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Solvation Thermodynamic Mapping of Molecular Surfaces

in AmberTools: GIST

Steven Ramsey,™’

Michael K. Gilson,'” and Tom Kurtzman®®f!

The expulsion of water from surfaces upon molecular recogni-
tion and nonspecific association makes a major contribution
to the free energy changes of these processes. In order to
facilitate the characterization of water structure and thermody-
namics on surfaces, we have incorporated Grid Inhomogene-
ous Solvation Theory (GIST) into the CPPTRAJ toolset of
AmberTools. GIST is a grid-based implementation of Inhomo-
geneous Fluid Solvation Theory, which analyzes the output
from molecular dynamics simulations to map out solvation
thermodynamic and structural properties on a high-resolution,

Introduction

The work of displacing surface water to bulk, when a macro-
molecule binds another macromolecule or drug-like small
molecule, can contribute strongly to the overall free energy
of binding.'"""*! As a consequence, the properties of water at
molecular surfaces are of central interest in both molecular
recognition and the nonspecific association of molecules in
aqueous solution. Water can donate and accept hydrogen
bonds with polar groups, while also making favorable van
der Waals contacts with both polar and apolar parts of the
surface. Such interactions tend to make it harder for a drug
to displace water. On the other hand, the hydrophobic effect
makes hydration of apolar surfaces net unfavorable, due,
potentially, to a combination of entropic and enthalpic costs,
and thus facilitates the displacement of water. It has also
been argued that a map of water—protein interactions in a
binding pocket creates a three-dimensional template, which
strongly binding drugs replicate."® Thus, the pattern of
hydration of a binding pocket can provide useful information
regarding key features that a drug molecule could mimic
when binding its target.

Despite the intricacy of the protein—water interactions in
typical binding pockets most structure-based computational
drug-design methodologies have used simplified treatments
of water, such as continuum models, which do not account for
the granularity and geometric restrictions imposed by the
finite size and specific hydrogen-bonding geometry of the
water molecule.

In recent years the need for more detailed descriptions of
water has been more widely acknowledged and this change
is reflected in the growing set of computational tools that
provide more detailed molecular descriptions of solvation.
For example, amongst commercial software companies,
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three-dimensional grid. The CPPTRAJ implementation, called
GIST-cpptraj, has a simple, easy-to-use command line interface,
and is open source and freely distributed. We have also devel-
oped a set of open-source tools, called GISTPP, which facilitate
the analysis of GIST output grids. Tutorials for both GIST-
cpptraj and GISTPP can be found at ambermd.org. © 2016
Wiley Periodicals, Inc.

DOI: 10.1002/jcc.24417

Schrodinger Inc. released WaterMap,"'* Chemical Computing
Group implemented 3D-RISM,”"®’ Molecular Discovery imple-
mented WaterFLAP,'®'”! and OpenEye developed Szmap.['®
Similarly, major pharmaceutical companies have integrated
water structure and thermodynamic information into their
drug discovery workflows, either by licensing commercial
applications like the ones listed above, or by developing
their own methodologies. Thus, Novartis developed
WatMD,"'®?% and GlaxoSmithKline developed SPAM.2" Fur-
ther developments have emerged from academic laborato-
ries, including the early WATsite method,?
STOW,'>* JAWS,>*) WRAPPA,?*! and WatClust.®!

as well as
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Figure 1. Diagram of a GIST calculation of water properties on a grid (right panel) in and near the binding pocket of a solute (green), based on a molecu-
lar dynamics simulation (left panel). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

While many of these important approaches have shown util-
ity in the drug design setting they have significant limitations.
Of particular concern for methods based on Inhomogeneous
Fluid Solvation Theory (IST), such as WatClust, STOW, WATSite,
and WaterMap, is that they are restricted to analysis of high-
occupancy hydration sites and hence do not account for the
significant fraction of binding-site water found in lower density
regions. Among other limitations this restriction prevents a rig-
orous thermodynamic end-states analysis for comparison to
free energy methods such as free energy perturbation (FEP)
and thermodynamic integration (TI). In addition, many existing
software packages for water analysis are closed-source and/or
difficult to access and use.

Grid inhomogeneous solvation theory (GIST)”? discretizes
the integrals of IST onto a three-dimensional grid that fills the
binding pocket region, covering both high- and low-
occupancy regions (Fig. 1). Thus, unlike other IST methods, it
provides a smooth map of water structure and thermodynam-
ics in the entire region of interest, rather than being restricted

Figure 2. Co-crystal structure of Coagulation Factor Xa (cartoon) with
ligand RRR (CPK) from pdb structure INFW.** The region of interest corre-
sponding to the GIST grid is shaded in gray. Individual voxels are not
shown. [Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]
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to high-occupancy water sites. In order to facilitate broad
application and further development of this technology, we
have incorporated GIST into the freely distributable, open-
source, CPPTRAJ package of AmberTools.[2729-31]

In this communication, we first discuss the algorithms uti-
lized within GIST-cpptraj. Next we outline how to set up and
run a GIST-cpptraj analysis of a molecular dynamics trajectory.
Then we illustrate how to visualize the results, and how to
manipulate the output files with the GISTPP postprocessing
tool suite. Finally, we analyze the convergence of thermody-
namic quantities calculated by GIST.

Methods
Overview of GIST-cpptraj and GISTPP

GIST-cpptraj is a straightforward, command-line tool, included
within CPPTRAJ,?®! which maps out the structural and thermo-
dynamic quantities of water in a user-defined region of inter-
est. This region is partitioned into a high-resolution, three-
dimensional (3D) grid (Fig. 2), each grid box of which may be
viewed as a 3D pixel, or voxel. The grid’s desired size, position,
and resolution (i.e., the size of the voxels) are specified via the
command line, as detailed in Table 1. Thermodynamic quanti-
ties are calculated and mapped to each voxel via the grid
based implementation of IST.2?® |n addition, a variety of
structural measures are calculated for the water in each voxel.
The thermodynamic and structural properties of water are
listed in Table 2.

By default GIST outputs density weighted thermodynamic
quantities from Table 2 in Data Explorer (.dx) file format,

Table 1. GIST command options that define the region of interest.

Option Description Default value

gridentr Grid centroid position!® 0.0 0.0 0.0
<X> <y> <z>

griddim Grid side length™ 40 40 40
<> <y> <z>

gridspacn Voxel side length™® 0.5

refdens Reference density™ 0.0334

[a] Quantities in units of angstroms (A). [b] Quantity in units of voxel
count. [c] Density in molecules per A% a list of reference densities for
common solvent models can be found in the Supporting Information.
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Table 2. Quantities mapped by GIST on to a user-defined volume.
Quantity Description Units
TStrans Translational entropy density [keal/(mol A)~3]
TSorient Orientational entropy density [kcal/(mol A) 3]
TSsix Total entropy density [kcal/(mol A) 3]
Eww Water-water energy density [kcal/(mol A) 3]
Eow Solute-water energy density [kcal/(mol /f\)’3]
Eij[a] Voxel pair interaction energy density kcal/mol
Dipole™ Mean water dipole density Debye/A3
Neighbor count Mean number of water neighbors'®  molecules
Order™ Average tetrahedral order parameter None
[a] Optional outputs. [b] Dipole moments are reported as time-
averaged x, y, and z, components, along with the mean magnitude. [c]
Neighbor defined by O-O distance of less than 3.5 A.

enabling visualization with standard graphics packages, such
as VMD and PyMol.2**31 Thermodynamic quantities in per
water units are not output in the dx file, but are accessible
through the space-delimited text output that includes all cal-
culated quantities. A complete list of quantities calculated by
GIST can be found in the supplemental information. The GIST
postprocessing suite of tools, GISTPP, further aids in the analy-
sis of GIST outputs by supporting an array of mathematical
and logical operations on dx files.

GIST algorithms

Calculation of hydration entropy terms.
calculated by GIST for a voxel k is:

The first-order entropy

_Re’

> g2

J g(r,®) Ing(r, ®)dodr (M
k

where g(r, ) is the pair correlation function at position r and
water orientation ®, p° is the number density of bulk water,
and R is the gas constant. For a voxel k, the spatial integral is
over the volume of the voxel as indicated by the subscript on
the integral symbol. In GIST-cpptraj, Ssy is evaluated using two
different methods as described below.

Method 1. The first method relies on the approximation that
the orientation is independent of the position within each

voxel:273%

gvox(r7 0’) ~ gvox(r)gvox(m) (2)

This allows the orientational and translational entropy to be
evaluated separately within each voxel:

Sf(ranS:_RPOJ Gsw (r)In gsy (r)dr )
k
Sorient: _Rpo .gsw(u))m gsw(w)d‘” @)
k 812 ),
The integrals are estimated using a nearest neighbors
approach:2®
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—R (M
St(rans ~ 7Nk ( E In gNN(r)-i-y) (5)
i=1
N
sprent , F EK In g (@)+ (6)
k ~ Ny - NN Y

where Ny is the number of water molecules found in voxel k
and v is Euler's constant. The gyy quantities are the nearest
neighbor estimates for the respective g quantities:

(n=—"
9NN, p°Vﬁf§,f‘,-s

and

8n?
gnni(@)= V/orient (8)
NN,i

Here, Vi, is the volume of a sphere whose radius is the distance
from the current water molecule, i, to its nearest neighbor.

4nd?
V,Elr,ialgs — 3trans (9)
Vlc\mfint — 4nd§)rient (1 0)

The distance in translational space is defined as the Euclidean
distance between water oxygens, and the rotational distance
is a quaternion distance.?”!

dtran5:\/(Xi_xj)z"—()/i_yj)z—’—(zi_zj)z Q)]

dorient =2 arccos (qi'qj) (12)

The NN distances for Methods 1 and 2, below, for waters are
calculated from a superset of configurations that includes
water coordinates from all stored frames of the simulation.
For rotational distances only waters found in the same voxel
are used and for translational distances waters within the
same and neighboring voxels are used. A voxel is considered
to be a neighboring voxel if it shares any of the current voxels
vertices, therefore each voxel has 26 neighbors and a voxel
combined with all its neighbors form a 3 X 3 X 3 cube of
voxels.

Method 2. The second method uses an NN approach to
directly estimate the six-dimensional integral in eq. (1):5%

—R [ N
Sk ~ N_k <Z In gNNt,»(r, 0))—%-*,*) (13)
i=1

where the nearest neighbors density, gan(r, ®), is:

8n?

Gni(F @)= —— e (14)
! pOVﬁ?\mbmed

Here, V@mPined is the nearest neighbor volume for water i,
which is the volume of a six dimensional sphere whose radius

Journal of Computational Chemistry 2016, DOI: 10.1002/jcc.24417
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is the distance between water i and its nearest neighbor, in
the combined translational and orientational space.

. de
V’Slc')\lr:r;blned — co6mb|ned (1 5)
dcombined = (dgnent + dﬁ'ans) (16)

A water’'s combined nearest neighbor distance is obtained by
considering all waters found within the same and neighboring
voxels. Limiting the nearest neighbor search space to this
region is computationally efficient and avoids the possibility
that position and orientation unit magnitudes can skew the
resulting nearest neighbor distance to favor rotations or trans-
lations as opposed to their combination.>”!

Molecular dynamics simulations

GIST analysis was applied to data from molecular dynamic sim-
ulations of cucurbit[7]uril (CB7).°*" in a box of 1096 TIP3P
water molecules, and to coagulation Factor XaB® in a box of
27381 TIP3P water molecules. The simulations were performed
with  Amber143%31  GAFF/AM1-BCC™**!  parameters  for
cucurbit[7]uril (CB7), Amber14SB™* parameters for Factor Xa,
and the TIP3P water model.”** GIST mapping was performed
with a prerelease version of AmberTools16,*% and all visualiza-
tions were conducted using Visual Molecular Dynamics (VMD)
1.91.%? The systems were prepared in tleap, minimized with
20,000 steps of the steepest descent algorithm, and then
heated to 300 K over 240 ps in the isochoric-isothermal (NVT)
ensemble. Each system was then equilibrated for 20 ns in iso-
baric-isothermal (NPT) conditions at 300 K and 1 atm pressure.
The production simulation of CB7 was performed for 1 ps and
the production simulation of Factor Xa was performed for 150
ns. Both production runs were in NVT conditions maintaining
a temperature of 300 K. The heavy atoms of Factor Xa and
CB7 were restrained to the lab frame using harmonic restraints
with a force constant of 2.5 kcal/A2. Temperature was con-
trolled using a Langevin thermostat™® with a collision fre-
quency of 3=1.0 ps '. The Berendsen barostat”’ with
isotropic volume scaling and a coupling constant of 1.0 ps
was utilized for pressure regulation. The SHAKE™® algorithm
was utilized to constrain the length of bonds to hydrogen at
their equilibrium bond length permitting a 2 fs integration
time step to be used. Production simulation trajectory coordi-
nate frames were recorded at 1 ps intervals.

Results
Using CPPTRAJ-GIST

GIST requires as input a CPPTRAJ-readable molecular dynamics
trajectory file and a corresponding topology file. It is recom-
mended that the simulation be carried out with the atoms of
the solute of interest (e.g., a protein) restrained in the lab
frame, and that the simulations be run for a minimum of 30
ns,2”) with snapshots saved every 3-5 ps for optimal use of
nearest neighbor algorithms.>#!

Journal of Computational Chemistry 2016, DOI: 10.1002/jcc.24417
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A GIST Study can be Broken into Three Steps:

Step 1. Identify and define the region of interest. The region
of interest is a rectangular prism with center (x, y, z2) and
dimensions (L,, L, L,) input by the user. Visualization software,
such as AutoDockTools,*? can be utilized to determine the
grid center and dimensions.

Step 2. Run GIST-cpptraj. The required inputs for running
GIST are the MD trajectory and topology files, the coordinates
specifying both the dimensions and center of the region of
interest and the name of the output file.

Step 3. Analyze GIST results. Visualize and manipulate output.

These steps are detailed below.

Step 1. Identify and define the region of Interest. The location,
dimensions and spacing of the 3D grid are defined on the
cpptraj command line:

gist gridentr <xval> <yval> <zval> griddim
<xval> <yval> <zval> gridspacn <val> out
<filename>

Here the gridcntr x, y, and z values define the center of
the grid in units of Angstroms (A). For a protein-binding site
a good choice for the center of the grid is at one of the cen-
tral atoms of a cocrystallized ligand (Fig. 2). Note, however,
that a common usage is the analysis of water in a binding
site in the absence of a ligand. In such simulations the GIST
analysis provides information on the structure and thermo-
dynamics of water that is displaced upon ligand binding. In
these cases the coordinates of an arbitrary atom in the
active site may be convenient, or one may use any preferred
method to identify a central position in the binding site. In
choosing the grid placement and dimension several docking
GUIs may be useful to visualize the region of interest, such
as AutoDock Tools.*"!

The grid is divided into cubic voxels with sides of length
gridspacn (A), and hence volume Vg, = (gridspacn)? and
the number of voxels along each dimension of the box is
given by griddim. Smaller voxels provide finer spatial resolu-
tion in the GIST maps but require longer simulations to con-
verge. Based on earlier studies the default grid spacing of 0.5
A provides a reasonable balance of speed, resolution, and con-
vergence of voxel-by-voxel thermodynamic quantities.

Step 2. Run GIST-cpptraj. Since GIST is incorporated into
cpptraj, the topology, trajectory files, and GIST command line
can all be specified in a simple cpptraj input file. A sample input
file, cpptraj.gist.in, follows, with filenames rendered in
italics.

parm topology.prmtop

trajin trajectoryfile.mdcrd 1 30000

gist gridentr 25.0 31.0 30.0 griddim 40 40 40
gridspacn 0.50 out gist.out

go
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Figure 3. Sample visualizations of GIST output for host molecule CB7. a) Solvation shells around CB7 produced by visualizing gist-gO.dx with cutoff 0.98. b)
Favorable solute-water interactions found near the oxygens of CB7, produced by visualizing gist-Esw-dens.dx with cutoff —0.24 (kcal/A3). c) Unfavorable
combined entropy found between the oxygens of CB7, visualized from gist-dTSsix-dens.dx with cutoff —0.18 (kcal/A3). [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

The first line defines which topology file to use; the second
defines the trajectory file and the range of frames to be ana-
lyzed, here the first 30,000; the third line defines the center of
the grid region to be analyzed and specifies that the region is a
cube of dimensions 40 X 40 X 40 voxel lengths; the fourth line
gives the voxel length of 0.50 A and defines the name of the
output file; and the fifth line tells cpptraj to start the analysis.

The syntax for running cpptraj with input file cpptraj.-
gist. inis:

cpptraj -i cpptraj.gist.in

Step 3. Analyze GIST Results. GIST-cpptraj outputs gridded
maps of solvent thermodynamic and structural quantities in dx file
format, which can be visualized in most model viewing software,
such as VMD and PyMol.*>**! Quantities not printed in dx files by
default can be found in the text output and can be converted into
dx format, if desired, by GISTPP. When visualized, these maps high-
light key features of surface solvation such as high-density regions,
or regions where the solvent interacts favorably with the surface
or has unfavorable entropy, as illustrated for CB7 in Figure 3.
Though in this study we demonstrate the utility of GIST on a host-
guest system an in depth application of GIST on a protein-ligand
system has been demonstrated previously and is also shown in
the AmberTools GIST tutorial 283>

Postprocessing results with GISTPP

To aid in GIST analysis we have developed a suite of postpro-
cessing tools, GISTPP, which facilitates the manipulation of
GIST output files. The GISTPP package provides a comprehen-
sive set of operations that allow end-users to easily manipulate
the dx files generated by GIST. Each command specifies an
operation, one or two input dx files, an output file, and any
options related to the operation:

Wiley Online Library

gistpp -1 infile -i2 infile2 -op operation -
opt options -o outfile

A list of the key operations and brief explanations can be found
in Table 3. A user manual can be found at ambermd.org.”®

For example, two dx files can be easily summed together
from the command line:

gistpp -1 gist-Eww-dens.dx -1i2 gist-Esw-

dens.dx -i op add -o Etot.dx

Here, the solute-water energy map and the water-water
energy map are summed to obtain a dx map, Etot.dx, of
the total water-system energy.

More complex manipulations can be achieved with sequen-
tial GISTPP operations. For example, in a previous study, we

Table 3. Selected GISTPP operations with descriptions.
Operation Description
Mult Multiplies two dx maps together
Add Adds two dx maps together
Sub Subtracts dx map 2 from dx map 1
Div Divides dx map 1 by dx map 2
filter1 Create a binary dx® map of voxels that are above or below
a threshold
sum Integrates all voxel quantities in a given dx map, printing
the sum
defbp Create a binary map around a pdb structure by flagging all
voxels found within a user defined distance of all heavy
atoms
SAS Creates a dx map of the real solvent accessible surface,%2
which comprises voxels where the water density is greater
than 0.1 of bulk density (g(O) >0.1) and at least one neigh-
bor voxel has water density less than 0.1 of bulk (g(0) < 0.1)
[a] A binary map contains a 1 in each voxel that meets a criterion and
a 0 in each voxel that does not.

Journal of Computational Chemistry 2016, DOI: 10.1002/jcc.24417
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Figure 4. Scoring regions of two ligands from a congeneric pair study of Factor Xa, ligand RRR (left, purple) and 4QC (right, green).

viewed in the online issue, which is available at wileyonlinelibrary.com.]

found that the displacement of high energy and high density
water from the Factor Xa binding site was highly correlated to
protein-ligand binding affinity.*> To map out such regions,
we would first add the water-water energies and the solute-
water energies to obtain a total energy map (as shown above).
One may then create binary maps, which define voxels with
high density and high energy, respectively:

gistpp -1 gist-g0.dx -op filterl -opt gtl -opt
cutoffl 2 -o Highdens.dx

gistpp -1 Etot.dx -op filterl
cutoffl —9.53 -o HighEnergy.dx

-opt gtl -opt

Multiplying the binary maps of high density and high
energy creates a binary scoring map, which marks only those
voxels at both high density and high energy:

gistpp -i Highdens.dx -i2 HighEnergy.dx -op
mult -o ScoringRegions.dx

The scoring regions displaced by a given ligand can then be
mapped out by creating a mask of water that is displaced by
a given ligand, defined by a PDB file, here RRR.pdb from a

congeneric pair study:"%

gistpp -1 ScoringRegions.dx -i2 RRR.pdb -op
defbp -o DisplacedRRR.dx

gistpp -1 DisplacedRRR.dx -i2
gions.dx —op mult -o ScoringRegionsRRR.dx

ScoringRe-

As in our previous study the solvent displacement score for
each ligand can then be calculated by finding the number of
scoring voxels displaced (Fig. 4):

gistpp -1 ScoringRegionsRRR.dx —op sum

Journal of Computational Chemistry 2016, DOI: 10.1002/jcc.24417
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Color figure can be

In our previous study,®> we found that the differences in these

scores for congeneric pairs of ligands were highly correlated
(R* = 0.92) with relatively binding affinities from experiment.

Convergence of entropy

The convergence of the first-order hydration entropy was exam-
ined by applying both Method 1 (separated) and Method 2
(combined) to a region within 3 A of cocrystallized ligand RRR in
the Factor Xa binding site, for MD snapshots saved at 1 ps inter-
vals. As shown in Figure 5, the translational entropy converges
to within 0.002 [kcal/(mol water)] of the final value after 2 ns.
The orientational entropy converges to within 0.2 [kcal/(mol
water)] of the final value after 2 ns; 0.04 [kcal/(mol water)] of the
final value after 10 ns; and 0.01 [kcal/(mol water)] after 100 ns.
Convergence of the summed entropy (Fig. 5) is thus limited by
the orientational component. Interestingly, the combined
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I
e
o

1
B
L]

TS (kcal/mol/water)
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Figure 5. Convergence of per water entropy in a region within a 3A around
the heavy atoms of Factor Xa ligand RRR. Red: translational entropy; green:
orientational; blue: sum of translational and orientational; purple: combined
six dimensional total entropy (Method 2). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]
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Figure 6. Difference in total first order per water entropy from Method 1
versus Method 2, for a 3 A volume around the heavy atoms of Factor Xa
ligand RRR.

method (Fig. 5), which directly provides the sum of the orienta-
tional and translational terms, converges more rapidly than the
sum from the separated method, converging to within 0.1 [kcal/
(mol water)] by 2 ns, within 0.04 [kcal/(mol water)] by 10 ns, and
0.004 [kcal/(mol water)] after 100 ns. The agreement between
both methods is excellent, as is evident from Figure 5 and the
graph of the difference between the two methods as a function
of simulation time (Fig. 6). The slight difference between sepa-
rated and combined nearest neighbor formulations represents
the error from smoothing within voxels in the conditionally sep-
arated formulation.

Convergence of energy

GIST evaluates hydration energy as separate solute-water (E,,) and
water-water (E,,,) contributions. Here we examine the conver-
gence of their sum (Eyor = Egy + Ewn), @gain for the region within 3
A of the heavy atoms of Factor Xa ligand RRR. As shown in Figure
7, the energy is converged to within 0.1 [kcal/(mol water)] of the
final value within 2 ns, to within 0.02 [kcal/(mol water)] by 10 ns,
and 0.004 [kcal/(mol water)] by 100 ns respectively.
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Figure 7. Convergence of E,, normalized per water molecule, for a region
3 A around the heavy atoms of Factor Xa ligand RRR.

End states analysis

In previous studies we correlated Factor Xa binding affinities
with water properties from GIST using a displaced solvent
functional.’®*! This analysis relied upon the investigation of
the displacement of water from the protein binding site alone
and did not include contributions from the solvent reorganiza-
tion upon binding or from the desolvation of the ligand.

Here we outline how GIST-cpptraj can be used to estimate
AGsq Of a ligand-binding event that includes both the solvent
reorganization around the complex and the desolvation of the
ligand. In order to do this, three independent MD simulations
would be run and analyzed by GIST: the solvated protein—
ligand complex, the protein and the ligand. The first step of
the analysis would be to identify a region in which the water
is energetically and entropically perturbed from bulk values
around the solute. This is illustrated in Figure 8.

The next step would be to calculate the perturbation of
energy and entropy of the water from bulk in each of these
three regions.

AEson = (Z Ei) —~NEpuik

i=1

Figure 8. End states volumes defined around ligand RRR (a, blue), Factor Xa (b, yellow), and the complex formed by these two molecules (c, green). The
free energy of solvation defined by these volumes can be used to estimate the free energy of solvation during the binding of ligand RRR. [Color figure

can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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ASsoy= (Z Si) —NSpuik
i=1

where E; and S; are, respectively, the energy and entropy of
water found within voxels i the region of interest, N is the aver-
age number of waters in the perturbed volume, Epyk and Spuik
are the energy and entropy of a single water molecule in the
neat solution. The free energy of perturbation would then be:

AGsory =AEoly —TASso

The change in solvation free energy for the binding process,
AGEM, would be:

solv ’

bind _ I tei ligand
AGIRI=AGE™ ~ (AGI "+ AGE )
Example GISTPP commands that accomplish this approach for
Factor Xa and ligand RRR are provided in the Supporting
Information.

Discussion and Conclusions

The incorporation of GIST calculations into the AMBER
CPPTRAJ analysis suite affords a powerful open-source tool for
computing and mapping the properties of water at molecular
surfaces in high resolution. This is supplemented by the
GISTPP postprocessing code, which facilitates a wide variety of
analyses and visualizations.

Lower resolution implementations of IST using site based
approaches have been successful in computer aided-drug design
applications, such as describing scoring affinity differences
between congeneric pairs of ligands,'®*" improving docking
and virtual screening, and understanding specificity of binding
between members of the same protein family.”'~>* These tech-
niques have been applied towards advancing our understanding
of the hydrophobic effect® %% and elucidating where implicit
models deviate from explicit and how appropriate corrections to
implicit water models can be made.®"

GIST’s high-resolution approach has had similar success in
correlating binding affinities in Factor Xa and we anticipate a
higher resolution picture will afford greater insight in the
above and other applications. In particular, the mapping of
solvation structure and thermodynamics onto a grid is easily
amenable to incorporation into commonly used grid based
docking scoring functions. We have also illustrated how GIST
can be used in an end states approach that will allow for the
straightforward comparisons to other techniques aimed at pre-
dicting binding affinities such as free energy perturbation and
thermodynamic integration.

Both GIST-cpptraj and GISTPP come with detailed manuals
and tutorials. This new toolkit provides users with capabilities to
consider surface solvation in basic and applied computational
studies, and provides a basis for further method development.
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