variable contributions of different functional groups as a function of system/ligand is
consistent with previous observations based on crystallography that individual fragments do
not assume the same binding modes as occurs in full ligands.®! Being able to differentiate
between functional groups contributing to binding versus those acting as linkers/scaffolds is
anticipated to significantly facilitate compound optimization.

Conversion of the FragMaps based on probability distributions to free energies allows for
ligand free energies of binding to be estimated via summation of the GFE terms. Both the
contribution of individual moieties on the ligands may be evaluated as well as the overall
binding of inhibitors to be quantitatively ranked. This was shown using decoy conformations
included in the LPDB in combination with GFE scores (Figures 3, 4, 6 and 7). While some
of the individual GFE scores for the four FragMap types did not distinguish crystal from
decoy conformations, the ligand GFE score in the majority of cases had the most favorable
value for the crystal conformation. Overall, the ligand GFE (LGFE) scores for all the
compounds studied were high negative values for tightly binding ligands. This is due to the
GFE being based on an equilibrium between bound and solvated states thereby inherently
taking the desolvation penalty of both the fragments and protein into account as well as
direct fragment-protein interactions and other (eg. entropic) contributions to binding.

It is also notable that the GFE scoring scheme shows the potential to be able to rank ligands,
yielding reasonable correlation with experimental affinities in some cases. Figure S5 in the
supporting information shows the correlation of relative LGFE scores with the relative
experimental binding free energies. The ranking of ligands by LGFE score agrees with
experimental data for a majority of ligands of trypsin, HIV-protease,a-thrombin and
RNaseA, though exceptions exist. The observed discrepancies are likely due to the
limitations highlighted above and efforts to overcome these are underway.

The individual GFE contributions of the four types of FragMaps indicate the importance of
various types of interactions to ligand binding. In ligands that have a significant number of
aromatic/aliphatic atoms, the GFE score for the crystal conformation across these atom types
is favorably negative and these atoms tend to make the most contribution to LGFE. This
indicates the importance of hydrophobic interactions in driving ligand binding. On the other
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hand, while H-bond donor and acceptor GFE scores distinguish crystal from decoys
reasonably well in many cases, their values tend to be close to zero, which can be attributed
to the desolvation penalty that needs to be paid for hydrogen bonding with the protein to
occur. Thus, the discriminatory ability of hydrogen bonding interactions is based on their
ability to form adequately favorable interactions with the protein to overcome desolvation,
though overall these contributions do not appear to drive ligand binding.

An important feature of the methodology is the use of SILCS simulations initiated from a
single protein conformation, typically the apo form in the present work, to quantitatively
assess the binding of different inhibitors. This occurs due to the inclusion of protein
flexibility in the SILCS simulations. While small harmonic restraints were included on the
protein Ca atoms to restrain the overall rotation and translation of the protein in the present
study, they do not significantly damp protein motions. This allows for the identification of
the buried benzene binding site in trypsin (Figure 1) as well as SILCS simulations of the
HIV protease initiated from both apo and holo forms to both recapitulate the binding modes
of a number of inhibitors. Such capabilities require adequate sampling in the simulations (20
ns presently) and the extent of convergence will be dictated by the magnitude of the
conformational change occurring in the protein upon ligand binding. This is indicated by the
apo vs. holo HIV protease FragMaps also showing significant differences and emphasizes
how care must be taken to assure adequate convergence in different systems.

Finally, computational feasibility is an important advantage of the SILCS method. On
average, it took about 10 days for a single 20-ns trajectory running on a 2X4-core node of a
commodity-computing cluster. Since each of the 10 trajectories is independent, they can be
run in parallel. Accordingly. computational time is not a limiting factor considering the
months to years of time that is spent in finding a lead molecule or in its optimization in a
typical drug discovery project. Furthermore, an additional advantage of the FragMaps is
their applicability to any ligand of the protein under study.

SUMMARY

We applied Site Identification by Ligand Competitive Saturation (SILCS) to a test set of 7
proteins for which multiple protein-ligand co-crystal structures exist. The method involved
MD simulations of a protein immersed in a solution of organic solutes. We chose benzene
and propane as the organic fragments to probe the binding pattern of the proteins for
aromatic and aliphatic functional groups, respectively, and water served as a probe for
hydrogen bond donors and acceptors. The simulation data was processed to yield probability
distributions of atoms in the fragments used, referred to as FragMaps. FragMaps may be
used in the context of normalized probability distributions or converted to a grid free energy
representation, which provides the per-atom free energy contribution for ligand binding as
was done in the present study. Visualization of FragMaps with protein-ligand crystal
structures showed that FragMaps correctly predict the binding locations of functional groups
in ligands. The significance of the overlap between FragMaps and the relevant atoms of the
functional groups in ligands was quantified by GFE scores. Importantly, GFE values are true
free energies, since, per the definition of free energy, they are the logarithm of the ratio of
the probablities of observing a given probe atom either adjacent to the protein surface or in
bulk solution. GFEs therefore incorporate both enthalpic and entropic contributions, and
because the MD simulations are performed in explicit solvent and include full protein
sidechain mobility, also account for molecular solvation effects and protein flexibility. The
GFE score metric was successful in distinguishing crystal from decoy conformations thus
confirming quantitatively the overlap shown in the visualizations. For several ligands for
which data exists, we correlated the ligand GFE scores with experimentally measured
affinities. However, due to the simplifying assumptions in our current approach, most
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notably the use of single crystal structures and the simple classification of ligand atoms,
GFE scores did not rank correctly the ligands of all proteins. In addition, subject to certain
limitations it is demonstrated that FragMaps can be sensitive to differences in structure
between homologous proteins, information that can be used for specificity guided drug
design. This capability in combination with the ability of SILCS to identify potential
interactions of fragments with a protein that are likely to impart thermodynamic stability to a
protein-ligand complex suggests the potential for the use of the SILCS method in structure
based drug design.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Analysis of benzene fragments from SILCS simulations of trypsin. a) radial distribution
function g(7), of the center of mass of benzene molecules from 0—5ns and 15-20 ns
segments of all trajectories. Overlay of two benzene FragMaps constructed by dividing the
b) 0-5ns and ¢) 15-20ns segments of trajectories into two groups shown as red and blue
wireframe representations on the crystal structure of apo-trypsin. Most benzene binding sites
are predicted simultaneously by both sets of trajectories indicating convergence. An arrow
shows the relatively buried S1-specificity pocket.
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Figure 2.

S1-pocket of trypsin is shown with benzene (purple), propane (green), hydrogen bond donor
(blue) and acceptor (red) FragMaps. Four inhibitors are overlaid (a) TI-A, (b) TI-B, (c) TI-C
and (d) TI-D. The position of FragMaps that overlap with inhibitor atoms are indicated by
arrows colored same as the corresponding FragMap wireframes. Only polar hydrogen atoms
of the inhibitors are shown for clarity and the alcohol hydrogen of 1TPP inhibitor is not
shown due to the uncertainty in its position. Protein atoms occluding the view of the
inhibitor-FragMap overlap are removed from the visualization. The units of ligand grid free
energy score (LGFE) and experimental binding affinities (from LPDB!) are kcal/mol.
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Figure 3.

Grid free energy scores computed for the crystal (red line) and surface distributed decoy
(black histograms) conformations over aromatic, aliphatic, hydrogen-bond donor and
hydrogen-bond acceptor atoms for four inhibitors of trypsin (marked on the left). Scores
over each category of atoms are shown in the first four columns and the right column shows
the sum over all as the ligand grid free energy (LGFE) score. H-bond acceptor GFE scores
are not shown for TI-A, TI-B and TI-C ligands as they do not contain a hydrogen bond
acceptor atom. Aliphatic GFE score is not shown for TI-A, as it does not contain methylene/
methyl groups.
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RMSD

Figure 4.

Grid free energy scores computed for the crystal (red line) and binding site decoy
conformations!? (black squares) as a function of RMSD with respect to crystal
conformation, over aromatic, aliphatic, hydrogen-bond donor and hydrogen-bond acceptor
atoms for four inhibitors of trypsin (marked on the left). Scores over each category of atoms
are shown separately and the right column shows the sum over all as the ligand grid free
energy (LGFE) score.
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Figure 5.

a-thrombin FragMaps overlaid on the crystal binding mode of ligands (a) ATI-A (b) ATI-B
and (c) ATI-C, (d) ATI-D, (e) ATI-E and (f) ATI-F. Benzene, propane, hydrogen bond
donor and acceptor FragMaps are displayed as purple, green, blue and red wireframe
representations, respectively. Arrows of the same color point to areas of overlap between the
FragMaps and ligand atoms. Experimental AAG values for ATI-A, B, C are from ITC
experiments of Baum et. al.43 Experimental AG of ATI-D, E, F are as listed in LPDB!9. The
units of AAG, AG and computed LGFE are kcal/mol.
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Figure 6.

Grid free energy score computed for the crystal (red line) and surface distributed decoys
(black histograms) over aromatic, aliphatic, hydrogen-bond donor and hydrogen-bond
acceptor atoms for three inhibitors of a-thrombin (marked on left of each row). Sums over
each category of atoms are shown in the first four columns and the right column shows the
sum over all as the ligand grid free energy (LGFE) score.
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Figure 7.

Grid free energy score computed for the crystal (red line) and binding site decoys!? (black
squares) as a function of RMSD with respect to crystal conformation, over aromatic,
aliphatic, hydrogen-bond donor and hydrogen-bond acceptor atoms for three inhibitors of a-
thrombin (marked on the left of each row). Scores over each category of atoms are shown
separately and the right column shows the global sum over all categories as the ligand grid
free energy (LGFE) score.
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Figure 8.

(a) apo (PDB 2HB4) and b) holo (PDB 1G2K) forms of HIV-protease with benzene
(purple), propane (green), hydrogen bond donor (blue) and acceptor (red) FragMaps, and
with 5 inhibitors (HPI-B to F) overlaid to display the canonical binding mode. Arrows
display the 5 conserved hydrophobic affinity regions. ¢) The flap site in holo protein (PDB
1D4L) showing the overlap of conserved water molecule Wat301 and water oxygen
FragMap. d) Catalytic site of holo protein showing the overlap of the potential position of
alcohol hydrogen of HPI-C and hydrogen-bond donor FragMap. Arrows denote the direction
of hydrogen bonds. e) apo (green) and holo (blue) forms of the protein with inhibitor HPI-A
in the active site. f) Overlay of FragMaps with HPI-G (PDB 1DMP) inhibitor. Red and blue
arrows show overlap with hydrogen bond acceptor and donor atoms, respectively. A GFE
cutoff of —1.0 kcal/mol was used for benzene and propane FragMaps for optimal
visualization.
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Figure 9.

FKBP12 in complex with a) a synthetic inhibitor (PDB 1FKG), b) FK-506 and c)
rapamycin. Benzene, propane, hydrogen bond donor and acceptor FragMaps are displayed
as purple, green, blue and red wireframe representations. Arrows of the same color point to
areas of overlap between the FragMaps and ligand functional groups.
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Figure 10.

NadD in complex with four inhibitors a) NI-A, b) NI-B and ¢) NI-C and d) NI-D. Benzene,
propane, hydrogen bond donor and acceptor FragMaps are displayed as purple, green, blue
and red wireframe representations. Arrows of the same color point to areas of overlap
between the FragMaps and ligand functional groups.
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Figure 11.

RNaseA in complex with 5 inhibitors a) RI-A, b) RI-B, ¢) RI-C, d) RI-D and e) RI-E.
Benzene, propane, hydrogen bond donor and acceptor FragMaps are displayed as purple,
green, blue and red wireframe representations. Arrows of the same color point to areas of
overlap between the FragMaps and ligand functional groups.
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Figure 12.

Comparison of FragMaps between homologs of the serine protease family. Benzene,
propane, hydrogen bond donor and acceptor FragMaps are displayed as purple, green, blue
and red wireframe representations. The a-thrombin inhibitor ATI-D is overlaid with
FragMaps and protein structures of (a) a-thrombin and (b) trypsin. Conformation of
inhibitor FXI-1 in complex with factor Xa (PDB 1EZQ) and trypsin (1FOU) is overlaid with
the corresponding FragMaps and protein structures in (c) and (d), respectively.
Conformation of FXI-2 (from trypsin co-crystal PDB 1FOT) overlaid with FragMaps and
protein structure of factor Xa (trypsin) in e(f). Experimental K ; values are from Ref>°.
LGFE values are in units of kcal/mol. The “60-loop” of a-thrombin has been omitted from
(a) to facilitate visualization of the ligand binding pocket.
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