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ABSTRACT Mapping protein hotspots and analysis of the binding free energy
associated with each hotspot can provide critical information for drug design. In
the present study, we have performed computational analysis for the two known

hotspots in thermolysin. Our data showed that the free energy double-decoupling
method can determine the binding free energy of different probe molecules
associated with the same hotspot or different hotspots with the same probe
molecule. The less expensive cosolvent mapping method can be used to readily
identify known protein hotspots without prior knowledge and also provide a good
estimate of the binding free energy, as compared to the more expensive free energy
double-decoupling method. Hence, the combination of the cosolvent mapping
method to identify potential protein hotspots followed by more rigorous calcula-
tion of the binding free energy associated with each hotspot using the double-

AAG(isopropanol) = - 3.25 kcal/mol
AAG(phenol) - 4.32 keal/mol
AAG(acetone) - 3.50 kcal/mol

decoupling method can provide very useful information for drug design.
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larger than the “active sites” in enzymes and recep-

tors, making it a challenging task to design small
molecule inhibitors of PPIs.""* A study’ systematically
mutating amino acids at the PPI of the hormone—receptor
complex to alanine showed that some smaller regions at the
PPI played dominant roles in binding between proteins, thus
hotspots. Because the sizes of the hotspots are comparable
to small organic molecules, information concerning hotspots
at the PPIs is critical for developing small molecule inhibitors
to disrupt PPIs. To determine the hotspots at PPIs, both the
site locations and their associated binding free energy con-
tribution are needed.

To detect locations of binding sites in proteins, organic
functional groups mimicking the side chain atoms of amino
acids have been used as probe molecules. For example,
isopropanol (IPA) and ethanol were used to mimic side
chains of threonine and serine. An experimental approach,
named the multiple solvent crystal structures (MSCS) meth-
od,* maps multiple binding sites on proteins simultaneously
using different organic solvents. In MSCS, protein crystals
are soaked in different concentrations of organic cosolvents.
Crystal structures thus determined reveal binding sites of the
probe molecules. The number of probe molecules resolved
in the crystal structures increases as the ratio of the organic
solvent versus water increases. Although binding sites can be
detected, organic solvents have weak binding affinities and
can bind to multiple sites in one protein. Site-specific binding
affinity is difficult to determine experimentally. Cosolvent
molecules can also be trapped at the protein interface
caused by crystal packing. These issues are challenges for
using the MSCS method to identify protein hotspots.

Protein—protein interfaces (PPIs) are typically much
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The binding affinity of probe molecules at the protein
binding sites can be estimated by computational methods.
A computational approach similar to the concept of the
MSCS method is called multiple copy simultaneous search
(MCSS).” Based on MCSS, binding free energy of functional
groups identified at different binding sites are determined
empirically. Potent groups are selected as a combinatorial
basis in ligand design.® A recent method, the “cosolvent
mapping method”,” employs cosolvent molecular dynamics
simulations aiming to detect binding sites and estimate the
theoretical maximum binding free energy at each site in one
simulation. Sites with binding free energy exceeding a cutoff
value are considered as hotspots. The cosolvent mapping
method has the advantage of detecting de novo hotspots
without prior knowledge of the protein—protein/ligand
structures and does not have the issue of identifying sites
formed by crystal contacts in the MSCS approach.

To this date, the binding free energy of the probe mole-
cules at the potential hotspots has been calculated empiri-
cally,>”® and experimental measurements are unavailable.
To advance the MSCS approach and related computational
methods toward wider applications in developing PPI inhi-
bitors, a rigorous evaluation of the binding free energy of
probe molecules at the hotspots is necessary. Herein, we
employed a double-decoupling method”'® to study the
standard free energy associated with decoupling a probe
molecule from two binding sites in a well-known protein,
thermolysin, identified by the MSCS approach. We then
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employed the cosolvent mapping method’ to evaluate the
maximum binding affinity of multiple hotspots in proteins.
Errors of the empirical estimates at the two sites determined
by MSCS were determined by comparing them with values
obtained from the double-decoupling method.

Fifteen crystal structures of thermolysin soaked in aqu-
eous organic cosolvents have been reported. These include
thermolysin in 2 (PDB ID: 1TLI), 5 (2TLI), 10 (3TLI), 25
(4TLI), 60 (5TLI and 6TLI), 90 (7TLI), and 100 % (8TLI) IPA,"
50 (1EJ3), 60 (1FJO), and 70% (1FJQ) acetone (ACN),'? 50
(1FJT), 60 (1EJV), and 80 % (1FJU) acetonitrile,'* and 50 mM
phenol (IPH) (1 FJW).12 Structural alignment of thermolysin
from the 15 crystal structures in Figure 1 shows that its native
conformation isunchanged at these different concentrations
of cosolvent and that organic solvent molecules cluster at
two primary sites, or hotspots, denoted sites 1 and 2. In the
thermolysin/IPA case, site 2 is detected at IPA concentrations

Figure 1. Alignment of thermolysin crystal structures soaked in
different organic solvents at v/v percentage concentration. IPA at 2,
5,10, 25, 60,90, and 100%; ACN at 50, 60, and 70 % ; acetonitrile at
50, 60, and 80%; and IPH at 50 mM.
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of 2 and 5% . At higher concentrations, site 1 began to be
resolved, and at still higher cosolvent concentrations, other
binding sites could be detected on the protein surface. Site 1
is known to be the substrate binding site. The zinc ion in site
1 has a catalytic role to cleave the peptide bond of its
substrate. It has been suggested to coordinate the carbonyl
group of the substrate and a water molecule or a hydroxide
ion in the reaction.'”> From the 15 crystal structures, we
found that a water molecule coordinated with the zinc ion is
always present (see Figure 2). However, no direct interaction
between the zinc ion and the cosolvent was found from the
crystal structures. In Figure 2A, Val of a hydrolyzed product
(Val-Trp)'* was shown to align closely with an IPA molecule.
At site 1, the IPA molecule forms a hydrogen bond with a
water molecule, which bonds with the zinc ion via another
hydrogen bond (see Figure 2B). A similar bonding inter-
action is also seen with an IPH molecule but not with an ACN
molecule in Figure 2C,D.

Data obtained from crystal structures showed that the first
binding site detected at the lowest cosolvent concentration
using different probe molecules is site 2. Inspection of the
thermolysin structure indicates that site 2 is a cavity site
buried within a loop in thermolysin and is distant from the
catalytic site. To demonstrate the effects of the observed
structural differences between sites 1 and 2 on binding free
energy of the same probe molecule, we used the IPA. Figure 1
also highlights another limitation of the MSCS approach. The
preference of binding of different probe molecules at site 1
cannot be directly obtained because they bind to the site at
different cosolvent ratio concentrations. To address this
question quantitatively, we studied the binding free energy
of IPA, IPH, and ACN at site 1.

To estimate the limitation of the parameters used for the
probe molecules, we first calculated the hydration free
energy of IPA, IPH, and ACN. The calculated hydration free

l
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Figure 2. Comparison of the binding of (A) a hydrolyzed product (.-Val-.-Trp) (PDB ID: 3TMN), (B) IPA, (C) IPH, and (D) ACN at site 1 (catalytic
site) and site 2 of thermolysin. The IPA molecules at both sites are shown for comparison.
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Table 1. Hydration Free Energy of Three Probe Molecules in
Aqueous Condition”

probe molecule experiment calculation error
IPA —4.76'° —4.11+0.37 0.65
IPH —6.62'° ~5.90+0.03 0.72
ACN -3.85'° ~4.40+0.61 -0.55

“The unit is in kcal/mol.

energies of IPA, IPH, and ACN in aqueous condition are
—4.11,—5.90, and —4.40 kcal/mol, respectively, as shown in
Table 1. The reported experimental values of the three
molecules are —4.76, —6.62, and —3.85 kcal/mol, respec-
tively.'>'® The differences between the calculated and the
experimental values are 0.65, 0.72, and —0.55 kcal/mol for
the three molecules. The errors are similar to the average
error of 1 kcal/mol reported by a recent study in which a
thermodynamics integration method was used to calculate
the hydration free energy of 44 small neutral molecules.'”

We next determined the binding free energy of an IPA
molecule at sites 1 and 2 by the double-decoupling app-
roach. In the double-decoupling method, the interaction
between the molecule and its environment is slowly turned
off (decoupling) by changing a parameter via the perturba-
tion theory.'® In the process, the system (the molecule and
its environment) is changed from a state with the molecule
present to another state with the molecule absent. The net
change of the energy between two states gives the free
energy of the molecule in the system. The free energy
difference of the molecule in solvent and at the protein
binding site with solvent (thus double decoupling) yields the
binding free energy of the molecule to the protein in solu-
tion. Here, we found that decoupling an IPA molecule in bulk
water gave a standard free energy, AG° (IPA), of 23.35 kcal/
mol (Table 2). In comparison, decoupling a water molecule
in bulk water based on the double-decoupling approach has
been reported to give a standard free energy of 5.9—6.0 kcal/
mol,'>" close to the experimental value of 6.3 kcal/mol.*°
These data are consistent with the fact that the excluded
volume of an IPA molecule is about four times that of a water
molecule. When decoupling the IPA molecule at sites 1 and
2, we found a standard free energy loss (AAG) of —3.25 and
—4.87 kcal/mol, respectively, with respect to AG® (IPA) in
bulk water (Table 2). Both values are associated with the
binding free energy of an IPA molecule at site 1 or 2 in an IPA-
dilute equilibrium system. The greater binding free energy at
site 2 can be attributed to the fact that site 2 is buried in the
protein, while site 1 is exposed to solvent.

IPH and ACN were selected to investigate the difference
of binding free energy of other probe molecules at site 1
(the substrate binding site). A free energy loss of —4.32
kcal/mol was obtained for IPH and —3.50 kcal/mol for ACN
(Table 2). Our calculations thus showed that the binding
free energy at the substrate binding site of the three
different organic solvent molecules ranges from —3.25 to
—4.32 kcal/mol. On the basis of the three molecule probes
and the double-decoupling method, the maximum binding
free energy of a small molecule at site 1 is approximately
—4.32 kcal/mol.
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Table 2. Standard Free Energy of Removing a Probe Molecule,
That Is, IPA, IPH, and ACN, from Bulk Water and at Sites 1 and 2 in
Thermolysin Calculated Using the Double-Decoupling Method®

AG°
water IPA IPH ACN

bulk water 5.9+0.10'"7 23354042 11.53+0.01 43.75+0.02
site 1 26.60+0.17 15.85+0.11 47.254+0.39
AAG (ref —325+045 —4.324+0.11 —3.50+0.39
bulk water)

site 2 28.22 +0.40

AAG (ref —4.87+£0.58

bulk water)

“The unit is in kcal/mol.

We next employed the cosolvent mapping method” using
[PA as probes to detect hotspots in thermolysin. The cosol-
vent mapping method does not require the knowledge of the
hotspot locations in the protein and has the advantage of
probing multiple hotspots in the same simulation. However,
its accuracy has not been well established.”

In the cosolvent mapping approach,” carbons of the
terminal methyl groups and the oxygen atom in IPA were
used to probe the binding sites. The observed frequency (Np)
of the probe atom at a grid point around the protein was
compared with an expected frequency (Np) in a pure cosol-
vent mixture to give an estimate of the binding free energy of
the probe atom at that grid point, that is, AG™ = —kT log
(Np/No) (or see eq S5 in the Supporting Information). Grid
points with binding free energies higher than —0.83 kcal/
mol were collected to form pseudo atoms (vertices with a
radius = 1.4 A), and a bonding distance of 2.5 A between
pseudo atoms (edge) was used to generate chemical graphs.
These graphs represent locations (or hotspots) in the binding
sites with high affinity to the probe atoms and are influenced
by the dynamical changes of the protein conformation at the
binding sites. From these analyses, we identified three
chemical graphs at site 1 (Figure 3B—-D) and one at site 2
(Figure 3A) using carbon atom probes. When the oxygen
atom probe was used, we found three chemical graphs at site
1 (Figure 3G—1) and two at site 2 (Figure 3E,F). The empirical
estimates of binding free energy suggest that the chemical
graphs determined by carbon atom probes yield values from
—1.11 (one atom) to —3.79 kcal/mol (three atoms) at site 1
and —8.77 kcal/mol (five atoms) at site 2. The chemical
graphs determined by oxygen atom probes give values from
—1.17 (one atom) to —3.10 kcal/mol (three atoms) at site 1
and —1.91 or —4.10 kcal/mol (both two atoms) at site 2.
Figure 3 shows the maximum binding free energy at site 1 by
carbon atoms is —3.79 kcal/mol, whereas using groups of
oxygen atoms for ligands may potentially contribute —3.10
kcal/mol to the binding free energy at site 1.

However, chemical graphs do not translate directly into a
molecular structure. To compare these results with data from
the double-decoupling calculations, we used the average
value of the binding free energy of these pseudo atoms at
each site to form a moiety consisting of two pseudo carbon
atoms and one pseudo oxygen atom. On the basis of this
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Figure 3. Identification and estimates of binding free energy of the hotspots in thermolysin based on chemical graphs using carbon atom
probes (A—D, purple spheres) and oxygen atom probes (E—I, cyan spheres) analyzed from the 20 % v/v IPA cosolvent simulation. The unit is

in kcal/mol.

estimate, we obtained a binding free energy of —3.91 for site
1 and —5.01 kcal/mol for site 2. These values are slightly
larger than those calculated from the rigorous double-decou-
pling method. The empirical formula of AG™™ accounts for
the difference of the probe molecule interacting with two
environments, that is, at the protein binding site and in the
cosolvent mixture. It is theoretically analogous to the double-
decoupling approach in which the difference of standard free
energy of the probe molecule at the protein binding site and
in water yields the binding free energy of the probe molecule
at the binding site. Although the double-decoupling app-
roach rigorously determines the binding free energy of the
probe molecule at binding sites, it depends on prior knowl-
edge of the binding sites. In contrast, the cosolvent mapping
method has the advantage of detecting de novo multiple
hotspots on the protein surface and estimating their relative
importance in a single simulation. Furthermore, the chemi-
cal graphs generated from the analyses encompass greater
regions of the binding site than are provided by a single
probe molecule. Clusters of chemical graphs at a site can
yield a larger chemical fragment and may be used as
the starting points for fragment-based drug design (see
Figure 4).

Ligand binding sites detections and evaluations on protein
surfaces have been implemented in several modeling pro-
grams, including LIGSITE®“*" and SiteMap,** the o-shape-
based approach” in MOE,** and CASTp.*® These methods
assess the hotspots on proteins based on single static
structures as opposed to the cosolvent mapping method in
which the dynamical changes of the protein binding sites are
included. A comparison of these different methods on the
same protein systems will be important to understand the
impact of the protein flexibility at the binding sites on
hotspot evaluations and will be pursued in future studies.
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Figure 4. Overlap of the chemical graphs C5 and C7 (mesh
contour) with the small inhibitor fragments bound to the binding
site of thermolysin. The color of the contour map reflects the
binding affinity contribution of the pseudo atoms with the red
color yielding a lower binding free energy than the blue color
region. The PDB entries for the superimposed crystal structures
are 3FGD, 3FCQ, 3F28, and 3F2P. The zinc ion is shown in the
purple sphere.

Using the double-decoupling approach, we have deter-
mined that the binding free energies of three organic probe
molecules at the substrate binding site in thermolysin vary
from —3.25 to —4.32 kcal/mol. Estimates based on two
carbon atoms and one oxygen atom analogous to an IPA
molecule calculated from the cosolvent mapping method
gave a slightly larger but comparable binding free energy at
the same site. Although the assessments to the binding sites
in thermolysin are agreeable between both methods, bind-
ing sites at the protein—protein binding interface are large.
The cosolvent mapping method can give chemical graphs
comparable to large chemical groups. Because entropy
effects of restraining the bonds in the chemical graphs
are not explicitly accounted for in the cosolvent mapping
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method, the expensive double-decoupling calculation can
provide accurate values of larger fragments and be used as
references for parametrization in the empirical cosolvent
mapping method.

Our present study shows that a combination of these
computational methods should provide an efficient and
reliable means of probing hotspots in proteins without prior
knowledge of the active sites. Hence, one useful computa-
tional strategy to assist structure-based drug design efforts is
to first employ the cosolvent mapping method to identify
potential protein hotspots and chemical graphs of ligands,
followed by the double-decoupling calculations of chemical
fragments to analyze the binding free energy associated
with each protein hotspot. We are currently investigating
the utility of these methods for detection of hotspots in
protein—protein interactions and for structure-based drug
design.

SUPPORTING INFORMATION AVAILABLE Material detail-
ing the computational methods and breakdown of the standard free
energy calculations. This material is available free of charge via the
Internet at http://pubs.acs.org.
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