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The binding of sulfonamide inhibitors to human thrombin is examined to evaluate the viability
of calculating free energies of binding, AG,, utilizing Monte Carlo (MC) statistical mechanics
with a linear response approach. Coulombic and van der Waals energy components determined
from MC simulations of the bound and unbound inhibitors solvated in water plus a solvent-
accessible surface area term, as an index for cavity formation, were correlated with the free
energies of binding for the inhibitor MD-805 and six derivatives. The best correlations yield
an average error of 0.8 kcal/mol for the seven binding affinities, which cover an observed range
of 6.0 kcal/mol. The MC simulations also provided insights into the interactions occurring in
the active site and the origins of variations in AG,. Equatorial placement of the carboxylate
group at C2 in the piperidine ring of the inhibitors causes electrostatic destabilization with
the side chain of Glu-H192, while axial disposition of the C4-methyl group reduces favorable
hydrophobic interactions in the P-pocket of the enzyme.

Introduction

A common strategy utilized for the calculation of free
energies of binding (AGp) of enzyme—inhibitor com-
plexes is to carry out molecular dynamics (MD) or Monte
Carlo (MC) simulations with free energy perturbation
(FEP) methods or thermodynamic integration (TI).!
There are limitations to these approaches,! so there is
need for alternate procedures and approximate methods
to allow for more facile treatment of large numbers of
structurally diverse systems. One such semiempirical
approach, the linear response (LR) method devised by
Agqvist et al.,? requires only simulations at the endpoints
of mutations; a linear combination of the differences in
the average inhibitor—environment interaction energies
between the bound and unbound states are used to
determine AGy. For the unbound system, these energies
arise solely from inhibitor—solvent interactions, while
inhibitor—solvent plus inhibitor—protein interactions
result in the bound-state energies.

In the Agvist LR expression (eq 1), the interactions
are broken down into electrostatic (Coulombic) and van
der Waals contributions. A van der Waals scaling

AGy, = AU, 0+ aAU, 4,0 1)

factor, oo = 0.161, was derived to give the best fit to
experimental binding data, and the electrostatic scaling
factor, g = 0.5, follows from the quadratic dependence
of free energy on solute charge, as embodied in the Born
model for ion solvation. MD simulations were used to
determine the required energy components. The result-
ing free energies of binding for several protein—ligand
systems correlated well with experimental data. Fur-
thermore, the o and f scaling parameters were found
to be transferable between proteins.? The methodology
has also been applied recently with excellent success to
a larger dataset of 11 inhibitors with cytochrome
P450cam.® A different force field was used, and an
increase of a to 1.043 was found to be appropriate in
this case.®

T Current address: Neurogen Corp., Branford, CT 06405.
® Abstract published in Advance ACS Abstracts, April 1, 1997.

S0022-2623(96)00684-X CCC: $14.00

Extension of the LR approach to calculate free ener-
gies of hydration (AGnyq) incorporated a third term
proportional to the solute’s solvent-accessible surface
area (SASA), as an index for the cost of cavity formation
within the solvent.* The latter is needed for cases with
positive AGpyq such as aklanes. It was also found that
additional improvement occurred when both a and
were allowed to vary. Equation 2 gives the correspond-
ing expression for AGy,.

AG, = BAU o, I+ oAU, 4,0+ yIASASAD  (2)

vdw

In the present work, the LR expressions, eqs 1 and
2, have been applied to complexes of the serine protease
thrombin and sulfonamide inhibitors. The objectives of
this study are 2-fold: to evaluate the viability of LR
methods for calculating free energies of binding and to
obtain insights into key thrombin—inhibitor interactions
that lead to variations in the binding affinities.

Due to its central role in thrombosis and haemostatis,
thrombin has been implicated in many disease states,®
such as myocardial infarction, stroke, and pulmonary
embolism, and thus is currently receiving wide atten-
tion. It is a multifunctional enzyme which plays a
critical role in the blood coagulation cascade mech-
anism,52 including thrombus formation through conver-
sion of its natural substrate, fibrinogen, to fibrin and
induction of platelet aggregation via thrombin receptor
cleavage.®*¢ Thrombus formation involves selective
cleavage of the peptide bond adjacent to an arginine
residue in fibrinogen, yielding fibrin monomers that
polymerize forming a network of fibers. This is the
major component of a blood clot that traps platelets and
plasma proteins blocking blood flow at the site of
injury.8d-f Additional stability is imparted to the fibrin
structure by a thrombin-activated transamidase that
forms cross-linking bonds between lysine and glutamic
acid side chains.

Crystallographic investigations’ have revealed that
thrombin is composed of disulfide-linked A and B
chains. It also has an anion binding exosite positioned
approximately 20 A from the active site along a groove.
The active site has three binding pockets: (1) the S1
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Figure 1. Structures and experimental inhibition constants
(ref 7h) for sulfonamide inhibitors of human thrombin.

recognition pocket, with residue Asp189 at its base, (2)
a large hydrophobic D-pocket (D designates “distal” from
the catalytic site), and (3) a small hydrophobic P-pocket
(P designates “proximal” to the catalytic site). The
catalytic triad of Asp102, His57, and Ser195 is respon-
sible for the proteolytic activity. The crystal structure
of the complex with the sulfonamide inhibitor, (2R,4R)-
4-methyl-1-[N2-[(3-methyl-1,2,3,4-tetrahydro-8-quinoli-
nyl)sulfonyl]-L-arginyl]-2-piperidinecarboxylic acid (1a)
(see Figure 1), also known as MD-805, Argatroban,
MQPA, Novastan, and Slounon, was used as the struc-
tural starting point of the present work. The extensive
inhibition constant (K;) data available for 1a and its
analogs, 1b—g,”" which feature relatively simple struc-
tural changes at the 2- and 4-positions of the piperidine
ring (see Figure 1), made this an attractive series of
compounds for computational studies.

Previous theoretical studies of thrombin have in-
cluded use of molecular mechanics to design new
inhibitors, correlation of binding affinities with non-
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Table 1. Sulfonamide Nonbonded Parameters and Partial
Charges

atom o (A) € (kcal/mol) q(e)
S 3.55 0.25 1.22
(0] 2.96 0.17 —0.61
N 3.25 0.17 —0.80
H 0.00 0.00 0.41

bonded interaction energies obtained from molecular
mechanics energy minimization for unsolvated throm-
bin—inhibitor complexes, FEP calculations for com-
plexes, and active-site mapping.8

Computational Details

Parameterization. All computations have used the OPLS
force field with an all-atom representation of the inhibitors.®
As usual with a new project, some force-field parameters were
missing. First, it was necessary to develop Lennard—Jones
parameters, o and ¢, to represent the S and O of the sulfona-
mide moiety. An established protocol was employed of pure
liquid simulations with iterative modification of o and € until
experimental physical data, particularly, heat of vaporization
and density, were reproduced. Simulations of liquid divinyl
sulfone with the MC program BOSS™ yielded the missing o
and e for the S—O unit, as listed in Table 1.1 Partial charges
for the sulfonamide subunit were obtained from model com-
pounds by fitting it to the electrostatic potential surfaces from
ab initio molecular orbital calculations with the 6-31+G* basis
set (see Figure 2 and Table 1).22 The bond-stretching and
angle-bending parameters for the sulfonamide group were
adopted from a study by Rossi et al.*® on a sulfonamide/human
carbonic anhydrase complex, as summarized in Table 2.14

The missing torsional parameters were derived using the
model sulfonamides 2—5 (Figure 2). Ab initio calculations with
the 6-31+G* basis set yielded energy profiles for rotation about
the H-N—S—C bond in 2, H-C—N—-S and C—N—S—C bonds
in 3, C—C—N-S bond in 4, and C—C—S—N bond in 5. Least-
squares fits of these results with remaining parameters from
the OPLS force field provided the torsional parameters shown
in Table 3. Torsion terms for dihedrals to the oxygens on
sulfur are not needed with these parameters.

Monte Carlo Simulations. A full-geometry optimization
for inhibitor 1a by itself was carried out starting from its
structure in the observed complex with thrombin.™ This gave
the initial structure for the MC simulations for the unbound
inhibitors in water. In all cases, the inhibitor was surrounded
by a water sphere of ca. 20 A radius containing 1101 TIP4P15
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Figure 2. Model compounds used in the development of the partial charges and torsional parameters for sulfonamide groups.
Partial charges from fitting to the electrostatic potential surface from ab initio 6-31+G* calculations.
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Table 2. New Bond Length and Bond Angle Parameters for
Inhibitors 1la—g?

bond K; (kcal/mol-A2) req (A)
Sulfonamide Moiety
S=0 700.0 1.44
S—N 434.0 1.67
S—C(ar)P 340.0 1.77
bond angle Ky (kcal/mol-rad?) Veq (deg)
Sulfonamide Moiety
O0=S=0 104.0 119.0
S—N-C 50.0 120.0
S—N—-H 55.0 111.0
O=S—C(ar) 74.0 107.2
N—S—C(ar) 100.0 103.0
S—C(ar)—C(ar) 85.0 119.4
O0=S—N 120.0 107.0
Quinoline Moiety
C—N—H 35.0 118.4
C(ar)-C—H 35.0 109.4
C(ar)—C(ar)—C 70.0 120.0
C(ar)—C—-C 63.0 114.0
N—-C-C 80.0 111.2

a AMBER (ref 17a) bond length and bond angle parameters used
otherwise. b ar designates an aromatic atom.

Table 3. Torsional Parameters (kcal/mol) for Sulfonamides
la—g

VO V1 V2 V3
All Atom?2
H—N-S—C(ar) 2.836 1.671 —4.,901 0.669
H—-C—-N-S 0.120 1.362 —1.457 0.149
C—N-S—C(ar) —0.760 2.074 —2.966 2.473
C—-C—-N-S —0.088 2.929 —2.533 0.497
C(ar)—C(ar)—S—N 0.010 1.656 —0.768 -0.117
C-C—N-H 0.000 0.000 0.000 0.000
H—-C—-N—-H 0.000 0.000 0.000 0.000

United AtomP

H—N—S—C(ar) 2.836 1671  —4.901 0.669
C—N—S—C(ar) -0.152 2536  —4.057 2.553
C-C—N-S —-0.086 2436 —1.724 2.034
C(ar)-C(ar)-S—N  —0.063 1.876 —0.812 —0.187

a All-atom parameters used in MC simulations with MCPRO.
b United-atom parameters used during minimization of the enzyme—
inhibitor complex with AMBER.

water molecules. The MC simulations were carried out with
MCPRO.!¢ This program is a derivative of BOSS;° however,
it includes a knowledge of residues that are used for residue-
based cutoff procedures, that form the basis of lists that aid
in computational efficiency and that allow Monte Carlo moves
of one residue at a time. The MC simulation for unbound l1a
initially involved (1) 10 x 108 configurations of equilibration
with only the water moving, (2) 3 x 10°% configurations
equilibration with the water and inhibitor moving, and (3) 3
x 108 configurations of averaging. The simulations were
carried out with solvent—solvent, solvent—solute, and non-
bonded cutoffs of 8.5, 15, and 15 A, respectively. A residue-
based cutoff procedure is implemented in MCPRO. The
water—water cutoff is based on the O—O separation only; if
the distance is within the cutoff, the entire water—water
interaction is included. For the solute—water interactions, if
any distance between an atom in a residue and the water O is
within the cutoff, the entire residue—water interaction is
included. The inhibitors were treated as one residue. The
temperature was constant at 37 °C, as in the binding
experiments.”” Bond lengths were fixed, while bond angles
and torsion angles were sampled except for those in the
quinoline moiety.

After geometry optimization and solvation as above, MC
simulations of unbound inhibitors 1b—g were performed in a
similar manner: (1) 5 x 108 configurations of equilibration
for the water only, (2) 3 x 10° configurations equilibration for
the water and inhibitor, and (3) 3 x 108 configurations of
averaging. In order to enhance the precision of the results,
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the averaging periods were then extended to 9 x 108 for
inhibitors 1b—g and to 12 x 108 for the parent la.

For the thrombin—1a complex, the crystal structure was
first energy-optimized using AMBER.'"*® Then, amino acid
(aa) residues more than approximately 16 A from the active
site were removed to reduce the complex to a computationally
more tractable 164 residue fragment with 1la bound in the
active site. Acetyl and N-methylamide blocking groups were
used to cap the truncation points, and overall charge neutrality
was maintained for the complex.

An all-atom representation of bound 1a was used with the
same variable intramolecular degrees of freedom as in the
unbound case. For the enzyme fragment, a partial united-
atom model was employed with only hydrogens on saturated
carbon not explicit.® The complex was solvated with a 20 A
cap containing 469 TIP4P water molecules centered on the
inhibitor. The protein backbone and any aa residues protrud-
ing from the water cap were held fixed. Using an internal-
coordinate representation, the sampling of the protein side
chains involved variation of all bond angles and torsion angles.
On an attempted MC move for the protein, one residue is
chosen at random and all its variable angles are randomly
modified. On an attempted move for the inhibitor, all its
variable angles are changed, and it is totally translated and
rotated as well. Since the TIP4P water molecules are rigid,
their attempted moves involve just the total translations and
rotations. Attempts to move a protein residue and the
inhibitor were made every 10 and 24 configurations, respec-
tively. The remaining attempted moves were for the water.

The MC simulation procedure for the solvated enzyme—1a
complex involved (1) 10 x 108 configurations of equilibration
with only water moves, (2) 3 x 108 configurations of equilibra-
tion with water and complex moves, and (3) 3 x 106 configura-
tions of averaging. Other simulation variables were the same
as in the unbound calculations. The residue—water and
residue—inhibitor interactions were cutoff at 15 A. Since an
experimental structure has only been reported for the thrombin/
MD-805 complex, the 1a complex from the MC simulation was
modified to give the initial structures for the complexes with
1b—g. These were then simulated in the same manner. An
additional 3 x 108 configurations of averaging was performed
subsequently for the 1a complex.

Results and Discussion

Optimization of the LR Equations. The average
electrostatic and van der Waals interaction energies
between the bound and free inhibitors and their respec-
tive environments were determined during the MC
simulations (see Table 4). The average SASA terms
were calculated using the SAVOL2 program?® and the
radii established by Rashin.?%21 In this program mol-
ecules are represented with united atoms. The average
SASA was determined from structures saved every 2 x
10° configurations during the MC runs, as summarized
in Table 5.

The LR expression (eq 1) and o (0.161) and 3 (0.5)
parameters from Aqvist?2—¢ were ineffective at repro-
ducing the experimental AGy, values for inhibitors 1la—g
with the energetic results from the present simulations;
the rms deviation between the computed and observed
values is 15 kcal/mol. Aqvist has used the GROMOS
force field, and it is not surprising that the parameters
are not transferable to the present study. The Carlson—
Jorgensen LR equation (2) with the a, 3, and y param-
eters developed for AGhyg calculations* gave more
reasonable AGy, values, but the rms error of 3 kcal/mol
is still unacceptable for use as a predictive tool.

Therefore, new a, 8, and y parameters were derived
by fitting the present energetic and SASA results to the
experimental AG, values with a Simplex-based pro-
gram. The results of the various fits are summarized
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Table 4. Average Interaction Energies and Standard Deviations from the Bound and Unbound MC Simulations (kcal/mol)2

Uelec UvdW Uelec Uvdw
inhibitor config x 108 (inhibitor—solvent) (inhibitor—solvent) (inhibitor—enzyme) (inhibitor—enzyme)

1a, unbound 3 —268.17 (2.29) —25.41 (0.55)
6 —273.62 (1.91) —25.68 (0.45)
9 —271.85 (1.46) —26.12 (0.38)
12 —267.20 (1.61) —26.01 (0.33)

1a, bound 3 —-170.22 (1.11) 0.03 (0.26) —76.22 (0.64) —51.59 (0.32)

6 —167.79 (0.90) —0.47 (0.20) —78.82 (0.70) —50.79 (0.26)
1b, unbound 3 —261.93 (2.69) —23.59 (0.55)
6 —258.83 (1.79) —24.47 (0.52)
9 —259.48 (1.45) —25.76 (0.36)

1b, bound 3 —165.52 (1.38) —0.97 (0.48) —65.14 (1.27) —52.80 (0.45)
1c, unbound 3 —278.60 (2.39) —24.35 (0.73)
6 —278.95 (1.43) —23.88 (0.46)
9 —280.89 (1.13) —24.61 (0.38)

1c, bound 3 —175.81 (1.60) —4.49 (0.55) —60.77 (0.46) —49.10 (0.28)
1d, unbound 3 —258.32 (2.04) —23.58 (0.66)
6 —259.30 (1.49) —24.34 (0.43)
9 —256.31 (1.58) —25.29 (0.45)

1d, bound 3 —165.58 (1.58) —1.18 (0.37) —84.53 (0.81) —47.47 (0.40)
1e, unbound 3 —196.84 (2.20) —33.56 (0.35)
6 —194.94 (1.62) —33.48 (0.37)
9 —191.60 (1.49) —33.37 (0.37)

1le, bound 3 —16.39 (0.80) —8.41 (0.20) —174.48 (0.72) —49.10 (0.28)
1f, unbound 3 —192.20 (2.12) —31.00 (0.68)
6 —194.72 (1.41) —31.61 (0.47)
9 —195.32 (1.12) —32.56 (0.40)

1f, bound 3 —21.56 (0.68) —9.61 (0.35) —163.15 (0.32) —47.61 (0.17)
1g, unbound 3 —273.47 (2.20) —23.71 (0.73)
6 —269.59 (1.93) —23.60 (0.44)
9 —266.62 (1.63) —24.08 (0.35)

1g, bound 3 —154.59 (1.39) 3.50 (0.34) —91.24 (0.94) —50.73 (0.40)

a Standard deviations from batch means calculations given in parentheses.

Table 5. Calculated Average Solvent-Accessible
Surface Areas (A2

SASA
3 x 106 6 x 106 9 x 106 12 x 106
configs configs configs configs
1a, unbound 722.4 721.6 718.7 716.9
1a, bound 106.6 109.3
1b, unbound 685.3 687.3 688.0
1b, bound 100.2
1c, unbound 705.9 703.9 704.2
1c, bound 107.9
1d, unbound 667.4 670.5 677.8
1d, bound 1135
1e, unbound 679.6 684.1 686.8
1e, bound 97.5
1f, unbound 668.0 665.2 669.4
1f, bound 98.5
1g, unbound 686.0 686.6 689.2
19, bound 110.4

in Table 6. Initially, eq 1 was reparameterized by fixing
B to 0.5 and optimizing o. The new fit resulted in
substantial improvement, but the rms error was still
an unacceptable 4.40 kcal/mol. However, upon refitting
o and g, the error dropped to 1.34 kcal/mol with 3 and
a reduced to 0.165 and 0.476, respectively. The largest
error is 2.4 kcal/mol for 1a. Addition of the SASA term
and reparameterization of a, 8, and y for eq 2 further
lowered the rms error to 0.77 kcal/mol. However, o
adopted a negative value, which is physically unreason-
able. A fit was then made with o fixed at 0.236, which
is a value obtained from a correlation for an expanded
set of free energies of hydration.??2 This led to an rms
error of 1.15 kcal/mol with § = 0.146 and y = 0.010.
Finally, a two-parameter fit was tried with the same
coefficient for a. and 3, which resulted in o = 5 = 0.131,
y = 0.014, and an rms error of 1.02 kcal/mol. The
principal discrepancy, 1.85 kcal/mol, is for inhibitor la.

The weak binding of 1b and 1c with the equatorial
carboxylate groups is well-reproduced along with the
strong binding for the most hydrophobic inhibitors, 1le
and 1f. The average unsigned error for the last fit with
seven inhibitors and two parameters is 0.8 kcal/mol,
which can be compared with values of 0.4 and 1.8 kcal/
mol reported by Aqvist and co-workers for the smaller
sets of four endothiopepsin and three HIV proteinase
inhibitors.22¢ In an expanded study for a total of 18
protein—inhibitor complexes, Hansson, Marelius, and
Agvist have now obtained an average error of 0.72 kcal/
mol using eq 1 with both a and § variable and an
average error of 0.54 kcal/mol with a three-parameter
equation.?®

A few more comments on the fitting are in order.
First, the reduction in SASA for these systems falls in
a relatively narrow range, 564—698 A2 (Table 5).
Multiplication times the y of 0.014 yields an attractive
term between 7.9 and 9.8 kcal/mol. In fact, a fit was
made to eq 2 with a = § and with the SASA term
replaced by a constant, ¢; the result was . = = 0.124,
0 = —8.23 kcal/mol, and the rms error only increases to
1.10 kcal/mol. We have retained the SASA term owing
to the improved fit and because its value is expected to
more clearly emerge for a series of inhibitors that show
greater variation in size. Secondly, it may be noted that
the values of 3 obtained here are smaller than the value
of 0.5 from the Born equation for the solvation of atomic
ions in a uniform dielectric continuum. Values of 3 near
0.3 and 0.2 have been found to be appropriate for small,
neutral solutes in the MD and MC studies with explicit
solvent models for water and chloroform, respec-
tively.2d422 In the present case, the combination of the
large solute size, the specific protein environment, and
the mix of zwitterionic inhibitors and inhibitors with a
net charge of +1 has led to further damping of the
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Table 6. Comparison of Experimental and Calculated AGy (kcal/mol) after Refitting the Scaling Factors?

AGp

=05 0=0734, p=0.165 o=0.476,

B=0.075, a = —0.462,

B=0.146, (0 =0.236), p=a=0.131,

compd exptl y=0.0(eq 1) y =0.0(eq 1) y = 0.038 (eq 2) y = 0.010 (eq 2) y = 0.014 (eq 2)
la -11.0 -8.2 -8.6 -9.9 -9.0 -9.1
1b -8.1 —6.1 -8.6 -7.2 -8.3 -8.1
1c -5.0 0.9 —6.3 -5.9 —6.3 —6.3
1d -9.2 —14.0 —10.1 —10.2 -10.3 —10.1
le —-10.7 —-17.7 —11.6 —11.0 —11.6 —11.3
1f -9.8 -12.8 —10.0 -95 —10.0 -9.8
1g -9.4 —6.6 -7.6 -9.7 -8.2 -8.4
rms 4.40 1.34 0.77 1.15 1.02

a Using results from the longest Monte Carlo runs in each case.

electrostatic contribution. If the two charged inhibitors,
le and 1f, are removed from the fits, then g increases
to 0.20—0.22. A larger database might reveal the
necessity of using multiple values of 8 depending on the
nature of the inhibitor, as advocated now by Aqvist and
co-workers.2¢

Another notable point is that the roughly constant
attractive term of ca. —8 kcal/mol is providing a base
value for these inhibitors that is then modulated by the
Uelec and Uygw terms. It is important to reemphasize
that these two terms only include the changes in
unbound ligand—solvent vs bound ligand—solvent plus
bound ligand—protein interaction energies. Other terms
including the changes in protein—solvent and solvent—
solvent interactions are absorbed in the a and j
parameters and in the roughly constant term; the gain
in solvent—solvent interactions for the released water
molecules provides a particularly attractive electrostatic
contribution to the ligand binding. Analysis of the
energy components in Table 4 shows net positive AUgjec
(1—44 kcal/mol) and net negative AGygw (—23 to —29
kcal/mol) terms. This implies nothing concerning the
relative importance of electrostatics and van der Waals
interactions for the absolute free energies of binding of
the ligands; it does mean that the differences in the
binding affinities for these seven inhibitors are deter-
mined more by differences in the electrostatic interac-
tions than the van der Waals ones.

The sign of AUgec is sensitive to the combination of
the protein’s structure and the details of truncation of
the potential functions; inclusion of more or less of the
protein and/or use of different residue—residue cutoffs
could shift all of the AUgec values. The present choices
of system sizes and cutoffs have evolved through MC
and MD studies by us on many systems and are
consistent with the high end of choices by others; e.g.,
Agvist et al. have used 8—15 A cutoffs with spherical
systems of 16—20 A radius.2 As emphasized by Aqvist,
an essential point is to have the same net charge for
the bound and unbound systems for an inhibitor, which
is achieved here by having the protein fragment neu-
tral.2 Otherwise, ambiguous Born-type corrections need
to be made. However, for the present protein fragment,
there is a relatively high fraction of the positively
charged residues near the boundary of the system and,
therefore, an excess of negatively charged groups closer
to the inhibitor. This is consistent with the very
attractive inhibitor—enzyme AU¢ec Values (Table 4) for
inhibitors 1le and 1f, which have a net charge of +1.
On the other hand, the other inhibitors, which are
zwitterionic, have much more attractive inhibitor—
solvent interactions both in the bound and unbound

states. The balance of all the effects is such that le
and 1f are observed and computed to be strong binders,
which would be difficult to predict a prior.

Clearly, it is desirable to test the methodology against
still larger databases and multiple protein—ligand
systems. Until this is done, many points will remain
less than lucid such as the optimal terms to include in
the correlation equations and the extent of the transfer-
ability of the parameters between systems. Neverthe-
less, the present results in conjunction with the earlier
studies?®™* are encouraging for the potential utility of
such correlative methods as a short cut to predicted free
energy changes for many applications. For the free
energies of hydration, the database has been expanded
to 35 diverse organic molecules with an rms error of 1.0
kcal/mol using eq 2.2

Uncertainties in the Fits and LR Components.
To determine the uncertainties in the a, 8, and y
parameters, a cross-validation technique was employed.
Specifically, the parameters were optimized seven in-
dividual times such that the data for each inhibitor was
left out once. The average values for the parameters
and the standard deviations from the seven subset
results are reported in Table 7. In all cases, the average
values of the seven sets of parameters agree closely with
the parameter values obtained from the fits with the
full database. The standard deviations for the param-
eter values are also small.

Of course, the potential accuracy of the LR approaches
depends on the precision of the calculation of the energy
components and SASA values in Tables 4 and 5. The
results as a function of the length of the averaging
periods are listed and provide a sense of the associated
uncertainties. The average uncertainty in the SASA
appears to be 5 A2 or less, so the difference between the
bound and unbound case should be no more than 10 A2,
With the optimized y coefficients of near 0.015 kcal/mol
A2, the associated uncertainty in the free energy of
binding is less than 0.15 kcal/mol. For the energy
components in Table 4, statistical uncertainties were
estimated with the batch means procedure during the
Monte Carlo runs using batch sizes of 3 x 10° configu-
rations. For the same averaging periods the uncertain-
ties are about twice as large for the unbound calcula-
tions than for the bound ones. This is the reason for
the extension of the averaging for the unbound calcula-
tions to (9—12) x 108 configurations. The observation
is consistent with our continual experience that simula-
tions in water are always noisier than in organic
solvents, and the environment of a protein is more like
an organic solvent than water. The batch means
procedure yielded uncertainties (10) of 0.2—0.6 kcal/mol
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Table 7. Summary and Results of Cross-Validation for the o, 3, and y Parameters Determined by Fitting to the Experimental AGy

Data2b
y rms to expt
linear response method a p (kcal/mol A2) (kcal/mol)
1/2 Coulombic and 0.734 (0.500)¢ 4.40
van der Waals 0.747 £ 0.031
Coulombic and 0.476 0.165 1.34
van der Waals 0.474 £+ 0.032 0.160 + 0.019
Coulombic, van der Waals, —0.462 0.075 0.038 0.77
and SASA 0.462 + 0.148 0.071 + 0.020 0.038 + 0.006
Coulombic, van der Waals, (0.236)° 0.146 0.010 1.15
and SASA 0.142 + 0.027 0.010 + 0.001
Coulombic, van der Waals, 0.131d 0.131d 0.014 1.02
and SASA 0.126 + 0.029 0.126 + 0.029 0.014 + 0.000

a Cross-validated values with uncertainties given in italics. ® Parameters from fitting results from the longest MC simulations. ¢ Fixed

value. 9 a set equal to .

Trp H215

Gly H216

Gly H219

Asp H189

Ser H195

Lys H60F

Glu H192

Figure 3. Residues of thrombin near the binding site for the sulfonamide inhibitors. The quinoline and piperidine rings are in

the hydrophobic D- and P-pockets, respectively.

for the van der Waals energies at the ends of the runs.
The oscillations of Uyqw in Table 4 are consistent with
this, which with an a of 0.1—-0.2 contribute an uncer-
tainty of ca. 0.1 kcal/mol to the computed AGy, values.
The greatest uncertainty stems from the electrostatic
energy terms, which have standard deviations of 0.5—
1.6 kcal/mol at the ends of the runs from the batch
means procedure. Given the present  values of 0.1—
0.2, the electrostatic terms contribute an uncertainty
of ca. 0.3 kcal/mol to the free energies of binding. Thus,
from this rough analysis, the total statistical uncer-
tainty in the computed AGy values from the noise in
the Monte Carlo simulations is ca. 0.5 kcal/mol. The
average deviation between the experimental and com-
puted values for AGy is not going to be less than this
except by chance.

The issue of convergence clearly needs to be monitored
in all applications of such correlative methods. The
precision can be improved with ever longer simulations.
For the present study, improvement in the correlation
between the computed and experimental binding data
was obtained as the simulations were extended. How-
ever, the gains turned out to be relatively modest.
Specifically, when fits to eq 2 with o = § are made using
the bound results after 3 x 108 configurations and the
unbound results after 3, 6, and 9 x 108 configurations
of averaging, the rms errors for AG,, are 1.24, 1.30, and

1.18 kcal/mol, respectively, which are not far from the
final result of 1.02 kcal/mol in Table 6. Although this
may not be a general finding, it suggests the qualita-
tively useful results can possibly be obtained from
averaging runs of ca. 3 x 10° configurations for systems
of the present size.

On the other hand, it should be realized that values
of o, 5, and y that are larger than those found in this
study will lead to proportionately greater uncertainties.
Also, the choice of initial structures, as always in
simulation studies, is critical; convergence to the correct
structure from a poor starting point may not be possible
in a simulation of tenable length. The other obvious
issue affecting the generality of the present LR approach
is the absence of terms for intramolecular energetics in
egs 1 and 2. This simplification can be expected to be
problematic for comparison of ligands with significantly
varying flexibility and for larger alterations that require
varying distortion of the protein upon binding. For the
present system, addition of terms to the LR equations
for changes in intramolecular energetics did not lead
to notable improvement in the fits.

Structures of the Complexes. The inhibitors have
three subunits, which match up with the three pockets
in the binding site from the crystal structure with 1a.7°
As reflected in Figure 3, the quinoline ring resides in
the hydrophobic D-pocket, the piperidine ring is in the
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Figure 4. Stereoplots of the binding site for the complex of 1a (MD-805) with thrombin from the X-ray study (top) and from the
end of the Monte Carlo simulation (bottom). Only atoms of the protein within 6 A of any atom of the inhibitor are shown in

Figures 4—6.

hydrophobic P-pocket, and the quanidinium-containing
side chain is in the arginine recognition site forming a
salt bridge with Asp-H189. (The chymotrypsin num-
bering is used here, as in the Protein Data Bank entry,
1DWC.”™) The piperidine is more deeply buried in the
protein and contacts the bottom face of the quinoline,
while the top face of the quinoline is solvent-exposed.
The oxygens of the sulfonamide group are also solvent-
exposed, while the sulfonamide NH forms a hydrogen
bond with the oxygen of Gly-H216. The P-pocket is
formed from the side chains of His-H57, Trp-H60D, Tyr-
H60A, and Leu-H99. A space-filling representation
reveals a tight steric match between the P- and D-
pockets and their contents, the piperidine and quinoline
rings. The carboxylate group attached to the piperidine
ring in la forms a hydrogen bond with the hydroxyl
group of Ser-H195 and with two water molecules in the
crystal structure. It does not appear to be particularly
well-accommodated unless there are more hydrogen
bonds with water molecules and it is also close to the
carboxylate group of Glu-H192; two of the O—O dis-
tances are below 6 A. In contrast, the other group that
is modified for 1a—g, the piperidine C4 methyl group,
snuggly fills the end of the hydrophobic P-pocket for the
equatorial orientation in la.

Insights on the variation in the observed binding
affinities for 1la—g emerge from the structures of the
complexes obtained from the Monte Carlo simulations.
Representative stereoplots of the inhibitors with any
surrounding atoms of the protein within 6 A of any atom

in the inhibitor are shown in Figures 4—6. The illustra-
tions are from the last of the 3 x 108 configurations in
the averaging runs. The backbone of the protein is
aligned in each case to reveal readily the structural
changes in the vicinity of the piperidine ring. All water
molecules have been removed for clarity; from the MC
simulation of the 1a complex, there are ca. 10 water
molecules in the pocket between the piperidine carboxy-
late group, Glu-H192, His-H57, and Lys-H60F. The
X-ray structure’® and the structure from the MC
simulation of the 1a complex are shown in Figure 4.
Except for the added hydrogen atoms in the MC
structure, there is little difference in the two structures.
The piperidine C4-methyl group is in close contact with
a face of the aryl ring of Tyr-H60A, while the C2-
carboxylate is within 6 A of the side-chain carboxylate
of Glu-H192. One difference is that the hydrogen bond
between the C2-carboxylate and the side chain of Ser-
H195 in the X-ray structure becomes water-bridged in
the MC calculation.

In viewing the structure for the 1b complex in Figure
5 two key contributors to the 100-fold reduction in
binding relative to 1a are evident. The equatorial
placement of the C2-carboxylate forces it to be closer to
the side chain of Glu-H192, an electrostatically unfavor-
able situation. From the MC structures, the shortest
distances between the carboxylate oxygens decline from
4.6 and 5.0 A for 1a to 4.3 and 4.1 A for 1b. Mutation
of Glu-H192 to, for example, a glutamine residue can
be predicted to be favorable for binding 1b. The



1546 Journal of Medicinal Chemistry, 1997, Vol. 40, No. 10

Jones-Hertzog and Jorgensen

Figure 5. Stereoplots of the binding site for the complexes of inhibitors 1b, 1c, and 1d with thrombin from the end of the Monte

Carlo simulations.

equatorial orientation of the C2-carboxylate also brings
it closer to the trimethylene spacer in 1b, which shields
it more from hydration; the number of water molecules
hydrogen-bonded to the carboxylate group declines from
five or six for the axial orientation to three or four for
the equatorial form. The position of the piperidine C4-
methyl group is unchanged for the complexes of la
and 1b.

The structure for the complex of 1c in Figure 5 shows
the same problems as for the equatorial C2-carboxylate
in 1b with additional trouble for the axial C4-methyl
group, which leads to a further 147-fold reduction in
binding. The methyl group loses the contact with the
m-face of Tyr-H60A, descends from the P-pocket and
likely interferes with the hydration of His-H57 and Lys-
H60F. The piperidine ring appears to try to compensate
by tilting up more toward the quinoline ring to retain
the methyl group in the P-pocket as much as possible.

For the complex of 1d in Figure 5, loss of the
C4-methyl group simply creates a hole between the
piperidine ring and Tyr-H60A. Full display of the
illustrated MC configuration shows no water molecule
filling the hole; it is simply void space. The price for
the emptiness is an observed 16-fold reduction in
binding relative to 1a (Figure 1). The methyl group is
restored for the complex of 1e in Figure 6, which is now
missing the C2-carboxylate group. This deletion has
almost no effect on the binding relative to 1a. The MC
structure does reveal a normal degree of hydration for
the axial C2-carboxylate, so destabilization from the
proximal side chain of Glu-H192 is apparently not
significant. In going from 1e to 1f in Figure 6, the C4-
methyl group has again been removed with an ac-
companying 4-fold reduction in binding. The gap be-
tween the piperidine ring and Tyr-H60A reemerges,
though it is not as great as for 1d. For the 1f complex,
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Figure 6. Stereoplots of the binding site for the complexes of inhibitors 1e, 1f, and 1g with thrombin from the end of the Monte

Carlo simulations.

the inhibitor has translated about 1 A toward the
P-pocket to help fill the void. This modification is likely
inhibited for 1d by positioning the C2-carboxylate for
optimal hydration.

In Figure 6, 1g is seen to reintroduce the problems
with an axial C4-methyl group as in 1c. However, it is
not clear why the observed ratio of inhibition constants
for 1c/1b (147) is greater than for 1g/la (12).7" It is
possible that the difference has an entropic component;
simultaneous placement of the unfavorable equatorial
carboxylate and axial methyl group may cause restricted
motional freedom for inhibitor 1c. Itis notable that the
tilting up of the piperidine ring in 1g moves the axial
carboxylate close enough to Ser195 that a direct hydro-
gen bond is observed, as in the X-ray structure for la
(bottom of the stereoplots in Figures 4 and 6). For la—
d, water molecules bridge the piperidine carboxylate
and the side chains of both Ser-H195 and Glu-H192. A

water molecule is also found in the MC structures to
bridge the axial carboxylate of 1a, 1d, 1g, and Lys-
HG60F.

Finally, turning to the arginine recognition pocket,
examination of crystal structures that contain arginine—
carboxylate interactions has revealed 10 distinct hy-
drogen-bonding arrangements.2® In the crystal struc-
ture for the 1a complex, type 6 geometry (single NH1—
twin O) is observed for the guanidinium group and the
carboxylate of Asp-H189. The MC simulations also
revealed that type 6 hydrogen-bonding arrangements
are dominant for all the inhibitors (leftmost region in
Figures 4—6). An additional hydrogen bond is found
in this pocket between the oxygen of Gly-H219 and the
guanidinium unit. There are also two or three water
molecules in the pocket that form hydrogen bonds with
the guanidinium hydrogens.
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Conclusion

Correlative linear response approaches in conjunction
with Monte Carlo simulations were used to compute free
energies of binding for seven inhibitors of thrombin.
Equation 2 in a two-parameter form with a =  yielded
more accurate results than the alternative eq 1 also with
two parameters. The rms deviation of 1.0 kcal/mol and
average unsigned error of 0.8 kcal/mol for the observed
range of 6.0 kcal/mol in binding affinities show that the
procedure has useful predictive value. The nature of
the structural differences between the inhibitors involv-
ing epimerizations and complete removal of a charged
group would be a difficult challenge for free-energy
perturbation procedures. Moreover, it was interesting
to observe that the correlations obtained after only 3 x
106 configurations of averaging for the unbound inhibi-
tors also gave reasonable relative and absolute AGy
values. The rms deviations were only a few tenths of a
kcal/mol higher than from the results of the longest
simulations. The structural findings from the Monte
Carlo simulations also provided insights into the varia-
tions in observed binding affinities. Equatorial place-
ment of the carboxylate group at C2 in the piperidine
ring of the inhibitors causes electrostatic destabilization
with the side chain of Glu-H192, while axial disposition
of the C4-methyl group reduces favorable hydrophobic
interactions in the P-pocket of the enzyme. Though
further work is needed with larger sets of ligands and
multiple proteins to evaluate the methodology fully, the
illustrated energetic and structural characterization of
enzyme inhibition indicates that the Monte Carlo/linear
response approach has much promise as a tool for ligand
design.
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