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ABSTRACT A new method is presented for
docking molecular fragments to a rigid protein with
evaluation of the binding energy. Polar fragments
are docked with at least one hydrogen bond with the
protein while apolar fragments are positioned in
the hydrophobic pockets. The electrostatic contribu-
tion to the binding energy, which consists of screened
intermolecular energy and protein and fragment
desolvation terms, is evaluated efficiently by a nu-
merical approach based on the continuum dielec-
tric approximation. The latter is also used to prede-
termine the hydrophobic pockets of the protein by
rolling a low dielectric sphere over the protein
surface and calculating the electrostatic desolva-
tion of the protein and van der Waals interaction
energy. The method was implemented in the pro-
gram SEED (solvation energy for exhaustive dock-
ing). The SEED continuum electrostatic approach
has been successfully validated by a comparison
with finite difference solutions of the Poisson equa-
tion for more than 2,500 complexes of small mol-
ecules with thrombin and the monomer of HIV-1
aspartic proteinase. The fragments docked by SEED
in the active site of thrombin reproduce the struc-
tural features of the interaction patterns between
known inhibitors and thrombin. Moreover, the com-
binatorial connection of these fragments yields a
number of compounds that are very similar to po-
tent inhibitors of thrombin. Proteins 1999;37:88-105.
© 1999 Wiley-Liss, Inc.
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INTRODUCTION

Computer-aided structure-based ligand design methods
are useful tools for de novo design and lead modification.'—3
The combinatorial strategy we have chosen for structure-
based ligand design consists of three parts: the docking of
small molecular fragments, the connection of the docked
fragments by combinatorial principles to generate candi-
date ligands, and the estimation of relative binding affini-
ties.* In this article we mainly address the first part of our
strategy and propose a new approach for exhaustively
determining positions and orientations of small-to-medium-
sized molecular fragments in the binding site of a rigid
protein and ranking them according to their binding
energy. Polar fragments are positioned such that at least
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one hydrogen bond with optimal distance to a protein polar
group is made. For the docking of apolar fragments a novel
procedure has been developed to select in an accurate and
efficient way the hydrophobic regions of the protein, i.e.,
those with low electrostatic desolvation and favorable van
der Waals interactions with an uncharged probe sphere.
Furthermore, our numerical continuum electrostatic meth-
odology>® and ad hoc look-up tables are employed to
efficiently evaluate the protein and fragment desolvation
upon binding and the screened electrostatic interaction.
The approach is implemented in the computer program
SEED (solvation energy for exhaustive docking).

The second part of our ligand design strategy deals with
the connection of the docked molecular fragments and is
performed by a procedure implemented in the program for
computational combinatorial ligand design (CCLD).” Al-
though CCLD performs an exhaustive search, it is efficient
because of the precomputation of three lists containing the
bonding fragment pairs, the overlapping fragment pairs,
and the overlapping linker-fragment pairs. The third part
of our combinatorial approach requires an efficient and
accurate method to predict relative binding free energies
and is not addressed in this report.

We show that the fragment docking method presented in
this study determines in an efficient way all of the relevant
binding modes in the binding site of thrombin for a series
of fragments that are representative of known inhibitors.
Furthermore, the SEED-CCLD approach generates candi-
date ligands which have the same interaction patterns
with thrombin as a number of potent inhibitors.

MATERIALS AND METHODS

The docking approach implemented in the program
SEED determines optimal positions and orientations of
small-to-medium-sized molecular fragments in the bind-
ing site of an enzyme or receptor which will be hereafter
referred to as receptor. The fragment types are docked in
the order specified by the user. After each placement of a
given fragment the binding energy is estimated. The
successive fragment type is docked after all placement—
energy evaluations of the preceding fragment type have
been made. The procedure for the placement of the frag-
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TABLE I. List of Input Parameters and Values
Used for Thrombin?

Parameter Value
Maximal angular deviation from ideal

hydrogen bond geometry 50°
Number of additional vectors around

each ideal hydrogen bond vector 100
Total number of polar vectors used 3000
Point density of SAS for generating

apolar vectors on the receptor 1.0A2
Point density of SAS for generating

apolar vectors on the fragment 1.0A2

Total number of apolar vectors used 100
Number of rigid body rotations of the

fragment around each alignment

vector 36
Factor for maximal number of clashes

(it is multiplied by the number of

atoms in the fragment) 2.0
Factor for severe overlap 0.6
Radius of the pseudo-sphere for evalu-

ation of van der Waals neighbor list 10.0A
Size of the grid used for generation of

non-bonding pair list (van der Waals

and screened interaction) 1.0A
Grid boundary for solvation energy 80A
Grid size for solvation energy 05A
Number of points per sphere to gen-

erate SAS 500
Dielectric value of the solvent 785
Dielectric value of the solute 1.0

Threshold of van der Waals interaction
between an apolar fragment and the
receptor for evaluation of electro-

static contribution —0.33 kcal/(mol atom)

'Besides the parameters listed here the user can specify a sphere
(coordinates of the center and radius) for acceptance of the fragment.

ments is presented first. Then the estimation of the
binding energy is described in detail. Particular emphasis
is given to the continuum electrostatic approach used for
both the selection of hydrophobic regions in the receptor
and the evaluation of the electrostatic solvation energy.
Finally, the sorting and clustering algorithms are briefly
explained.

Fragment Docking

The binding site of the receptor is defined by a list of
residues which are selected by the user. Fragments are
considered polar if they have at least one H-bond donor or
acceptor. Because of this definition some “polar” fragments
can have considerable hydrophobic character (e.g., diphe-
nylether). Therefore, they can also be docked by the
procedure for apolar fragments if specified by the user.
Table I lists the input parameters.

Docking of polar fragments

SEED docks polar fragments in positions of the receptor
where at least one hydrogen bond with good geometry is
made. First, predefined rules (Fig. 1) allow the distribution

of vectors of unitary length on all H-bond groups of the
fragment in a direction for an ideal H-bond geometry. For
example, if a nitrogen atom is bound to two heavy atoms,
one H-bond vector is generated in the direction of either
the lone pair (Fig. 1a) or the NH bond (Fig. 1b). The same
procedure is then used for the polar groups in the receptor
binding site. Vectors for metal ions have to be provided by
the user. For the receptor polar groups and metal ions an
additional set of vectors is distributed uniformly on a
spherical region around each of the ideal directions to
increase the spatial sampling. To discard receptor vectors
that point into a region of space occupied by other atoms of
the protein and select preferentially vectors in the concave
regions of the receptor a spherical probe is set on the vector
extremity at a distance corresponding to the sum of the
van der Waals radii of the acceptor or donor atom and the
probe. The van der Waals interaction between the probe
and all the receptor atoms is then evaluated except for the
receptor hydrogen atom involved in the H-bond. The
vectors which show less favorable van der Waals energies
are discarded. Finally, the docking itself is achieved by
matching a H-bond vector of the receptor with a H-bond
vector of the fragment at a distance that depends on the
atom types of donor and acceptor involved in the hydrogen
bond. The fragment is then rotated around the H-bond axis
to increase sampling.

Docking of apolar fragments

A novel method was developed for the docking of apolar
fragments into hydrophobic regions of the receptor. First, a
number of points are distributed uniformly on the solvent-
accessible surface (SAS) of the fragment. The density of
surface points for the fragment and the receptor (see
below) are user-controlled parameters. Second, an auto-
matic procedure defines the hydrophobic regions on the
receptor. For this purpose a number of points are uni-
formly distributed on the SAS of the binding site. A low
dielectric sphere is placed on each of these points, and the
receptor desolvation energy (see below) and the probe/
receptor van der Waals interaction are evaluated. The
points on the receptor SAS are then ranked according to
the sum of the two energy terms, and the best n (where nis
an input parameter) are selected for docking. For both the
fragment and the receptor, vectors are defined by joining
each point on the SAS with the corresponding atom center.
Finally, apolar fragments are docked by matching a vector
of the fragment with a vector of the receptor at the optimal
van der Waals distance. To improve sampling additional
rotations of the fragment are performed around the axis
joining the receptor atom and fragment atom.

For both polar and apolar fragments, the docking is
exhaustive on a discrete space. The discretization origi-
nates from the limited number of preferred directions and
rotations around them. Fragment symmetries are checked
only once for every fragment type and are exploited to
increase the efficiency in docking.
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Fig. 1. Description of polar vectors for the fragment and for the
receptor. X is a heavy atom. The broken arrow represents a vector of
H-bond acceptor in the lone pair direction, and the full arrow represents a
vector of H-bond donor. The geometry of ¢, d, h, and i is tetrahedral (angle
of 109°). Examples: (a) imidazole, pyridine; (b) protein backbone, imidaz-
ole, indole; (c) ethers; (d) Ser and Thr side chains, sugars; (e) methoxy-
benzene; (f) Tyr side chain, phenol; (g) Asn, GIn, Asp, and Glu side
chains, protein backbone, acetamide; (h) water; (i) Cys side chain; (j)
5-amidine indole; (k) N-methyl-methylsulfonamide.

Evaluation of Binding Energy

The procedure for detecting clashes between the frag-
ment and the receptor is presented first. Then the methods
used to evaluate the van der Waals interaction and the
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electrostatic energy (with and without solvation) are de-
scribed. For the electrostatics the user can select either to
neglect solvation (see “Electrostatic interaction without
solvation” below) or to calculate it by a continuum ap-
proach (see “Continum electrostatic energy in solution”
below) which is about six times slower. The total binding
energy (AGpinging) is then the sum of the intermolecular van
der Waals and electrostatic energies which in the case of
the continuum approach contains the desolvation of frag-
ment and receptor. To increase efficiency apolar fragments
are discarded without evaluation of the electrostatic contri-
bution if the van der Waals interaction is less favorable
than a threshold value.

In the current version of SEED both fragment and
receptor are treated as rigid bodies. The nonelectrostatic
contribution to solvation, if assumed to be proportional to
the SAS, is negligible for small molecular systems® and for
the docking of fragments having similar overall size.
Changes in the intrasolute entropy of binding are also
neglected. These are assumed to be sufficiently similar for
the different binding modes.®

Bad contacts detection

Agrid is defined over the whole receptor. This is followed
by the generation of a list which contains for every cubic
grid element the atoms which are enclosed by the surface
of the cubic element. This list is calculated only once at the
beginning of the program and is used to check bad
contacts. A bad contact is defined as ry < a(R}*" + R{"")
and a severe overlap is defined as ry < aB(Ry™ + R/™"),
where rj; is the distance between two atoms (i € fragment,
j € receptor), and Ry and RY*"" are the corresponding van
der Waals radii. The value of « is usually set to 2716 = 0.89,
the distance at which repulsion balances attraction, and a
B of 0.6 is employed normally. The distances between an
atom of the fragment and the receptor atoms in the 27 grid
cubes surrounding the fragment atom are calculated. This
is repeated for every atom in the fragment. A grid spacing
of twice the largest van der Waals radius is used to avoid
missing clashes. For polar fragments the hydrogen atom
involved in the H-bond is not checked for bad contacts.
Fragments with one severe overlap or a number of bad
contacts larger than an input parameter are discarded
before evaluation of their energy.

Van der Waals interaction

Alist of residue centroids is generated during the initial
phase of the program and is used for an efficient estima-
tion of van der Waals and screened electrostatic interac-
tions. The atom closest to the geometrical center of the
residue is selected as centroid for residues with zero formal
charge, whereas the atom closest to the charge center is
chosen for charged residues. The latter choice is more
appropriate for the electrostatic interaction (see below). A
three-dimensional (3D) grid is built over the receptor with
a distance between neighbor grid points of 1 A. Each
centroid is assigned to the closest cubic element of the grid.
Given a grid point m, all the grid points falling at a
distance from m smaller than a given cutoff define a
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pseudo-sphere associated to m. The neighbor list of a given
fragment atom contains the atoms belonging to the recep-
tor residues whose centroid is included in the pseudo-
sphere centered on the grid point closest to the fragment
atom. This increases the efficiency because it avoids calcu-
lating the distances between each fragment atom and all
the receptor atoms when evaluating the interaction energy
of a new fragment position. The van der Waals interaction
energy is then computed between each atom of the frag-
ment and the receptor atoms in the neighbor list according
to

dw dw!
R + RY

i

12 RydW + RydW 6
| w
1

where ¢; is the minimum of the van der Waals potential
between two atoms of type i at optimal distance of 2 - Ry,

Electrostatic interaction without solvation

In a homogeneous medium of dielectric constant e the
electrostatic interaction between a fragment and the recep-
tor in kcal/mol is

ECoul — 2 qi®; = 2 i (332.0 2 ijn) (2

iefragment i€fragment j€Ereceptor erij

where ¢; and g; are the partial charges (in electronic unit
charge), and rj; is the distance in A between the two atoms i
and j. For n = 1 and n = 2, equation 2 corresponds to the
Coulomb law and the distance-dependent dielectric model,
respectively. This equation allows the factorization of the
electrostatic potential of the receptor.’®-13 The values of
®;'s are computed once over a grid containing the binding
site plus a boundary and stored in a look-up table. The
contribution of each fragment atom is computed by multi-
plying its partial charge with the potential of the receptor
interpolated from the surrounding 8 points of the grid by
the trilinear interpolation method.** Partial charges for
the fragments were derived as described below.

Continuum electrostatic energy in solution

The main assumption underlying the evaluation of the
electrostatic energy in solution of a fragment-receptor
complex is the description of the solvent effects by con-
tinuum electrostatics.>615-23 The system is partitioned
into solvent and solute regions, and two different dielectric
constants are assigned to each region. In this approxima-
tion only the intra-solute electrostatic interactions need to
be evaluated. This strongly reduces the number of interac-
tions with respect to an explicit treatment of the solvent.
Moreover, it makes feasible the inclusion of solvent effects
in docking studies where the equilibration of explicit water
molecules would be a major difficulty. The electrostatic
effects of the solvent are relevant, and it has been shown
that the continuum dielectric model provides an accurate
description of molecules in solution.®® The difference in

electrostatic energy in solution upon binding of a fragment
to a receptor can be calculated as the sum of the following
three terms716;

® Desolvation of the receptor: electrostatic energy differ-
ence upon binding an uncharged fragment to a charged
receptor in solution

® Screened fragment—receptor interaction: intermolecu-
lar electrostatic energy in solution

® Desolvation of the fragment: electrostatic energy differ-
ence upon binding a charged fragment to an uncharged
receptor in solution

The definition of the solute volume, i.e., the low dielec-
tric volume, is central in the evaluation of these energy
terms with a continuum model. The solute—solvent dielec-
tric boundary is described by the molecular surface (MS) of
the solute.?* A grid covering the receptor and the binding
site is set up. In a first step the volume occupied by the
isolated receptor is defined on the grid. Subsequently for
every position of a docked fragment the volume enclosed by
the MS of the fragment—receptor complex is identified. The
volume occupied by a docked fragment is that part of
the fragment-receptor complex that was not occupied by
the isolated receptor. It consists of the actual volume of the
fragment and the interstitial volume enclosed by the reen-
trant surface between fragment and receptor.

The screened fragment—receptor interaction and the
fragment desolvation are evaluated according to the Gen-
eralized Born (GB) approximation.>619-28 The GB ap-
proach would be too time consuming for the evaluation of
the desolvation of the receptor. Hence, an ad hoc procedure
was developed for the receptor desolvation.

Desolvation of the receptor. According to the above
assumptions the electrostatic energy in solution of the
receptor can be expressed in terms of the electric displace-
ment vector D (X) and of a location dependent dielectric
constant (X) as an integral over three-dimensional space
R3 (refs. 6, 25):

8w

1 0 DX
3x. 3
e ®
Because D (X) is additive, for point charges it can be
rewritten as a sum over all charges i of the receptor:

D(X) = 2, D;(X). 4

Docking an uncharged molecular fragment in the receptor
binding site only has the effect of modifying the dielectric
properties of part of the binding site. Over the volume
occupied by the fragment, the dielectric constant changes
from the solvent value (e,) to the interior value (e). In the
limit in which the receptor electric displacement vector D
does not change significantly upon fragment docking, the
variation of the electrostatic energy of the receptor can be
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written according to equation 3 as

AE=—— [ 2% o ©)
81 Y Virag

where 7 = 1/e, — 1lle,, and Vi, is the volume occupied by
the fragment. On a 3D grid equation 5 becomes

AE = — > DA(%)AV,. (6)

8w KEVfrag

Two approaches are possible to calculate the receptor
electric displacement over a 3D grid. They both fulfill the
condition of validity of equations 5 and 6 and have been
implemented in SEED. In the first the electric displace-
ment of every charge of the receptor can be represented by
the Coulomb field>22;

- (X — %)
De) =2 a5 @)

This is an analytical approximation of the total electric
displacement. Alternatively, D can be calculated exactly
for the isolated receptor by a finite difference solution of
the Poisson equation and assumed not to change signifi-
cantly upon fragment docking:

D(X) = —e(X)VH(X) ®)

where ¢ is the electrostatic potential solution of the
Poisson equation. The second approach will be referred to
in the following as the finite difference approximation for
the evaluation of the receptor desolvation. The finite
difference calculation of D for the isolated receptor (the
program UHBD?5-28 is employed here) is performed only
once at the beginning of the program run.

The receptor desolvation is computed from equation 6
together with equation 7 (Coulomb field approximation) or
8 (finite difference approximation).

Screened fragment-receptor interaction. The frag-
ment-receptor interaction in solution is calculated via the
GB approximation.>61%-23 The interaction energy in solu-
tion between two charges embedded in a solute is

int _ % _ qiqu (9)
1 Eprij RﬁB
where
RS® = | |12 + REMReM exp [ " (10)
i i R R EXP Y et et
i ]

and where g is the value of the partial charge i, and rj; is
the distance between charge i and j. R is the effective
radius of charge i, and it is evaluated numerically on a 3D
grid covering the solute as described in ref. 5. It is a

quantity depending only on the solute geometry and
represents an estimate of the average distance of a charge
from the solvent.

The intermolecular interaction energy is calculated as:

Em= X EN (12)
i€fragment
jelist;

where list; contains the receptor atoms belonging to the
neighbor list of atom i. The electrostatic neighbor list
includes all the receptor atoms of the van der Waals
neighbor list (see above) and one atom for every charged
residue whose centroid falls within a given cutoff (radius of
the pseudo-sphere increased by 30%) of the binding site
residues. The atom selected is the one closest to the center
of charge. Supplementing the van der Waals neighbor list
with a monopole approximation of distant charged resi-
dues dramatically reduces the error originating from the
long range effects of electrostatics.

Desolvation of the fragment. The fragment intramo-
lecular energy in solution is calculated with the GB
formula as described in ref. 5:

aiq;  qiq;T
E = E: Eiself + E —
) ~ €l RSB
iefragment 1>] Pty ij
i,jEfragment

) 12)
where the two sums run over the partial charges of the
fragment. Equation 12 differs from equation 11 owing to
the presence of the self-energy term 3,E5¢. This term is not
zero only in the case of intramolecular energies. E$*f is the
self-energy of charge i and represents the interaction
between the charge itself and the solvent. It is calculated
a35,22

q? afr

_self — _

' 2Ry, 2R

(13)

where RYW is the van der Waals radius of charge i.
The difference in the intramolecular fragment energy
upon binding to an uncharged receptor in solution is

AE = Edocked _ Efree (14)

where Edocked gand Efree are the energies of the fragment
bound and unbound to the receptor in solution, respec-
tively. They are evaluated according to equation 12. For
the unbound fragment (Ef¢¢) the effective radii are calcu-
lated considering as solute the volume enclosed by the
molecular surface of the fragment. For the bound fragment
(Edocked) the solute is the volume enclosed by the molecular
surface of the receptor—fragment complex. Efree is evalu-
ated only once per fragment type, whereas Edocked jg
recalculated for every fragment position in the binding
site.

Validation. The approximations inherent to our con-
tinuum electrostatic approach were validated by compari-
son with finite difference solutions of the Poisson equation.
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Fig. 2. Correlations in the electrostatic energies calculated by finite
difference solution of the Poisson equation (x-axis) and SEED (y-axis).
Values are plotted for 1,025 complexes of thrombin with small molecules.
The total electrostatic energy is the sum of the protein desolvation,

For this purpose, the three electrostatic energy terms were
calculated with SEED and UHBD for a set of small
molecules and ions distributed over the binding site of
thrombin and at the dimerization interface of the HIV-1
aspartic proteinase (HIV-1 PR) monomer. The molecule set
included acetate ion, benzoate ion, methylsulfonate ion,
methylammonium ion, methylguanidinium ion, 2,5-diketo-
piperazine, and benzene. The total number of fragment—
receptor complexes analyzed were 1,025 for thrombin (Fig.
2) and 1490 for the HIV-1 PR monomer. The results are
shown in Table Il for two different values of the solute
dielectric constant (1 and 4). The agreement between the
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screened interaction, and ligand desolvation scaled by 0.76, 1.57, and
1.12, respectively. The finite difference calculations were performed with
the program UHBD.18.2628 An interior dielectric of 1, solvent dielectric of
78.5, and grid size of 0.5 A were used for both SEED and UHBD.

two methods is very good. Systematic errors (slope # 1)
are independent of the receptor and the solute dielectric
constant and consequently can be corrected by the use of
appropriate scaling factors for the different energy terms
(Fig. 2). The agreement between the electrostatic energies
calculated by SEED and UHBD is worse when using an
interior dielectric of 1 instead of 4. This is due to the lower
correlation between desolvation energies of charged frag-
ments (see Table Il). The higher the ratio between the
solvent and solute dielectric constants the more the polar-
ization charge distribution induced at the dielectric discon-
tinuity surface deviates from the values obtained with the
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TABLE I1. Comparison of Electrostatic Energies Calculated by SEED and UHBD'

Thrombin HIV-1 protease monomer
Ra OLb Ra ()Lb

Solute dielectric constant = 1

Receptor desolvation (Coulomb approx.) 0.92 0.76 0.95 0.80

Receptor desolvation (finite difference) 0.92 291 0.97 248

Screened interaction 0.97 157 0.97 1.39

Ligand desolvation 0.89 112 0.80 1.16

Total elec. energy (Coulomb approx. for receptor desolvation) 0.86 (0.89) 1.00 (0.92) 0.87 (0.90) 1.12 (0.95)

Total elec. energy (finite difference for receptor desolvation) 0.81 (0.88) 1.77 (0.96) 0.88 (0.90) 1.67 (1.06)
Solute dielectric constant = 4

Receptor desolvation (Coulomb approx.) 0.93 0.78 0.96 0.83

Receptor desolvation (finite difference) 0.96 2.59 0.98 2.28

Screened interaction 0.95 1.28 0.98 131

Ligand desolvation 0.94 1.14 0.95 124

Total elec. energy (Coulomb approx. for receptor desolvation) 0.95 (0.94) 1.03(0.93) 0.93 (0.94) 1.12(0.94)

Total elec. energy (finite difference for receptor desolvation) 0.88 (0.94) 1.53 (0.96) 0.92 (0.95) 1.46 (0.99)

"Values in parentheses concern the sum of the three energy components,

energies.
aR: correlation coefficient for the fit of the SEED to the UHBD energies.
ba: slope of the fitting line of the SEED to the UHBD energies.

GB approximation, whereas in the case of ¢, = ¢, the GB
equation is exact. This effect is particularly evident for the
desolvation of small charged ligands, where relatively high
partial charges are directly exposed to the solvent, induc-
ing a high polarization charge at the dielectric interface.
In the application to thrombin discussed below the
Coulomb field approximation and a solute dielectric con-
stant of 1 were used with scaling factors of 0.76 for the
receptor desolvation, 1.57 for the screened interaction and
1.12 for the ligand desolvation (values of « from Table I1).

Sorting and Clustering Procedures

The docking of a given fragment (with energy evaluation
as described above) is followed by sorting and clustering.
Within each fragment type, positions are first sorted
according to binding energy. Positions whose binding
energy is lower than a user-specified threshold value are
then clustered using as similarity criterion between two
fragment positions A and B2°:30;

SAB
max(Saa,Sgg)

where Syy = >, >, Wi €Xp (—yrg)  (15)

iex jevy

S(A, B) =

where rj; is the distance between two atoms (i € fragment
position X, j €Y), Wi, is a user-controlled matrix whose
coefficients reflect the similarity between element types (in
most cases a unit matrix is used), and vy is a coefficient
which acts on the broadness of the distribution of the
positions. B is assigned to the cluster of A if S(A, B) is
larger than a cutoff value 3 with 0 = 3 = 1. The clustering
proceeds in two steps: (1) a first clustering withy = 0.9 and
d = 0.4 yields large clusters which contain almost overlap-
ping as well as more distant fragments; (2) a second
clustering with y = 0.9 and 8 = 0.9 is done on each cluster

each scaled by the slope of the fitting line of the SEED to the UHBD

found in (1) to eliminate fragments which are very close in
space. A single clustering step with y = 0.9 and 8 = 0.9
would generate too many small clusters. Hence, the first
step is a real clustering, whereas the second step is done
only to discard redundant positions.

System Set-up

The structure of thrombin was taken from the PDB
database (code 1HGT).3! The water molecules, the hirugen
inhibitor, and the light chain of thrombin were removed.
Hydrogen atoms were added with the molecular modeling
program WITNOTP (A. Widmer, unpublished). Partial
charges were assigned to thrombin and to the fragments
with the MPEOE method?®?-34 implemented in WITNOTP
which reproduces the all-hydrogen MSI CHARMmM?22 pa-
rameter set.3®> Then the thrombin structure complexed
with Na-((2-naphthylsulfonyl)glycyl)-DL-p-amidinophenyl-
alanylpiperidine (NAPAP, Fig. 3a) underwent a restrained
CHARMMS36 conjugate gradient minimization. Atoms more
distant than 9 A from any NAPAP atom were kept rigid,
and a 4.0 X r-dielectric model was used. The following
residues were chosen to define the binding site: Leu4l,
Cys42, His57, Cys58, Tyr60A, Asn98, Leu99, llel74,
Aspl89, Alal190, Cys191, Ser195, Val213, Ser214, Trp215,
Gly216, Glu217, Gly219, Cys220, and Gly226. The van der
Waals energies and radii were taken from the MSI
CHARMM22 parameter set.3°

The SEED default lengths of the hydrogen bonds for
N-N, N-O, N-S, O-0, O-S, and S-S pairs of heavy elements
were3.1,2.9,2.9,2.7,2.9,and 2.9 A, respectively. AH-bond
distance of 2.6 A was considered between the CHARMmM22
atom types NC and OC, a length of 2.75 A between NC or
OC and all the other nitrogen and oxygen atom types. The
van der Waals parameters of NP (peptide nitrogen) and CT
(aliphatic carbon) were used in the evaluation of the van
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der Waals energy for the selection of the polar and apolar
vectors, respectively. A preselection of the positions of the
fragments was made by discarding the fragments whose
geometric center was outside a sphere of 10 A centered on
the oxygen of the primary amide of NAPAP.

RESULTS AND DISCUSSION
Thrombin Functionality Maps

In presenting the SEED results, both structural and
energetic properties of the positions are analyzed. More-
over, a comparison of the functional group sites with the
interaction patterns of the thrombin inhibitors PPACK?37:38
and NAPAP (racemic mixture K; of 6.6 nM for human
thrombin)3°40 js given for nonpolar, polar, and charged
fragments. Hereafter the cluster representatives obtained
in the first clustering step will be referred to as “represen-
tatives” or “positions.” Table I11 lists the functional groups
docked by SEED and their electrostatic free energy of
hydration calculated with equation 12.

Nonpolar groups

The cluster representatives of benzene, cyclopentane,
cyclohexane, and naphthalene are distributed over the
hydrophobic regions of the thrombin active site. Because
their functionality maps and energy values are similar,
only the positions of benzene and cyclopentane are ana-
lyzed in detail.

Benzene. The 15 cluster representatives with the best
binding energy are listed in Table IV, and positions 1, 3, 6,
and 8 are shown in Figure 3b. The two representatives
with the best energy are in the S3 pocket and have strong
van der Waals interactions (about —8 kcal/mol) and low
electrostatic desolvation of the protein (about 4 kcal/mol).
Benzene 1 is between the two rings of the naphthalene
group of NAPAP, and benzene 2 is close to the first ring of
naphthalene. Benzene 3 overlaps the proline ring of
PPACK. The energy contributions of position 3 are compa-
rable with those of the first two positions. The benzene
representatives 4, 5, 7, 9, and 10 are in the S3 pocket; 5
overlaps the NAPAP naphthalene and 4, 7, 9, and 10 are
slightly shifted. The most favorable van der Waals interac-
tion is found for positions 6 (—13.5 kcal/mol) and 11 (—11.2
kcal/mol) where the benzene ring is sandwiched between
the amide groups of residues 215-216 and 191-192 in the
S1 pocket and occupies the same site as the aromatic ring
of benzamidine in the NAPAP—thrombin complex. It par-
tially desolvates the Aspl89 side chain with a large
electrostatic desolvation of thrombin (10.3 and 8.0 kcal/
mol for benzenes 6 and 11, respectively). This is not
compensated by favorable electrostatic interactions be-
tween the aromatic ring and the amide planes, as the
former bears small partial charges of —0.13 (C) and 0.13
(H). It is worth noting that these two positions would be more
favorable than the benzene representatives 1 to 5 in S3 and S2
if the electrostatic desolvation of the protein would be ne-
glected. This is in agreement with previous calculations’ and
shows the importance of the electrostatic desolvation for a
correct ranking. Benzenes 8 and 13 are located in the interme-
diate region between the S2 and S3 pockets.

Cyclopentane. The 12 representatives with the best
energy are listed in Table 1V, and positions 1, 2, 3, and 12
are shown in Figure 3c. Cyclopentanes 1, 4, and 5 are
located in the S3 pocket. Cyclopentane 1 overlaps the
PPACK benzene and the most distal part of the NAPAP
naphthalene. Among these three representatives, cyclopen-
tane 1 has the deepest position in S3 and shows the best
van der Waals interaction and total binding energy. On the
other hand, it pays a penalty of 3.6 kcal/mol for the
electrostatic desolvation of thrombin due to the partial
desolvation of the carbonyl group of residue GIu97A.
Position 2 occupies the position of the PPACK proline.
Position 3 lies in the middle between the S2 and S3
pockets. Position 12 is located in the S1 pocket close to the
benzamidine ring of NAPAP. As for the corresponding
representative of benzene it has the lowest van der Waals
interaction of all cyclopentane positions (—14.0 kcal/mol).
The penalty for the electrostatic desolvation of the protein
is 10.0 kcal/mol, because cyclopentane 12 partially desol-
vates the peptide groups of residues 191-192 and 215-216
and the Asp189 carboxyl group located at the bottom of the
S1 pocket. As in the case of benzene, the neglect of the
electrostatic desolvation of the protein would result in a
better ranking of cyclopentane 12 than those in the S3 and
S2 pockets.

Cyclohexane. Representatives 1, 3, and 5 occupy the
S3 pocket of thrombin, whereas cyclohexane 2 is in the
intermediate region between S3 and S2. Position 4 is in the
S2 pocket and overlaps the proline ring of PPACK. Cyclo-
hexane 12 is located in S1 as the cyclopentane 12 and the
benzene 6. Their individual energy contributions are analo-
gous to those of the corresponding cyclopentane positions.
The desolvation of the fragment is higher in the case of
benzene (about 1.1 kcal/mol) than for cyclopentane or cyclohex-
ane (about 0.1 kcal/mol), because the partial charges of aro-
matic groups are slightly larger (qc = —0.13, g4 = 0.13) than
those of aliphatic fragments (gc = —0.10, g = 0.05).

Naphthalene. Representatives 1, 2, 4, and 5 are lo-
cated in the S3 pocket, whereas position 3 occupies the
intermediate region between S3 and S2. Position 5 shows
the best fit with the naphthalene part of NAPAP with a
RMSD of 1.68 A. Naphthalene 21 is the best representa-
tive in S1. It has a binding energy of —1.5 kcal/mol with a
protein desolvation energy of 14.3 kcal/mol and a van der
Waals interaction of —14.9 kcal/mol.

From the analysis of the thrombin functionality maps of
the nonpolar groups it is evident that hydrophobic frag-
ments prefer to bind to the S3 and S2 pockets in agreement
with the large amount of structural data on thrombin—
inhibitor complexes.*®-* The van der Waals interactions
with the hydrophobic side chains of Leu99, llel74, and
Trp215 in the S3 pocket are slightly more favorable than
the van der Waals interactions with Leu99, Tyr60A, and
Trp60D in the S2 pocket.

Polar groups

Polar neutral groups are distributed over most of the
hydrophilic regions of the active site. The positions of
N-methyl-methylsulfonamide (NMMS, Fig. 1k) and phe-
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Fig. 3. (a) The molecular surface of
the nonprime pockets of the thrombin
active site is displayed together with
NAPAP and the side chain of Asp189.
Hydrophobic regions are green, and hy-
drophilic regions are blue. Figure made
with GRASP.%6 (b) Stereoviews (relaxed-
eyed) of the SEED cluster representa-
tives of benzene (magenta) in the throm-
bin active site (thin lines colored by atom
type, carbon black, nitrogen blue, oxy-
gen red, sulfur yellow). The NAPAP in-
hibitor is also shown (medium lines col-
ored by atom type), although it was
removed during the SEED procedure.
The SEED cluster representatives are
labeled according to their binding en-
ergy rank within representatives of the
same type. (c) Same as in b for cyclopen-
tane. (d) Same as in b for phenol.

nol will be discussed in detail, whereas those of N- hydrogen bonds: a distance between donor and acceptor
methylacetamide (NMA) and imidazole will be analyzed shorter than 3.6 A and a donor-H - - - acceptor angle larger
only briefly. Following criteria are used for the analysis of than 110°.
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Figure 3.

N-Methyl-methylsulfonamide. Representatives 1 and
3 are located on the top of the S1 pocket. They donate a
hydrogen bond to the CO of Gly216 and accept from
216NH. The latter corresponds to the hydrogen bond
between the carbonyl group of NAPAP and 216NH. The
oxygen atom of NMMS 1 and 3 not involved in a hydrogen
bond is partially exposed to the solvent. Position 1 is more
buried in S1 than position 3, which is reflected in a more
favorable van der Waals interaction (—9.3 and —7.2 kcal/
mol, respectively; Table V) and a larger desolvation of the
ligand (9.6 and 8.8 kcal/mol). The difference of about 5
kcal/mol between the respective electrostatic interaction
energies originates from the longer hydrogen bond with

(Continued.)

216NH for position 3. Moreover, in NMMS 3 both hydrogen
bonds are more exposed to the screening effect of the
solvent. NMMS 2 is buried in S1 and has a large desolva-
tion of the protein (10.7 kcal/mol) because its methyl
groups point toward the bottom of the S1 pocket. It donates
a hydrogen bond to 191CO and accepts from 216NH.
NMMS 18 almost overlaps the corresponding group of
NAPAP. It donates a hydrogen bond to 216CO, whereas its
oxygen atoms are exposed to solvent. The poor ranking and
slightly unfavorable binding energy (0.3 kcal/mol) suggest
that the NAPAP sulfonamide may not be involved in
optimal interactions with thrombin. In this context it is
important to note that low nanomolar inhibitors of throm-
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TABLE I11. Functional Groups Used in the Thrombin Application’

Electrostatic solvation AGpinding
free energy? Lowest 2nd 3rd

Nonpolar groups

Benzene -14 —4.2 -3.1 —-2.9

Cyclopentane -0.0 =71 -55 -5.3

Cyclohexane -0.0 —6.3 —4.7 —4.6

Naphthalene -2.0 -6.1 -5.1 —4.6
Polar groups

N-Methyl-methylsulfonamide -13.8 -7.4 —-4.7 -17

N-Methylacetamide -6.3 -8.8 -75 -4.9

Phenol —4.5 —-8.2 —-5.2 —4.0

Imidazole -3.2 -3.8 -3.1 -2.6
Charged groups

Benzamidine —65.4 —29.0 —23.9 -10.7

5-Amidine indole —67.2 —23.7 -21.2 -2.9

Methylguanidinium —-61.3 -27.7 -17.8 -15.0

Acetate ion -70.1 9.5b 10.3 113

Piperazine dication —243.2 11.2b 12.8 135

TAll energy values are in kcal/mol.
aCalculated with equation 12.
bFor the acetate ion and the piperazine dication there are no favorable positions in the nonprime region of the thrombin active site.

TABLE IV. Cluster Representatives of Apolar Fragments’

Intermolecular Electrostatic desolvation

Rank? vdWaals Elect Receptor Fragment AGinging Site

Benzene
1 -8.7 -05 3.9 11 —4.2 S3
2 -7.3 -0.7 3.8 11 -3.1 S3
3 7.7 -0.0 3.6 12 -29 S2¢
4 7.2 -0.2 35 1.1 —-29 S3
5 -7.1 0.0 3.3 11 —-2.7 S3
6 -135 -0.6 10.3 12 —2.6 S1
7 —-7.8 0.2 3.8 12 —2.6 S3
8 -6.2 0.2 2.6 1.0 -25 S3-S2
9 —-7.9 0.7 3.7 1.2 —-2.3 S3
10 -7.8 0.4 4.1 1.0 -2.3 S3
11 —-11.2 -0.1 8.0 1.3 —-2.0 S1
12 —6.7 0.1 35 12 -19 S3
13 —6.6 0.4 3.2 11 -19 S3-S2
14 —6.8 -0.8 4.6 11 -1.8 S2
15 —-5.7 -1.0 3.9 1.0 -18 S3

Cyclopentane
1 -11.2 0.4 3.6 0.1 -7.1 S3
2 —-9.3 0.6 3.1 0.1 -55 S2¢
3 —-8.2 0.6 2.2 0.1 —-5.3 S3-S2
4 -8.1 0.5 24 0.1 -5.0 S3
5 —8.6 0.5 33 0.1 -4.8 S3
6 -9.0 0.5 3.9 0.1 —-4.4 S3
7 -7.3 0.8 2.6 0.1 -3.8 S3-S2
8 -8.9 0.8 4.6 0.1 -34 S2
9 —-7.4 0.5 34 0.2 —-34 S3
10 7.7 0.4 3.9 0.1 -3.3 S3
11 -7.2 0.2 3.8 0.1 -3.1 S3
12 -14.0 0.7 10.0 0.1 -3.1 S1

TAll energy values are in kcal/mol.

aRanked among the clusters of the same functional group type according to total binding energy. Representatives with rank in bold are shown in
Figure 3b,c.

bSum of the values in the four preceding columns, i.e., intermolecular and electrostatic desolvation energies.

¢Position of the PPACK proline ring.
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TABLE V. Cluster Representatives of Polar Fragments'

Intermolecular

Electrostatic desolvation

Site and H-bond

Ranka vdWaals Elect Receptor Fragment AGE: ding partners®
N-methyl-methylsulfonamide
1 -93 —16.0 8.2 9.6 -74 S1;216CO,216NH
2 —-10.6 -151 10.7 10.2 —4.7 S1; 216NH,191CO
3 —-7.2 —-11.5 8.2 8.8 -1.7 S1, 216C0O,216NH
4 -36 -55 22 54 -16 S3; TyréoA0n
5 —4.8 -7.0 3.7 6.9 -1.2 S3; 216C0O,219NH
6 —6.6 -9.9 7.5 7.9 -1.0 S1;216CO,219NH
7 =71 -11.7 7.7 10.1 -1.0 S1;214C0,216NH
8 -38 -5.0 29 5.2 -0.8 S3; Tyré%40n
9 -7.3 -12.0 9.7 8.8 -0.8 S1;216CO
10 —-34 —-5.0 2.7 51 -0.7 S3; Tyr0AQOMm
18 -57 -5.3 39 7.3 03 S3¢;216CO
Phenol
1 -11.0 -10.6 9.7 37 -82 S1;214CO
2 -12.4 -7.8 11.3 38 -52 S1; Ser'%Qv
3 -96 -27 4.6 38 -4.0 S3; Tyré%40n,97A CO
4 -9.7 -7.2 9.3 37 -39 S1; Ser'%Qv
5 —4.3 —-53 3.0 2.9 —-3.7 S3; 216C0O,219NH
6 -9.0 -74 9.4 38 -32 S1;214CO
7 -37 -5.2 33 28 -28 S3; Tyrs0A0n
8 -4.8 -4.8 39 29 -2.7 S3;216CO
9 -5.2 -4.4 38 32 -26 S3;216C0O,216NH
10 -6.0 -4.0 45 3.0 —-24 S3¢; TyrsoA0n
11 -7.1 -6.1 7.2 37 -23 S2;214CO

TAll energy values are in kcal/mol.

aRanked among the clusters of the same functional group type according to total binding energy. Representatives with rank in bold are shown in

Figure 3d.

bSum of the values in the four preceding columns, i.e., intermolecular and electrostatic desolvation energies.
For positions with more than one H-bond, the first H-bond partner in the list is the one which was used by SEED for docking.

dAlmost superimposed to the corresponding group of NAPAP.
eAromatic ring close to the PPACK benzene.

bin exist that do not contact Gly216CO, e.g., a series of
derivatives of 5-amidine indole.*

Phenol. In the positions 1, 6, and 11 phenol donates a
hydrogen bond to the main chain CO of residue 214 (Fig.
3d and Table V). The position of the aromatic ring is deep
in S1, at the top of S1 and in S2, respectively. Phenols 2
and 4 are located in the S1 pocket and donate to the
hydroxyl oxygen of Ser195, whereas phenol 3 is in the S3
pocket, donates to the main chain CO of GIu97A, accepts
from the OH of Tyr60A. The aromatic ring of phenol 2
overlaps the benzamidine ring of NAPAP. Phenol 1 has a
very favorable electrostatic interaction energy (—10.6 kcal/
mol) and a large desolvation of the protein (9.7 kcal/mol).
On the contrary phenol 2 has a less favorable electrostatic
interaction energy (—7.8 kcal/mol) owing to the screening
effect of the solvent and has a larger desolvation of the
protein (11.3 kcal/mol). The benzene ring of phenol 4 is
shifted toward the solvent with respect to phenol 2.
Representatives 5, 8, and 9 donate to the CO group of
Gly216. Phenol 5 makes an additional hydrogen bond with
NH of Gly219. Phenol 7 and 10 are in S3 and donate to the
hydroxyl oxygen of Tyr60A.

N-Methylacetamide. Representatives 1 and 2 donate
to the CO of Ser214 and have the best electrostatic
interaction energies (—10.0 and —8.5 kcal/mol, respec-

tively). The oxygen is not engaged in hydrogen bonds with
thrombin. The NH of position 2 is close to the backbone
nitrogen of PPACK arginine (distance of 0.37 A). In
representatives 3, 5, 6, 7, and 10, NMA donates to the
hydroxyl group of Tyr60A. Positions 8, 9, and 13 donate to
the main-chain carbonyl of residue Gly216. Nevertheless,
no position was found in the same orientation as the
NAPAP amide. The SEED energy evaluation of NAPAP
NMA yields an unfavorable binding energy of 4.5 kcal/mol.
The oxygen in NAPAP acts as an acceptor for Gly216NH
(the distance N-O is equal to 3.2 A), and the NH group is
not involved in any hydrogen bond with the protein. Since
the primary amide group of NAPAP is partially exposed to
the solvent the electrostatic interaction energy is very
weak (—1.0 kcal/mol). This may indicate that the amide
group of NAPAP has mainly the function of a linker for the
optimal placement of two apolar moieties in S3 and S2.

Imidazole. Imidazole has a map similar to that of
phenol. There are positions of imidazole in the S3 and S2
pockets and also in S1. They are involved in hydrogen
bonds with the Ser195 hydroxyl oxygen, the main chain
CO group of residues 214, 216, and 219 in S1.

As already mentioned in previous work,” general conclu-
sions about preferential thrombin sites for polar groups
cannot be easily drawn. They depend on their size, the
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particular arrangement of charges, and also on a compro-
mise between strong hydrogen bonds and good van der
Waals interactions (e.g., phenol representative 3). Polar
groups with favorable binding energy are often involved in
hydrogen bonds with the main chain groups 214CO,
216NH, and 216CO, and with the hydroxyl groups of
Tyr60A and Ser195.

Charged groups

Benzamidine and 5-amidine indole (Fig. 1j) are dis-
cussed in detail. For both fragments two conformations
were used with the plane containing the amidine moiety
tilted by +25° and —25° with respect to the aromatic ring
plane. Methylguanidinium ion, acetate ion, and piperazine
dication are analyzed briefly.

Benzamidine. The amidine moieties of the first two
representatives overlap the NAPAP amidine in the S1
pocket (Fig. 4a and Table VI). The RMS deviation of all
heavy atoms with respect to the benzamidine group of
NAPAP is 0.85 A and 1.07 A, respectively. In both cases one
nitrogen atom donates to the CO of residue Gly219 and to
one carboxyl oxygen of the side chain of Asp189. The other

Fig. 4. Same as Figure 3b. Hydro-
gen bonds between protein and SEED
cluster representatives are shown as
green dashed lines. (a) Benzamidine.
(b) 5-Amidine indole.

benzamidine nitrogen donates to the second carboxyl
oxygen of Asp189. These three hydrogen bonds which
occur in the buried region at the bottom of S1 lead to a very
strong electrostatic interaction energy (about —70 kcal/
mol). Benzamidine binds to human thrombin with a K; of
300 uM.** At room temperature this corresponds to a
binding free energy of about —5 kcal/mol which is much
smaller in magnitude than the values obtained by SEED.
Two possible reasons for this discrepancy are the neglect of
the solute entropy and the use of a solute dielectric of 1,
which yields excessively strong intermolecular energy.
Positions 3 and 4 are less buried than 1 and 2, and make
only one hydrogen bond in the S1 pocket with the carbonyl
oxygen of Gly219. The amidine part of benzamidine is
located relatively close to the carboxylic part of Aspl189,
but the separation is such that the hydrogen bonds are
broken. It is worth noting the large gap in binding energy
between representatives 1, 2 and 3, 4 (Table VI), which
originates mainly from the difference in the electrostatic
interaction. Position 5 has its benzene part pointing
toward the bottom of the S1 pocket. It acts as a donor in a
hydrogen bond with the main chain oxygen of Ser214. It is
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TABLE VI. Cluster Representatives of Charged Fragments’

Intermolecular

Electrostatic desolvation

Site and H-bond

Rank2 vdWaals Elect Receptor Fragment AGE, ing partners®
Benzamidine
1d -14.0 —70.0 11.3 437 -29.0 S1; 219CO,Asp80dL, 02
2¢ -9.2 —69.9 11.6 435 -239 S1; 219CO,Asp'e0?L,0%2
3d -95 —58.0 12.7 44.1 —10.7 S1,;219CO
4e -3.8 —58.6 12.0 44.8 -55 S1;219CO
5d —-11.8 —-25.1 12.8 19.6 —4.6 S1;214CO
5-Amidine indole
1d -10.2 =721 134 452 -237 S1; 219CO,Asp'e0?1, 0%
2¢ -9.1 =719 13.7 46.1 -21.2 S1; 219CO,Asp80dL, 02
3¢ -4.7 —59.0 144 46.5 -29 S1;219CO
4d —-4.0 —60.4 155 46.2 —2.7 S1;219CO
5¢ —4.7 —25 31 17 —24 S3; TyrtoAQ0m

TAll energy values are in kcal/mol.

aRanked among the clusters of the same functional group type according to total binding energy. Representatives with rank in bold are shown in

Figure 4a,b.

bSum of the values in the four preceding columns, i.e., intermolecular and electrostatic desolvation energies.
¢For positions with more than one H-bond, the first H-bond partner in the list is the one which was used by SEED for docking.

dFirst conformation.
eSecond conformation.

interesting to note that the second NH, is exposed to
solvent; hence benzamidine 5 has a much less favorable
electrostatic interaction and pays a smaller fragment
desolvation than the first four positions.

5-Amidine indole. Representatives 1 and 2 are in-
volved in the same three hydrogen bonds as benzamidine 1
and 2 in the S1 pocket (Fig. 4b) and show a strong
electrostatic interaction energy (about —72 kcal/mol; Table
VI). The indole moiety in position 1 is parallel to the
benzene ring of NAPAP benzamidine, whereas it is rotated
by about 50° in position 2. The indole NH in positions 1, 2,
and 3 points toward the inner part of the protein, whereas
it points toward the solvent for position 4. Representatives
3 and 4 make only one hydrogen bond to the carbonyl
oxygen of residue Gly219 but still have strong electrostatic
interaction energies due to the proximity of the amidine
moieties with the Asp189 carboxylic group. Again, a large
gap occurs between positions 1, 2, and positions 3, 4.
Representative 5 is located close to the S3 pocket, and its
amidine moiety is exposed to the solvent.

Methylguanidinium. Representative 1, whose bind-
ing energy is —27.7 kcal/mol, donates to the carbonyl
group of Gly219 and to the two side chain oxygens of
Aspl89. It overlaps the arginine side chain of PPACK with
a RMS deviation of 0.64 A for the heavy atoms. The second
position donates to the carbonyl groups of Ser214, Phe227,
and Alal90 in the S1 pocket. Its binding energy is —17.8
kcal/mol. Position 20 is the first representative outside the
S1 pocket and is located in the region between the S2 and
S3 pockets with a binding energy of —2.0 kcal/mol. It makes a
single hydrogen bond with the hydroxyl oxygen of Tyr60A.

Acetate. The first representative is located at the bot-
tom of the S3 pocket. It acts as an acceptor in an hydrogen
bond with the main-chain NH of residue Gly219. The
electrostatic interaction energy is —4.8 kcal/mol, whereas
the desolvation energy of the fragment is 13.5 kcal/mol.

The total energy is positive with a value of 9.5 kcal/mol. Most
of the following representatives have their positions in the
same place apart from representative 32, which acts as an
acceptor in a hydrogen bond with the hydroxyl O of Tyr60A.

Piperazine. All of the positions of the piperazine dica-
tion have an unfavorable binding energy mainly because of
the large desolvation penalty of the fragment. Representa-
tive 1 donates to the hydroxyl oxygen of Tyr60A and has a
binding energy of 11.2 kcal/mol (van der Waals —3.5
kcal/mol, screened electrostatic interaction —11.8 kcal/
mol, thrombin desolvation 2.4 kcal/mol, and piperazine
desolvation 24.0 kcal/mol). There is a representative in the
S1 pocket involved in hydrogen bonds with the carboxy of
Aspl89 and the mainchain CO of Ser214. It has a very
unfavorable binding energy (86.9 kcal/mol, rank 75) be-
cause of the large piperazine desolvation (161.2 kcal/mol),
which is balanced only partially by the intermolecular
electrostatic term (—106.2 kcal/mol).

Two main conclusions can be drawn from the analysis of
the positions of the charged functional groups. First, the
best positions of the +1 charged groups (but not the
piperazine dication) have optimal hydrogen bonds with the
Aspl189 side chain in the S1 pocket. The low binding
energy results from a weak shielding of the charge—-charge
interaction and a not-too-large desolvation of the carboxyl-
ate oxygens of Asp189. Second, binding to polar groups on
the protein surface may lead to an unfavorable total
binding energy because of the high desolvation penalty.

Most of the representatives of the apolar, polar, and
charged groups found in a previous study’ are reproduced
in this work. Only two exceptions arise: a too-high desolva-
tion of the protein in the region of Lys60F hinders the
docking of N-methylacetamide close to the CO group of
Leu4l, and a large desolvation of the methylammonium
functional group disfavors binding to the main chain
oxygens of residues Ser214 and Gly216 or close to the
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hydroxyl oxygen of Ser195. Hence, for small and rigid
fragments SEED is able to dock exhaustively and evaluate
a binding energy which includes electrostatic solvation
effects. This represents a major improvement with respect
to previous programs such as MCSS* which evaluates
energies in vacuo.

Computation times

Depending on the fragment type SEED requires be-
tween 0.5 and 1.5 hour CPU time of an SGI R10000
processor for the docking in a medium-size binding site (10
A sphere) with evaluation of the continuum solvation. For
the application to thrombin presented here the CPU time
ranged from 25 minutes (phenol) to 56 (benzene and
benzamidine) and 98 minutes (methylguanidinium).

CCLD Results

As a further test of the usefulness of SEED for ligand
design, the fragments docked by SEED were then con-
nected by the program CCLD.” A maximum of ten mem-
bers within each cluster were used for cyclohexane (270
positions), benzene (200), N-methyl-methylsulfonamide
(200), N-methylacetamide (100), and naphthalene (100).
For benzamidine all the members of the first four clusters
in the S1 pocket were employed (52 with the first conforma-
tion and 41 with the mirror image conformation) and a
total of 100 positions for methylguanidinium. The follow-
ing values in A were used for the distance (d) between
linkage atoms for each connection type’: d < 0.65, 0-bond
(the two atoms are fused); 1.4 < d < 1.62, 1-bond (a single
covalent bond); 2.10 < d < 3.0, 2-bond (a single atom
linker); 3.20 < d < 4.50, 3-bond. The dihedral angles were
checked around Csps-Csp® and Csp?-Csp® bonds. A devia-
tion of 40° was tolerated from the minimal values of the
dihedral angles (+60°, —60° and 180° for Csp3-Csp?3; —90°
and +90° for Csp?-Csp?). The candidate ligands with less
than 20 or more than 60 atoms were discarded. CCLD
generated 390 candidate ligands in 33 minutes on a
R10000 processor. Four interesting hits which ranked as
2nd, 37th, 42nd, and 90th are shown in Figure 5c—f.

Hits 1 and 2 (Fig. 5c,d) are similar to Argatroban (Fig.
5b), which is a reversible inhibitor of thrombin with a K; of
19 nM.#046 They have nonpolar groups in S3 and S2 and a
guanidinium in S1. The sulfonamide NH of compounds 1,
2, and Argatroban donates a hydrogen bond to the back-
bone CO of Gly216. Moreover, the carbonyl group in 2 and
Argatroban accepts from the NH group of Gly216. Addi-
tional hydrogen bonds with respect to Argatroban are
present in 1 and 2 namely between an SO, oxygen and the
NH group of Gly219 and between the guanidinium and the
main chain CO of Gly219. Furthermore, the amide group
close to the guanidinium in compound 1 donates to the
carbonyl of Ser214. Argatroban has less polar interactions
with thrombin than hits 1 and 2, but its double ring moiety
fills the S3 pocket better than the cyclohexyl ring of
compounds 1 and 2. Hits 3 and 4 (Figs. 5e,f) have a
benzamidine in the S1 pocket and a benzene in S2. The
benzamidine moiety of compound 3 donates to the two
oxygens of the Asp189 side chain and to the carbonyl group

of Gly219. In the S3 pocket the hydroxyl substituent of
cyclohexane donates to the main chain CO of GIu97A.
Compound 4 is similar to 4-TAPAP (Fig. 5a), a reversible
inhibitor of thrombin#®47 whose racemic mixture has a K;
of 640 nM. In 4-TAPAP and hit 4 the benzamidine is
involved in a salt bridge with the Asp189 side chain, the
sulfonyl part accepts from the NH group of Gly219, and
one NH donates to the carbonyl group of Gly216. The
interaction with NH of Gly216 is missing in 4, but there
are two additional hydrogen bonds, with the CO groups of
Ser214 and Gly219. This last hydrogen bond also occurs in
the NAPAP thrombin complex. The naphthalene ring of 4
fills the S3 pocket as NAPAP.48

These representative examples and visual analysis of
others SEED-CCLD hits indicate that the present ap-
proach generates candidate ligands with interaction pat-
terns similar to known thrombin inhibitors. It is also clear
that the SEED-CCLD hits presented above are much
closer to known inhibitors than the MCSS-CCLD hits
presented in our previous work.” This is mainly due to the
fact that the fragments are docked with a more accurate
energy evaluation in SEED and not exclusively in local
minima of the vacuum force field.

CONCLUSIONS

We have presented an automatic approach for docking
small-to-medium-sized molecular fragments to the bind-
ing site of a rigid protein. A comprehensive electrostatic
method based on the continuum approximation allows the
accurate and efficient evaluation of binding energies by
taking into account the electrostatic contribution to the
potential of mean force of the high dielectric solvent. The
accuracy was assessed by a comparison with finite differ-
ence solutions of the Poisson equation for more than 2,500
complexes of small molecules or ions with thrombin and
the HIV-1 PR monomer. The electrostatic energies in
solution calculated with the two methods are in very good
agreement with correlation coefficients larger than 0.9 in
most cases. The continuum electrostatic approach in SEED
requires about 0.1 seconds for the evaluation of the three
electrostatic contributions of a ligand-receptor complex,
i.e., the protein and fragment desolvation energies upon
binding and the screened electrostatic interaction. For the
same system the solution of the finite difference Poisson
equation needs between 2 and 5 minutes. The gain in
CPU-time of more than three orders of magnitude is due to
our fast continuum electrostatic approach® and its optimal
implementation into SEED.

A number of very efficient docking programs have been
published recently. Most of them use either a scoring
function with a crude approximation of solvation*®-5 or a
vacuum energy derived from a molecular mechanics force
field.5253 The program DOCK, which pioneered the use of
geometric criteria to select ligands which best complement
the shape of the receptor site,54% has recently been
supplemented by the evaluation of ligand desolvation.56:57
To efficiently screen large databases of compounds, DOCK
assumes that every ligand desolvates the receptor equally
and that the ligand is completely desolvated upon binding.
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Fig. 5. Schematic representations of the interac-
tions between thrombin and (a) 4-TAPAP, (b) Argatro-

5f. Hit 4 ban, and (c—f) CCLD hits 1 to 4.

which is a force field—based approach for determining

optimal positions and orientations of functional groups in

a protein binding site.>%8-61 These are the inclusion of
electrostatic solvation and the determination of all favor-
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able binding modes. The effects of the solvent are com-
pletely neglected in MCSS, which calculates the protein—
fragment interactions with a vacuum potential.®® This
choice in MCSS was based on the principle that fast
methods are necessary to perform effective searches of the
binding site and that good candidate ligands subsequently
can be ranked in terms of their binding energy. A possible
difficulty is that minimized positions may be missed or
misplaced due to the lack of a solvation correction during
the MCSS minimization. The best energy minima without
solvation do not always turn out to be those of the most
interest.® Particularly problematic is the docking of apo-
lar fragments which, without inclusion of solvation, are
positioned in both hydrophilic and hydrophobic regions of
the binding site.” This problem is solved in SEED by the
prioritization of apolar regions on the protein surface
according to low electrostatic desolvation and favorable
van der Waals interactions, as well as the efficient use
during docking of a protein desolvation look-up table.
Moreover, SEED can find favorable positions which do not
correspond to local minima of the energy function (e.g., a
favorable region with relatively flat potential energy in
between two well-pronounced minima). This is an advan-
tage with respect to MCSS because not all of the molecular
fragments, even in potent inhibitors, have optimal interac-
tions with the protein.®°

Fragments are docked as rigid bodies by SEED. For
larger ligands with rotatable bonds, conformational flexibil-
ity can be taken into account by docking different conforma-
tions, as was done with benzamidine and 5-amidine indole
in the present study. Programs are available for the
automatic generation of diverse low-energy conformations
of small molecules.?263 In the case of large ligands with
many rotatable bonds one could use SEED to find optimal
positions for the rigid moieties and then use other tech-
niques which allow for full ligand and eventually also
protein flexibility.64

An application of SEED to human thrombin has been
presented. The approximation of a rigid protein is accept-
able for thrombin, which mostly assumes the same confor-
mation in complexes with different low-molecular-weight
inhibitors.404865 SEED reproduces the crucial structural
and energetic aspects of the interactions between known
inhibitors and thrombin. The fragments docked by SEED
were used as input for the ligand design program CCLD,
which constructs larger compounds by combinatorial prin-
ciples. The SEED-CCLD approach yielded a number of
candidate thrombin inhibitors with the salient features of
known potent thrombin inhibitors such as NAPAP, Argatro-
ban, and 4-TAPAP, as well as additional interactions.

The SEED-CCLD strategy uses combinatorial prin-
ciples to construct candidate ligands. Possible applications
are for de novo design, as documented here for thrombin,
lead optimization, and the selection of synthons for combi-
natorial chemistry.
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