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A tight-binding thermolysin inhibitor, Cbz-Phe-ψ[PO2NH]-Leu-Ala (ZFpLA, Ki ) 0.068 nM),
and its analogs, ZRp(O)LA (R ) Ala, Leu or Phe) have been studied using the finite difference
solution to the linearized Poisson-Boltzmann equation (FDPB) and solvation entropy correction
(SEC). The binding energy difference between conformationally different thermolysin inhibitors
ZFpLA and ZGpLL is estimated using three approaches. Two of approaches use the X-ray
structures of ZFpLA-thermolysin and ZGpLL-thermolysin structures. The third one uses both
X-ray structures to calculate binding energy differences from ZFpLA and ZGpLL to a hypothetical
intermediate MepLA. All the results are qualitatively correct with one closely reproducing
the experimental value. The enhancement of the ZFpLA binding is attributed largely to the
solvation entropy or “hydrophobic force”. The binding mode of the ZGpLR N-terminal moiety
appears to be electrostatically unfavorable. Reducing the polarity of that moiety is predicted
to enhance binding affinity. The binding trends due to the hydrophobic variation of ZRp(O)LA
are calculated within 1 kcal/mol of the experimental values. Increasing lipophilicity of a ligand
favors the binding due to the difference of surface area change between the free state and the
bound state. The analysis of energetic components shows that these trends are not specific
for the binding of phosphorus-containing inhibitors but are generally true for protein-ligand
interactions. The electrostatic calculation does not support the involvement of the second
protonation of ZFpLA in binding. Therefore, reexamining the second protonation of ZFpLA or
seeking further experimental support seems appropriate. The structural sensitivity of the
FDPB calculation was assessed by using ligand and receptor structures from different X-ray
studies of thermolysin. The small deviations (<0.3 Å) in the receptor structures do not cause
significant changes in electrostatic binding energy if there is no structural change in modified
regions.

Introduction

The zinc endopeptidase thermolysin, with a variety
of phosphorus-containing inhibitors, has been exten-
sively studied by kinetic and thermodynamic experi-
ments as well as X-ray crystallography.1-6 Its structure
and catalytic mechanism have served as models for
studying enzyme inhibition and for designing inhibitors
against angiotensin-converting enzyme and matrix
metalloproteinases.7-9 The abundant binding data and
multiple high-resolution X-ray crystal structures have
also attracted many theoretical studies for the funda-
mental understanding of molecular recognition.10-15

One series of the inhibitors,1 Cbz-R-ψ[PO2X]-Leu-Ala
(where X ) NH, NH2, or O; R ) Leu, Ala, or Phe) or
ZRp(X)LA, has not been subjected to detailed theoretical
studies. Their unique slow-binding character was at-
tributed to a single residue (R) modification at the P1
position. The X-ray study2 revealed that the bound
conformation of N-terminal moiety of ZFpLA differs from
that of ZGpLL, one of another series of phosphorus-
containing peptide inhibitors, ZGp(X)L(Y)R (X ) NH, O,
or CH2; Y ) NH or O; R ) Leu, Ala, Gly, Phe, H, or
CH3), shown in Figure 1. It has been suggested that
all ZRp(X)LA (R * Gly) bind to thermolysin like ZFpLA.
The cause of slow binding can then be attributed to the
bulky N-terminal moiety of ZRpLA, which tends to trap,
rather than to displace, a bound water molecule.
Surprisingly, ZFpLA is the most potent (Ki ) 0.068

nM) among all reported phosphorus-containing peptide
inhibitors. The tight-binding character and the bound

conformation of ZFpLA must be controlled by thermo-
dynamic factors. Holden et al.2 suggested that the
hydrophobic contribution from the P1 phenylalanine
side chain and a second proton of the phosphonamide
nitrogen in ZFpLA stabilize the complex. In the absence
of a thermodynamic analysis, however, it is difficult to
verify this mechanism and quantify the various binding
contributions.
Besides studying the tight-binding mechanisms, de-

tailed calculation of binding energy differences is rel-
evant to lead optimization in pharmaceutical research.
The inhibitor modifications in this system are common
in medicinal chemistry. It should be interesting to see
whether a theoretical method can calculate the binding
energies, in particular between conformationally differ-X Abstract published in Advance ACS Abstracts, August 15, 1997.

Figure 1. Stereoviews of superimposed bound ZFpLA (solid
line) and ZGpLL (dash line). The structures were determined
by X-ray. For ZFpLA, the carbonyl of the carbobenzoxy and
amide of Phe are hydrogen bonded to the thermolysin (not
shown). The corresponding moiety of ZGpLL is rotated 117°,
forming a water mediated H-bond with the enzyme.
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ent inhibitors ZFpLA and ZGpLL. Although the struc-
tural and conformational difference between these two
inhibitors seems small compared with the diversity of
compounds experimented with in drug discovery, ac-
curate, and timely computations of their binding ener-
gies are still beyond the limit of simulation methods due
to slow equalibration from one system to the other, a
so called “sampling problem”.
In this paper, a theoretical investigation of ZRpLA

binding using the finite difference solution to the
linearized Poisson-Boltzmann equation and solvation
entropy correction (FDPB+SEC) method13 and a related
binding mechanism study are described. The method
includes the finite difference solution to the linearized
Poisson-Boltzmann equation (FDPB)16-19 for electro-
static interaction and molecular surface calculation for
solvation entropy correction (SEC).13 These two ener-
getic components have been shown to account for most
of the binding energy difference among ZGp(X)L(Y)R
inhibitors. Multiple X-ray structures of thermolysin
complexs were used to access the binding differences of
the conformationally different ZFpLA, ZGpLL, and re-
lated inhibitors. The consistent results obtained from
several thermolysin structures not only indicate the
predictive power of the calculations but also allow
further exploration of the binding mechanism. The
analysis of the calculated energy components and
experimental data sheds light on the origin of the tight
binding, hydrophobic interaction, and second protona-
tion of ZFpLA. These studies suggest that reducing the
polarity of P1 amide moiety of ZGpLR will increase
binding affinities.

Method
The calculation procedure for the FDPB + SEC method has

been described previously.13,20 Briefly, for a noncovalent
binding process, L + P ) LP, the binding free energy, ∆G, can
be partitioned into electrostatic and nonelectrostatic compo-
nents, ∆Ge and ∆Gn, respectively

Thus, the binding energy difference between a reference
system and a modified system is

The calculation of ∆Ge contains both the solvation (∆Gs) and
assembly (∆Ga) energies16 as shown in the following scheme

where ε is the dielectric of the environment. In this approach,
two solvation energies are obtained from four electrostatic
calculations using FDPB, and the assembly energy is analyti-
cally calculated using Coulomb’s law. Due to the solute
dielectric (i.e., 3 in our work), an identical dielectric (ε ) 3) is
used for the “gas” phase to simplify the calculation of ∆Ga.
Our ∆∆Gn, or the solvation entropy correction (SEC), is derived
as

where ∆Af and ∆Ab are water accessible surface area changes

of both the free state and the bound state in two binding
complexes, respectively. The factor, 0.04 kcal/mol Å2, is a
statistical value derived from solvation entropies of a series
of small molecules.21
Newly released UHBD 5.122,23 was used for the FDPB

calculation. Both the assembly energy and water accessible
surface area calculations, which lead to SEC, were also
performed within this program. The solvent region in the
FDPB calculation was determined using the accessible surface
of a probe of 1.1 Å radius and modeled with a dielectric of 78.13
The solution was represented by an ionic strength of 0.01 M
with an additional 1.4 Å of ion-excluding shell beyond the
atomic radii of the molecules. A dielectric constant of 3.0 with
a smooth dielectric boundary was used for the interior of
ligands and proteins. The focusing option was applied to
reduce the grid spacing to 0.25 Å around the binding site.
GROMOS charges24 were used for proteins. The partial
charges for ZFpLA and related analogs, depicted in Figure 2,
are based on 6-31G* ab initio calculations of model compounds
CH3-PO2-X-CH3. Three X-ray thermolysin structures,2,3
PDB4TMN (4tmn), PDB5TMN (5tmn), and PDB6TMN (6tmn)
bound with ZFpLA, ZGpLL, and ZGp(O)LL, respectively, were
used as reference systems. Glu 143 and His 231 were
protonated according to previous studies.3,10,13 Polar hydrogens
were added and energetically minimized using the program
X-PLOR.25 The coordinates of the modified inhibitors were
edited on the basis of their reference structures. All calcula-
tions were done on SGI R4000. One complete binding energy
calculation, including six FDPB calculations on a 100 × 100
× 100 grid, took about 1 h of CPU time.

Results

The calculated energies of the ligands in Table 1 are
divided into four sets according to their reference
systems. Because of hardware and software changes,
recalculation of ZGpLA in the second set serves as a
control to ensure consistency. Compared with the
previous calculation,13 the ∆∆Gc of ZGpLA only differs
by 0.02 kcal/mol (1.34 of this study vs 1.32) showing
excellent reproducibility. The small deviations in ∆∆Ge
(-0.466 vs -0.357) and ∆∆Gn (1.80 vs 1.68) indicate
that both the electrostatic and nonelectrostatic calcula-
tions in the current study are consistent with those
reported earlier. The calculated ∆∆Gs can be verified
qualitatively by their lipophilicity trends. A larger
hydrophobic substituent or less polar modification in-
creases the solvation energies. ZFp(NH2)LA has a much
higher solvation energy because of its reduced negative
charge (-1e). As we demonstrated previously,20 the
numerical error in ∆∆Ge should be less than 0.2 kcal/
mol. The other uncertainty in ∆∆Gc comes from ∆∆Gn,
which may be as large as 15% of ∆∆Gn.
Because the sensitivity of the calculated binding

energy difference to the reference structure is unknown,

∆G ) ∆Ge + ∆Gn

∆∆G ) ∆∆Ge + ∆∆Gn

∆Ge

∆Ga

∆Gs,b–∆Gs,f

L + P (ε = 78) LP (ε = 78)

LP (ε = 3)L + P (ε = 3)

∆Ge = ∆Gs,b – ∆Gs,f + ∆Ga

∆∆Ge = ∆∆Gs,b – ∆∆Gs,f + ∆∆Ga

∆∆Gn ) 0.04(∆Af - ∆Ab)

Figure 2. Partial charges on ZFp(X)LA used in the calcula-
tion, where X ) NH, O, or NH2. Charges on unspecified atoms
are identical to those of similar atom groups in GROMOS.24
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a series of ZGp(X)LL analogs (the third and forth sets
in Table 1) were recalculated using 4tmn and 6tmn as
reference systems. Together with 5tmn, these protein
complex structures are similar in overall conformation
with root mean square deviations ranging from just 0.1
to 0.3 Å. Because of the long-range nature of the
electrostatic force, the accumulated structural devia-
tions may affect calculated electrostatic energies. As
shown in Figure 3, there is no significant change in
∆∆Ge’s. The maximum deviation, including ∆∆Gs and
∆∆Ga, is less than 0.2 kcal/mol. The small structural
differences among the X-ray structures, however, alter
the absolute solvation and assembly energies greatly.

For example, there is 65 kcal/mol of ∆G’s difference
(Table 1, column 2, rows 9 and 17) between ZGpLL
bound to either 4tmn or 5tmn. Clearly, the invariable
part of the structures (thermolysin structure in this
case) in the reference and modified systems have to be
identical to minimize deviation in ∆∆G’s. This guideline
was used to devise the calculation schemes for the
binding energy difference between ZFpLA and ZGpLL.
The binding energy differences of three ZRp(O)LA

analogs in the first set produced the correct binding
affinity trends shown in Figure 4. The approximate 1
kcal/mol overestimation in binding energy for the three
inhibitors is not from the R group but rather from the
P1′ amide. Compared with the experimental 3.9 kcal/
mol difference between ZFpLA and ZFp(O)LA, the
calculated ∆∆Ge were overestimated by about 1 kcal/
mol. Because the 4tmn protein structure produces
consistent ∆∆Ge from ZGpLL to ZGp(O)LL (3.93 vs 4.13
of experiments), the overestimation in binding energy
must be attributed to the ligand. The two ligand

Table 1. Calculated Energy Differences for a Series of Thermolysin Inhibitors (kcal/mol)a

ligand ∆∆Gs,b ∆∆Gs,f ∆∆Ga ∆∆Ge Ab Af ∆∆Gn ∆∆Gc ∆∆Gexp
b

4tmn
ZFpLA -1292.930 -74.751 -67.555 0 12401 785 0 0 (-14.05)
ZGpLA -1.406 -0.306 0 -1.100 12393 695 3.27(0.5) 2.17 3.29
MepLA -4.362 1.390 2.106 -3.646 12429 479 13.34(2.0) 9.70
ZFp(O)LA -0.178 1.373 6.552 5.001 12401 786 -0.01 4.99 3.90
ZLp(O)LA -0.264 1.366 6.552 4.920 12389 747 1.00(0.15) 5.93 5.53
ZAp(O)LA -1.398 1.263 6.552 3.891 12389 694 3.18(0.5) 7.07 6.11
ZGpLL -5.927 -0.275 5.74 0.088 12459 726 4.70(0.71) 4.79 2.94
ZFp(NH2)LA 25.452 29.367 18.479 14.564 12401 786 -0.021 14.54

5tmn
ZGpLL -1363.980 -75.026 -60.073 0 12469 726 0 0 (-11.11)
MepLA -1.273 1.875 -1.105 -4.253 12450 469 9.55(1.4) 5.30
ZGpLA -0.501 -0.035 0 -0.466 12471 684 1.80(0.3) 1.34 0.35
ZFpLA 6.902 0.275 -4.92 1.707 12416 785 -4.45(0.67) -2.74 -2.94

6tmn
ZGp(O)LL -1385.327 -73.214 -52.031 0 12452 726 0 0 (-6.97)
ZGpLL 0.283 -1.851 -5.882 -3.748 12452 726 -0.02 -3.77 -4.13
ZGp(C)LL 0.271 0.485 -2.379 -2.593 12452 725 0.03 -2.56 -2.43
ZGpL(O)L 0.211 -2.3 -3.365 -0.854 12452 727 -0.07 -0.93 -1.55

4tmn/5tmn
ZGpLL -1298.857 -75.026 -61.815 0 12459 726 0 0 (-11.11)
ZGp(O)LL -0.359 1.836 6.099 3.904 12459 725 0.02 3.93 4.13
ZGp(C)LL -0.062 2.393 3.765 1.310 12459 725 0.06 1.37 1.70
ZGpL(O)L -0.18 -0.461 2.834 3.115 12459 727 -0.05 3.06 2.58

a Data are divided into four sets. The first three sets use 4tmn, 5tmn, and 6tmn as the reference structures for both the ligand and the
receptor. The last reference system, 4tmn/5tmn, is a combination of thermolysin of 4tmn and ZGpLL of 5tmn. The calculated energies of
the first ligands in each set are absolute energies served as the reference systems. All other energies are relative to those of the first
ligands in each set. Thus a reader can easily reproduce absolute solvation energies or assembly energies for each modified system and
compare energy difference between any two inhibitors. The energy differences are as follows: ∆∆Gs,b and ∆∆Gs,f, solvation energy differences
in the bound state and in the free state, respectively; ∆∆Ga, assembly energy differences; ∆∆Ge, total electrostatic energy difference
calculated by ∆∆Gs,b - ∆∆Gs,f + ∆∆Ga; ∆∆Gn, nonelectrostatic energy difference calculated by 0.04(∆Af - ∆Ab), where Af and Ab are
water accessible surface area for the free state and the bound state, respectively; the values in parentheses are estimated errors; ∆∆Gc,
calculated binding energy difference, i.e. ∆∆Ge + ∆∆Gn. b Experimental binding energy differences from refs 1, 5, and 6. The values in
parentheses are absolute binding energies of the reference systems.

Figure 3. Calculated binding energy differences vs experi-
mental values for ZGp(O)LL, ZGp(C)LL, and ZGpL(O)L using
4tmn (×), 5tmn (O), and 6tmn (4) structures. ∆∆G’s of 4tmn
and 6tmn are converted from Table 1 and reference to the
binding of ZGpLL. The data of 5tmn are from previous
calculations.13

Figure 4. Calculated and experimental binding energy dif-
ferences for ZR(O)LA, where ] is the experimental values; 0,
∆∆Gc; O, ∆∆Ge; and 4, ∆∆Gn.
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structures, ZGpLL of 5tmn and ZFpLA of 4tmn from the
X-ray data are indeed different around the P1 amide.
Besides bidentate vs monodentate bindings of the phos-
phoramide oxygens to the Zn, the inhibitor atoms
around P1 amide in ZFpLA are less well defined than
those in ZGpLL. Approximations in potential function
may also contribute to the overestimation. Excluding
this 1 kcal/mol overestimated energy from ∆∆Gc, the
modification at P1 can be very well explained by the
calculation. The relative affinities among the ZRp(O)LA
analogs are dominated by ∆∆Gn, which is primarily due
to the surface area changes of free ligands.
The binding energy difference between ZFpLA and

ZGpLL was assessed by three calculation schemes
shown in Figure 5. Two of the binding energy differ-
ences using 4tmn and 5tmn as reference protein struc-
ture are 4.79 and 2.74 kcal/mol, respectively, which yield
an average binding energy difference of 3.8 ( 1.0 kcal/
mol. The calculation with 5tmn closely reproduced the
experimental 2.94 kcal/mol of binding energy difference.
The discrepancies among the calculated values come
mainly from ∆∆Ge not ∆∆Gn. For example, the ∆∆Ge
deviation between 4tmn and 5tmn systems is 1.8 kcal/
mol (1.71 + 0.09 from Table 1, column 5, rows 12 and
7), which accounts for most of their ∆∆Gc deviation, 2.1
kcal/mol.
Due to substantial conformational changes from

bound ZFpLA to bound ZGpLL, we speculated that either
4tmn or 5tmn alone can represent both the reference
and the modified systems. Thus, a third approach was
devised to incorporate both protein structures assuming
that they are equally accurate. In this approach, a
hypothetical inhibitor MepLA is used as the modified
inhibitors in two calculations, from ZFpLA and ZGpLL
to MepLA. There is no conformational change in each
calculation because the coordinates of MepLA are the
same as the corresponding reference coordinates. The
combination of the two hypothetical binding processes
(∆∆Gc ) 9.70 and 5.30 kcal/mol in Table 1, column 9,

rows 3 and 10) yields a binding energy difference of 4.4
kcal/mol between ZFpLA and ZGpLL. Although the
value falls in between the first two results, it is not as
close to experimental data as the average value. All
three calculations consistently reproduced the experi-
mental observation that ZFpLA has higher affinity than
ZGpLL.

Discussion

ZFpLA Protonation. We have tried two models for
calculating the binding energy of ZFpLA. One model is
a singly protonated phosphonamide as is the case with
ZGpLR. The other, denoted as ZFp(NH2)LA, is a doubly
protonated model, suggested by the X-ray study.2 Our
calculation shows that ZFp(NH2)LA is unlikely to be
involved in the energetic binding. First, using ZFp-
(NH2)LA as both the free state and the bound state
(assuming the second protonation occurs before binding)
results in a dramatic loss of binding energy (∼14 kcal/
mol). The calculated binding energy difference between
ZFp(NH2)LA and ZFp(O)LA is 9.5 kcal/mol (14.51-4.99
from Table 1, column 9, rows 8 and 4), which is
inconsistent with the experimental value of -3.9 kcal/
mol.
Alternatively, we can assume that ZFpLA binds to the

active site before the second protonation. The total
binding should be the sum of ZFpLA binding and a
second proton transfer. The calculated binding energy
difference between ZFpLA and ZFp(O)LA is -5.0 kcal/
mol, which is very close to the experimental value. That
leaves little, if any, binding contribution from the second
protonation. It should be mentioned that the -3.9 kcal/
mol of experimental binding energy difference between
ZFpLA and ZFp(O)LA is almost identical to -4.0 kcal/
mol of averaged binding energy difference between other
phosphonamidates and phosphonates in ZGpLR series,
where the phosphonamide nitrogen is considered singly
protonated.
The second protonation would have a significant

impact on the solvation energy and assembly energy
because of a unitary charge change on the inhibitor.
According to our calculation for the bound state, it will
cause a total of 43 kcal/mol (25 kcal/mol of solvation and
18 kcal/mol of assembly from Table 1, columns 2 and 4,
row 8) loss of affinity compared to the reference system,
or about 37 kcal/mol loss compared to ZFp(O)LA binding.
A similar amount of energy (negative) would be required
to compensate this loss for stabilizing the complex. One
neglected energetic process accompanying the second
protonation of ZFpLA is deprotonation. It appears that
the proton could come directly from the solvent, or more
plausibly, be shuttled by Glu 134.2 The net result is
the same as a proton transfer from solvent to the
complex. The associated energy can be decomposed into
proton desolvation, proton assembly to the complex in
gas phase, and resolvation of the bound proton. The
energies associated with the later two steps are already
included in the energy of the bound state (∆∆Gs,b +
∆∆Ga) for ZFp(NH2)LA. Because of the positive energy
of proton desolvation, the deprotonation would not be
able to stabilize the complex. If the second proton can
be confirmed by an experiment, another proton donor,
or some other theoretical basis, must be sought.
Enhanced Binding. The dominant ∆∆Gn between

ZFpLA and ZGpLA is in good agreement with the
experimental observation that the hydrophobic charac-

Figure 5. Structure of MepLA and schemes to compute energy
difference between ZFpLA and ZGpLL. The arrows indicate
calculations from a reference system to a modified system. The
values (taken from Table 1) along the arrows are calculated
binding energy differences (in kcal/mol) associated with each
process.
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ter of the P1 Phe side chain is a major contributor to
the enhanced binding of ZFpLA. The analysis of the
decomposed energy also indicates that the orientation
of P1 amide may contribute significantly to the binding
difference. ZFpLA has two H-bonds from P1 amide to
the back bone N of Trp 115 and OH of Tyr 157. The
corresponding amide of ZGpLL rotates to the opposite
direction forming a water mediated H-bond network
between the nitrogen of P1 Glyp and the N of Trp 115.
Although both orientations are permissible in confor-
mational space, the associated ∆∆Ga shows that the two
H-bonds enhance binding better than the water medi-
ated H-bond does. The rotation of the amide moiety
causes ZGpLL to loss 4.92 to 5.74 kcal/mol in ∆∆Ga.
Thus, in terms of electrostatic binding, the P1 amide
moiety seems to be a potential target for ZGpLR binding
improvement.
This idea is supported by an experimental compound,

n-hexyl-PO2-Leu-Trp-NHMe, which has improved af-
finity (∆Gexp ) -12.2 kcal/mol, ∆∆Gexp ) -1.1 kcal/
mol).5 To calculate its binding energy requires a bound
structure of the P2′ Trp side chain and the C-terminal
NHMe, which is not available. While the modeling of
the structure is beyond the scope of this paper, the role
of hydrophobic hexyl group at N-terminus can be
investigated by the FDPB method assuming the hexyl
chain aligned with the N-terminal moiety of ZGpLL. A
preliminary calculation of a model compound, n-hexyl-
PO2-Leu-Leu, results in a ∆∆Ge of -0.9 kcal/mol. Thus,
it confirms that reducing the polarity at the N-terminus
can improve the electrostatic binding affinity for ZGpLR.
Hydrophobic Modification. Hydrophobic modifi-

cation has long been recognized as a way to improve
binding affinity and other properties.26-29 The calcula-
tions of hydrophobic modifications, such as ZRp(O)LA
and the previous ZGp(X)LR, indicate some underlying
trends in energetic components and the corresponding
nature of the binding. Interestingly, electrostatic bind-
ing (or electrostatic solvation because assembly energy
is zero) prefers a small hydrophobic group, while the
nonelectrostatic ∆∆Gn is in favor of a large hydrophobic
group, see Figure 4. For example, ∆∆Ge and ∆∆Gn
between ZFp(O)LA and ZAp(O)LA are -1.1 and 3.2 kcal/
mol, respectively. In terms of the thermodynamics of
our model, the former is more solvation enthalpy in
nature and the later solvation entropy.
Further examination of ∆∆Ge components reveals

that the absolute values of ∆∆Gs,f are much smaller
than that of ∆∆Gs,b. For the above pair of inhibitors,
the absolute value of ∆∆Gs,f and ∆∆Gs,b are 0.1 and 1.2
kcal/mol, respectively. In this study, a hydrophobic
modification in the free state influences only the inhibi-
tor solvation. In contrast, it affects the solvation of both
inhibitor and protein in bound state. This difference
leads to negative ∆∆Ge for a smaller hydrophobic
modification, i.e. from ZFp(O)LA to ZAp(O)LA. There-
fore, the enhanced electrostatic binding for smaller
hydrophobic modifications is due to extended solvation
of the binding complexes.
The ∆∆Gn calculation is directly related to the solvent

assessable surface areas of the free state and the bound
state. The same hydrophobic change (Ala to Phe)
results in 12 Å2 of ∆Ab and 92 Å2 of ∆Af. The smaller
∆Ab is due to less solvation of the bound inhibitor.
Unless a modified hydrophobic group is fully surrounded
by solvent in bound state (then ∆Ab ) ∆Af), ∆Af is

always greater than ∆Ab with increasing hydrophobic-
ity. According to this definition, the corresponding
∆∆Gn is always positive in favor of greater hydrophobic
modification.
Based on this model, the interplay between ∆∆Ge and

∆∆Gn determines the net binding effect on a hydropho-
bic modification. The calculations of modifications at
P1 and P2′ of these inhibitors show that the free state
component of ∆∆Gn, 0.04∆Af, is often the leading term
in the binding energy differences. Thus, one may use
0.04∆Af as a rough estimate for the effect of a hydro-
phobic modification when a receptor structure is un-
known. This approximation seems to have the same
basis as widely used statistical methods and empirical
methods that correlate either lipophilicity (log P) or
surface area of ligands to binding energies with variable
coefficients.27,28 In general, however, surface area or
properties of the bound state as well as electrostatic
solvation should be included.
Binding Water and Other Interactions. The

binding water in 4tmn appears to be kinetically impor-
tant and probably relevant to binding thermodynamics
as well. However, an explicit representation of binding
waters in FDPB binding energy difference calculation
has several unsolved problems. First, the coordinates
of water protons are not available. The reliability of
modeled proton coordinates are unknown. Second, any
ligand or protein molecular modification near a binding
water is likely to change the coordinates of the water
thereby increasing the uncertainty in the calculation.
Third, a receptor-ligand system with an explicit bind-
ing water becomes a trimolecular system. There is a
concern about how to count for the configurational
entropy change when a binding water is replaced by a
molecular modification on a ligand or a protein. It
appears that more fundamental research is needed to
solve this issue. On the other hand, the similar high
dielectric character of ice supports the use of the
continuum model for stationary binding waters as an
approximation.
In this study, the solvation process, including both

the enthalpic and entropic contributions in ligand-
protein binding, is considered. It is commonly agreed
that the former can be accurately and practically
calculated using FDPB. The later is simply a statisti-
cally derived factor relating the surface area of a
molecule to its solvation entropy. Other widely used
molecular interactions30 such as conformational energies
and van der Waals force were completely neglected. Yet,
the results qualitatively agree with our current knowl-
edge about molecular solvation and interaction and are
quantitatively close to experimental observations. A
reasonable explanation is that the differences in omitted
interactions are probably small in the systems we
studied. Despite the imperfections, the combination of
accuracy, speed, and mechanistic insight provided by
FDPB + SEC is unique among many binding energy
calculation methods.
Structural Variations. The underlying rational of

using one static structure (an X-ray structure) for
binding energy deference calculation assumes that the
structure represents the ensemble averages of both
reference and modified systems. From the results of
ZGp(X)LL binding using 4tmn, 5tmn, and 6tmn, small
structural deviations (<0.3 Å) in receptor structures
(with no modification) can be tolerated in the calculated
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binding energy difference of small molecular modifica-
tion such as NH to O on ligands. This is probably due
to the error cancellation in computing binding energy
differences. However, when a large modification or
conformational change occurs at ligands such as ZFpLA
and ZGpLL, the uncertainties in ∆∆Ge become large and
may exceed the ∆∆Ge itself. This dependency may
indicate that one reference structure is no longer a
representative of both ensemble averages of reference
and modified systems. Errors in X-ray structures could
be another factor. On the other hand, ∆∆Gn seems not
very sensitive to reference structures. Thus, good
qualitative results may still be obtained if ∆∆Gn domi-
nates the binding difference.
While this work concentrated on multiple X-ray

complexes, it was also intended to examine the feasibil-
ity of applications to modeled structures such as docked
inhibitors and homologous proteins. This study implies
that the use of correctly modeled structures may be able
to produce qualitative binding energy trends, which are
useful in structure-based design. The errors in the
calculations of different molecular modifications can
serve as the limit of quantitative binding energy calcu-
lations. No doubt, more work needs to be done before
the method can be routinely used in pharmaceutical
research.

Conclusion
The binding energy difference between conformation-

ally different thermolysin inhibitors ZFpLA and ZGpLL
is estimated using FDPB + SEC method. The results
of all three approaches, from ZFpLA to ZGpLL, from
ZGpLL to ZFpLA and from both ZFpLA and ZGpLL to a
hypothetical intermediate MepLA, are qualitatively
correct with one closely reproducing the experimental
value. The enhancement of the ZFpLA binding is
attributed largely to the solvation entropy or “hydro-
phobic force”. The binding mode of the ZGpLR N-
terminal moiety appears to be electrostatically unfa-
vorable. Reducing the polarity of that moiety is predicted
to enhance binding affinity. The binding trends due to
the hydrophobic variation of ZRp(O)LA are calculated
within 1 kcal/mol of the experimental values. Increas-
ing lipophilicity of a ligand favors the binding due to
the difference of surface area change between the free
state and the bound state. The analysis of energetic
components shows that these trends are not specific for
the binding of the phosphorus-containing inhibitors, but
are generally true for protein-ligand interactions. The
electrostatic calculation does not support the involve-
ment of the second protonation of ZFpLA in binding.
Therefore, reexamining the second protonation of ZFpLA
or seeking further experimental support seems ap-
propriate.
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