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A new computational approach for the efficient dock-
ing of flexible ligands in a rigid protein is presented. It
exploits the binding modes of functional groups de-
termined by an exhaustive search with solvation. The
search in ligand conformational space is performed
by a genetic algorithm whose scoring function ap-
proximates steric effects and intermolecular hydro-
gen bonds. Ligand conformations generated by the
genetic algorithm are docked in the protein binding
site by optimizing the fit of their fragments to optimal
positions of chemically related functional groups. We
show that the use of optimal binding modes of mo-
lecular fragments allows to dock known inhibitors
with about ten rotatable bonds in the active site of
the uncomplexed and complexed conformations of
thrombin and HIV-1 protease.
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Introduction

The ever increasing number of three-dimensional struc-
tures of pharmacologically relevant enzymes and recep-
tors is spurring a strong interest in computer-aided ap-
proaches to design drugs using structural information.
The correct prediction of the binding mode (docking) of a
small molecule (ligand) in the binding site of a protein of
known three-dimensional conformation is an important
component of structure-based drug design (Kuntz,
1992). Computer-aided structure-based ligand docking
requires an automatic procedure able to search the con-
formational space of the ligand and its position and ori-
entation in the binding site, and a scoring function. The
latter should be accurate enough to recognize in a rea-
sonable amount of time the correct binding mode from all
the putative modes. The docking problem is the first of
two challenges in structure-based drug design, the sec-
ond being the search in chemical space, i. e., the virtual
screening of compounds with high affinity and selectivity
for a given protein target (Apostolakis and Caflisch,
1999).

Several computer programs for flexible ligand docking

use descriptors of physico-chemical properties of both
the protein binding site surface and the ligand (see Apos-
tolakis and Caflisch, 1999, for a review). The essential el-
ement of DOCK, the archetypal docking program, is the
representation of the shape of the binding site by a mini-
mum set of spheres (Kuntz et al, 1982; Wang et al.,
1999). To orient the ligand within the binding site, some of
the ligand atoms are matched to the DOCK sphere cen-
ters. GOLD is a genetic algorithm approach that uses hy-
drogen bond donor and acceptor atoms in the binding
site to position the ligand by a least square fitting proce-
dure in order to form as many hydrogen bonds as possi-
ble (Jones et al., 1995). FlexX uses descriptors which
map hydrogen bond donors/acceptors and apolar mo-
lecular surfaces (Rarey et al., 1996). The descriptors used
in these programs take into account only local interac-
tions and almost completely neglect electrostatic solva-
tion effects and the hydrophobicity of the binding site, al-
though these play a key role in binding (Davis and
Teague, 1999; Scarsi et al., 1999).

In this report, we present a fragment-based strategy
for efficiently docking flexible ligands in the active site of
arigid protein. First, the most favorable positions and ori-
entations of mainly rigid molecular fragments in the re-
ceptor binding site are determined according to an accu-
rate binding energy which includes electrostatic solvation
effects (Majeux et al., 1999, 2001). The optimal binding
modes of the fragments are then used as binding site de-
scriptors to guide the placement of ligand conformations
generated by a genetic algorithm. This approach has
been implemented in the program FFLD (fragment-based
flexible ligand docking) and is illustrated by docking
known nanomolar inhibitors to both complexed and un-
complexed forms of thrombin and HIV-1 protease.

Results

The FFLD approach is illustrated by docking NAPAP (Fig-
ure 1A) and XK263 (Figure 1B) in thrombin and HIV-1 pro-
tease, respectively. For both proteins, the native and
complexed conformations are used and the docking re-
sults are compared.

Docking of NAPAP in Thrombin

For cyclohexane and naphthalene the geometrical cen-
ters of the 10 best energy positions were selected for lig-
and placement. Only the 3 best energy positions of ben-
zamidine were used since a significant energy gap is
observed between the third and the fourth position.
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Fig. 1 Ligands Docked by FFLD.

(A) NAPAP and (B) XK263. Rotatable bonds are represented by
circular arrows. They were considered as variable degrees of
freedom during the docking.

Furthermore, using the 10 best geometrical centers of
benzamidine does not affect significantly the docking re-
sults, but does however slightly increase the CPU time
required by FFLD. The distribution of the fragment geo-
metrical centers in THGT and 1DWD is similar: all benza-
midine geometrical centers are located in the specificity
pocket S1, whereas the cyclohexane and naphthalene
positions are found in the hydrophobic regions of the ac-
tive site, namely the S2 and S3 pockets and the upper
part of S1 (Figure 2A,B). The distribution of fragment po-
sitions is similar to results obtained in a previous SEED
application on thrombin (Majeux et al., 1999). Minor dif-
ferences are probably due to the value of the solute di-
electric constant, 4.0 in this work and 1.0 in Majeux et al.
(1999).

Five docking runs were performed in both THGT and
1DWD with different initial random number values to test
the reproducibility of the genetic algorithm. In all 10
docking runs performed by FFLD the conformation with
the best scoring energy is similar to its counterpart ob-
served in the corresponding X-ray structure (Figure
2A,B). The benzamidine is correctly placed in S1 and its
salt bridge with Asp189 is reproduced. Piperidine and
naphthalene are located in the S2 and S3 pockets, re-
spectively. The hydrogen bond between the NH of the
NAPAP sulfonamide group and the carbonyl group of
Gly216 is reproduced in two docking runs out of five
performed on 1HGT, whereas it is not reproduced in the
five NAPAP binding modes found by FFLD in 1DWD.
The average heavy atom RMS deviation of the five
docked NAPAP molecules from their minimized coun-
terpart in 1IDWD and 1HGT is 1.79 £ 0.30 Aand 1.15 +
0.53 A, respectively. It is interesting to note that similar
results are obtained with both thrombin X-ray structures

and the deviation is smaller when using the uncom-
plexed conformation. This is rather counterintuitive but
might be related to the extremely short H-bond distance
between the NH of the NAPAP sulfonamide and the car-
bonyl group of Gly216 (N---O distance of 2.27 A) in the
X-ray structure of the NAPAP-thrombin complex. More-
over, the complexed structure has a poorer crystallo-
graphic resolution (3.0 A; Banner and Hadvary, 1991)
than the native structure (2.2 A; Skrzypczak-Jankun et
al., 1991).

Docking of XK263 in HIV-1 Protease

1HVR Since XK263 has two phenyl and two naphthyl
substituents, the 15 best energy positions of benzene
and naphthalene were used for docking XK263 in the ac-
tive site of HIV-1 protease. The naphthalene geometrical
centers are mainly distributed in the S2 and S2’ pockets,
whereas most of the benzene geometrical centers are
located in S1’, S2 and S2’ (Figure 2D). The best energy
binding modes resulting from 5 docking runs performed
with FFLD are very similar to the minimized binding
mode of XK263 (Figure 2D). The average RMS deviation
of the docked ligands from the minimized inhibitor is
1.22 + 0.12 A. In all binding modes, the phenyl and
naphthyl rings of the inhibitor pack in the hydrophobic
S1/S1’ and S2/S2’ pockets, respectively. Moreover, all
four hydrogen bonds between the inhibitor and the re-
ceptor are reproduced. The carbonyl group of the cyclic
urea is hydrogen bonded to the NHs of isoleucines 50
and 50°. Furthermore, two hydrogen bonds with the cat-
alytic aspartic acids are observed: in two runs out of five
both hydroxyl groups of the central cyclic urea are hy-
drogen bonded to Asp25 whereas in the other runs each
hydroxyl is hydrogen bonded to one of the two catalytic
Asp residues.

3HVP The uncomplexed conformation of HIV-1 pro-
tease represents a challenge for FFLD since its active site
is more open than the one in most of the known inhibitor-
HIV-1 protease complexes. Binding of the inhibitor re-
sults in large motions of the flap regions (Miller et al.,
1989). Isoleucines 50 and 50’, which are hydrogen bond-
ed to the inhibitor in the complexed structure, are located
at the tips of the flaps and undergo a displacement of up
to 7 A upon ligand binding. Moreover, the flap motion de-
creases the size of the active site cavity upon inhibitor
binding. As expected, the geometrical centers distribu-
tion differs significantly from the one observed in the
complexed form of the enzyme (Figure 2C,D). FFLD finds
two different binding modes for XK263 in the native form
of HIV-1 protease. Ten docking runs were therefore per-
formed in order to increase the statistics. In 5 runs out of
10 the best energy binding mode is similar to the mini-
mized position of the inhibitor, although one naphthyl ring
occupies a different location (Figure 2C). The average
RMS deviation of the five FFLD binding modes from the
minimized inhibitor without taking into account the naph-
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Fig. 2 FFLD Results on the NAPAP-Thrombin Complex (A,B) and the XK263-HIV-1 Protease Complex (C,D).

The minimized X-ray conformation of the inhibitor is shown in magenta. The structures docked by FFLD are shown by thick cylinder col-
ored by atom type (carbon, white; nitrogen, blue; oxygen, red; sulfur, yellow; hydrogen atoms are not displayed). Some important pro-
tein side chains (see text) are also shown (atom type coloring). Intermolecular hydrogen bonds (donor-acceptor distance shorter than
3.5 A) are indicated by green dotted lines and displayed only for the FFLD structures. (A) NAPAP docked to the uncomplexed structure
of thrombin (1HGT) and (B) the structure from the thrombin-NAPAP complex (1DWD). (A-B) Geometrical centers of benzamidine, cy-
clohexane, and naphthalene used for NAPAP placement are indicated by white, green and orange spheres, respectively. (C) XK263
docked to the uncomplexed structure of HIV-1 protease (3HVP) and (D) the complexed form of HIV-1 protease (1HVR). (C-D) Geomet-
rical centers of naphthalene and benzene used for XK263 placement are indicated by green and orange spheres, respectively.

thyl ring is 2.36 £ 0.27 A Thisis satisfactory considering
the large displacement of the flaps. The best energy bind-
ing modes of the 5 other runs are located outside of the
active site and can therefore be disregarded.

Discussion
We have presented FFLD, a flexible ligand docking ap-

proach based on a genetic algorithm search that uses a
very efficient scoring function. The docking is performed

by positioning and orienting the ligand in the rigid binding
site according to the optimal binding modes of molecular
fragments determined by an energy function that takes
into account electrostatic solvation effects. This is the
main advantage of FFLD with respect to the available
docking programs which either neglect or crudely ap-
proximate solvation. One exception is a recent version of
the DOCK program (Zou et al., 1999) that uses an implic-
it solvent model, similar to the one developed by Scarsi et
al. (1997). Another important difference is that FFLD uses
optimally docked fragments to describe the protein bind-
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ing site, whereas previous published programs employ
descriptors determined by interactions of mainly local
character. GOLD is based on the identification of hydro-
gen bonds between the ligand and the receptor and is
expected to encounter difficulties for docking mainly hy-
drophobic compounds (Jones et al., 1995). There is no
such limitation in FFLD as the docking of a predominant-
ly hydrophobic molecule can be driven by the optimal
binding modes of apolar fragments determined by SEED.
This has been shown in the FFLD docking of XK263 into
HIV-1 proteinase. In FlexX, the algorithm for the place-
ment of the base fragment exploits physicochemical
properties which are assigned to every atom of the ligand
and the receptor (Rarey et al., 1996). This type of place-
ment is based on short-range interactions and is expect-
ed to be less accurate in general than the SEED exhaus-
tive fragment docking based on a force field energy.
Another difference of FFLD with respect to FlexX is that
the docking algorithm in FlexX is an incremental con-
struction strategy which is based on the assumption that
position and orientation of a partially grown ligand in the
binding site will be also nearly optimal for the binding
mode of the whole ligand. In FFLD such assumption is
not made since the ligand is docked as a whole entity in
the binding site of the receptor. Moreover, the FFLD ap-
proach includes implicitly solvent effects as the binding
modes of the fragments are determined by an accurate
energy function with electrostatic solvation (Majeux et al.,
1999, 2001).

The main limitation of FFLD is the assumption of a
rigid protein. In cases where FFLD is used to determine
the binding mode of a small set of compounds, the com-
putational efficiency is of secondary importance. Sever-
al docking runs could therefore be performed and the
best binding modes for each compound could be mini-
mized in a (partially) flexible protein. Another limitation is
the requirement of at least three anchoring fragments for
the molecule to be docked. This might prevent the dock-
ing of poorly functionalized compounds for which the
program SEED is probably more appropriate (Majeux et
al., 2001).

The decomposition of the ligand and the selection of
the fragment functionality maps used for the ligand
placement are performed manually in the current ver-
sion of FFLD. It is planned to automatize them for the ef-
ficient high-throughput docking of large libraries of or-
ganic compounds. One important question concerns
the number and diversity of SEED fragments necessary
to fully represent the interacting moieties of a large col-
lection of compounds. An interesting possibility would
be to a priori consider synthetically accessible and tox-
icologically benign fragments by including in the SEED
library common substituents of known drug molecules
(Bemis and Murcko, 1999). In principle, the FFLD ap-
proach is suitable for computational high-throughput
screening since the docking of a database of 10 000
compounds would require about two days on a cluster
of ten PCs.

Materials and Methods

Overall Strategy

First, the program SEED is used to dock a library of mainly rigid
functional groups into the binding site of the receptor (Majeux et
al., 1999, 2001). SEED determines functionality maps, i. e., the
most favorable binding modes of the fragment library (Figure
3A). Subsequently, three fragments of the ligand are chosen
(Figure 3B), and for each of them the SEED functional group with
the highest similarity to the fragment is selected. The correspon-
ding functionality maps are then used as binding site descriptors
to place the ligand by a least square fitting method (Kabsch,
1976) (Figure 3C). In the current version of FFLD the decomposi-
tion into fragments and the selection of SEED functional groups
have not yet been automatized. The ligand docking is performed
by a genetic algorithm that uses a fast scoring function. The ge-
netic algorithm perturbations affect only the conformation of the
ligand since its placement in the binding site is determined by
the SEED functionality maps. The main advantage of this ap-

Fig. 3 Schematic Description of the FFLD Approach.

(A) SEED functionality maps are represented by three geometri-
cal objects in a cartoon representation of the protein binding
site. (B) Ligand conformation generated by the genetic algo-
rithm. The three fragments used for ligand placement are
schematized by a rectangle, a circle and an hexagon. The place-
ment triangle defined by the geometrical centers of the ligand
fragments is shown with dashed lines. (C) Two congruent trian-
gles used for ligand placement are shown with dashed lines.
Each triangle is defined by the geometrical centers of three func-
tional group positions.



proach is that the position and orientation of the ligand in the
binding site is determined by the best binding modes of small
molecules previously docked using an accurate energy function
with electrostatic solvation (Scarsi et al, 1997). The scoring
function used in FFLD to rank the ligand binding modes is based
on van der Waals and hydrogen bond terms and does not in-
clude solvation for efficiency reasons and since solvation is tak-
en into account during the docking of the functional groups.

SEED Functionality Maps

SEED is a computational approach for exhaustively determining
favorable positions and orientations of small to medium-size
molecular fragments in the binding site of a rigid protein and
ranking them according to their binding energy with electro-
static solvation (Majeux et al., 1999, 2001). The current SEED Ii-
brary consists of 70 mainly rigid fragments with between 7 and
31 atoms. It contains 17 apolar fragments (no hydrogen bond
donors or acceptors), 39 polar and neutral compounds, and 14
fragments with one or two formal charges (Majeux et al., 2001).
Many of the molecular frameworks found frequently in known
drugs (Bemis and Murcko, 1996) are included (e. g., benzene,
pyridine, naphthalene, 5-phenyl-1,4-benzodiazepine etc.) and
some of them can be used for the synthesis of combinatorial li-
braries. Functional groups of mainly hydrophilic character are
docked such that at least one hydrogen bond with the receptor
is formed with close to optimal geometry. For this task, vectors
on polar groups of the receptor and SEED fragments are de-
fined automatically. Nonpolar molecules are docked in hy-
drophobic regions of the receptor (Scarsi et al., 1999). For both
polar and apolar fragments, the docking is exhaustive on a dis-
crete space. The discretization originates from the finite number
of preferred directions and rotations around them. The binding
energy is the sum of electrostatic and van der Waals terms. The
electrostatic contribution consists of screened intermolecular
energy and receptor and fragment desolvation terms. It is eval-
uated efficiently by a numerical approach based on the contin-
uum dielectric approximation in which the system is partitioned
into solvent and solute regions that are assigned different di-
electric constants (78.5 and 4.0, respectively, in the applica-
tions presented here). The binding modes determined by SEED
are sorted according to binding energy and clustered by using
a criterion based on distances between similar atom types. The
functionality maps contain the best ranked positions of the first
n clusters of each functional group where n can be specified by
the user. Additional details about SEED and a complete de-
scription of the continuum electrostatic method have been pre-
sented in previous publications (Scarsi et al., 1997, 1998; Ma-
jeux et al., 1999, 2001; Scarsi and Caflisch, 1999). The SEED
input parameters used for the test cases presented in this re-
port are identical to those used in a previous study (Majeux et
al., 2001).

Hash Tables

For the three SEED fragments selected for ligand placement, the
geometrical centers of their optimal binding modes are deter-
mined in a preprocessing step. To store this information for effi-
cient placement of the ligand in the binding site, three hash ta-
bles are generated, one for each of the three pairs of SEED
molecules. Each hash table stores in buckets of 0.5 A all pairs of
positions of its two fragments sorted according to the distance
between geometrical centers. This allows efficient docking by
fast access to the positions of pairs of functional groups whose
distance falls within a given range. Distances shorter than 3.5 A
are not stored in the hash table since they correspond to confor-
mations with internal sterical clashes.
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Before generation of the hash tables, the fragment binding
modes are clustered in SEED according to their position and ori-
entation in the binding site using a criterion based on distances
between similar atom types. An alternative would be to cluster
the SEED binding modes according to the position of their geo-
metrical centers instead of using all atoms. This would lead to an
initial set of more heterogeneous values of the triplets of dis-
tances between fragments in the binding site, which might im-
prove docking.

Genetic Algorithm

A genetic algorithm is a stochastic optimization method that
mimics the process of natural evolution by manipulating a pop-
ulation of data structures called chromosomes (Goldberg,
1989; Davis, 1991). The genetic algorithm used in FFLD search-
es the regions of conformational space of the ligand that allow
it to fit in the binding site. Each chromosome contains so-
called genes that encode the values of the angles of rotation
around the rotatable bonds of the ligand. Since covalent bond
lengths and angles are kept rigid, a chromosome of N genes
fully specifies the conformation of a molecule with N rotatable
bonds. Starting from an initial randomly generated population
of chromosomes, the genetic algorithm repeatedly applies two
mutually exclusive genetic operators, one-point crossover and
mutation, which yield new chromosomes (children) that replace
appropriate members (parents) of the population. Both opera-
tors require parent chromosomes that are randomly selected
from the existing population with a bias toward the fittest. At
each cycle of genetic algorithm reproduction, the population of
ligand conformations is docked in the binding site using the
hash tables. A given ligand conformation can have several dif-
ferent locations in the binding site and is therefore assigned the
score of its best binding mode. On the other hand, a ligand
conformation is assigned a very high score when, according to
the SEED functionality maps, it is not possible to place it in the
binding site. The emphasis on the survival of the fittest intro-
duces an evolutionary pressure into the algorithm and ensures
that over time the population should move toward the confor-
mation(s) representing the minimum of the scoring function,
which approximates the binding energy (see below). For each
conformational optimization by the genetic algorithm, a popu-
lation of 100 chromosomes was used and 200 cycles were per-
formed.

Docking of the Ligand Conformations Generated by the
Genetic Algorithm

For each ligand conformation in the genetic algorithm population,
the three distances between the geometrical centers of three lig-
and fragments are evaluated. The triplet of distances defines a tri-
angle, called henceforth placement triangle, that is used to orient
the ligand conformation within the binding site of the receptor. In
the next step, the information stored in the three hash tables is
used to determine all triangles of SEED functional groups that are
congruent to the placement triangle. For each side of the place-
ment triangle, pairs of geometrical centers are searched in buck-
ets ranging from n —m to n + m in the corresponding hash table,
where n is the index of the bucket whose distance range encom-
passes the length of the side of the placement triangle and m is
initially equal to 0. A congruent triangle is defined by three pairs of
geometrical centers, and each of the three pairs shares its geo-
metrical centers with the two others (Figure 3C). If no congruent
triangle is found, the value of m is incremented until either at least
one congruent triangle is found, or m is larger than a user-defined
value. In the applications presented here, a value of m = 6 was
chosen which gives a tolerance of + 3 A.The ligand conformation
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is finally positioned in the binding site by matching the placement
triangle to a congruent triangle of SEED functional groups using
an algorithm that minimizes the square of the distance between
the vertices of the two triangles (adapted from Kabsch, 1976). As
mentioned above, for a given ligand conformation several con-
gruent triangles can be extracted from the hash tables depending
on the distribution of geometrical centers.

Scoring Function
The scoring function used to rank the ligand binding modes is
AE o = EVR° + Egdi + EVSR M

The first term (Eigan9) is the van der Waals intraligand energy,
which is needed to prevent steric clashes among atoms of the
ligand. It is described as the sum of an attractive dispersion and
a steep repulsion term with the 6-12 Lennard-Jones model,
which is calculated explicitly for each pair of ligand atoms sepa-
rated by at least three covalent bonds. Energy minima and opti-
mal interatomic distances for the van der Waals energy were tak-
en from the CHARMmM22 parameter set (MSI Inc.). The
interaction energy between ligand and receptor is described by
the last two terms in equation (1), where EXi, and Elff; are the
polar and van der Waals energy contributions, respectively.
These are detailed in the two following subsections.

Hydrogen Bonds and Unfavorable Polar Contacts
The ligand-receptor polar interaction term (Eg";g,) is
E,‘)’}}ﬁ{r= N Epg + NOE"Eyp (2

where nif¥'and n{je are the number of hydrogen bonds and the
number of unfavorable polar contacts, respectively. E, g and Ep
are approximated by constant values. Following criteria are used
for the definition of a hydrogen bond: a distance between the ac-
ceptor and the hydrogen atom shorter than 2.5 A, and a donor-
HI&cceptor angle larger than 130°. An additional check for
clashes is performed between the donor hydrogen and eventual
hydrogen(s) covalently bound to the acceptor atom. The lists of
donor and acceptor atoms in the ligand and in the receptor are
determined at the beginning of the program to improve calcula-
tion efficiency. Receptor atoms involved in an intra-receptor hy-
drogen bond can be excluded from the receptor list. An interac-
tion between two donors or two acceptors is considered an
unfavorable polar contact if the interatomic distance is smaller
than 2.8 A. The score values used for Eygand Eyp are -3.0 and
+3.0 kcal/mol, respectively. Experimental investigations have
suggested that a neutral hydrogen bond contributes between
-0.5 and -1.5 kcal/mol to the binding energy and up to —4.7
kcal/mol in the case of a salt bridge (Davis and Teague, 1999). As
a compromise a score value of —3.0 kcal/mol is used for E,j5. A
somewhat arbitrary value of +3.0 kcal/mol is assigned to E p.

Soft Core van der Waals

Since the protein is rigid, its van der Waals potential is mapped
on look-up tables to speed-up the calculation of EIN& (Majeux et
al., 2001). The asymptotic behavior of the Lennard-Jones repul-
sive part is however inappropriate for flexible ligand docking be-
cause it penalizes binding modes with small atomic interpene-
trations with the protein surface even if they are very close to
energy minima. Furthermore, the repulsive part is not able to dif-
ferentiate between steric clashes at the surface and in the interi-
or of the protein. A soft core van der Waals, which is compatible
with the look-up table mapping, is used in FFLD to address
these limitations.

The volume occupied by the protein is first divided into two

distinct regions (Figure 4A). The first region represents a 1 A layer
below the protein molecular surface. The remaining protein vol-
ume is assigned to the inner region. A three-dimensional grid
(grid spacing of 0.3 A) is used to discretize the volume of the pro-
tein binding site. Each grid point contains the information (atom
type and coordinates) of its closest protein atom. Upon ligand
placement the program first checks for each ligand atom whether
itis located within the inner region of the protein in which case its
contribution ENf& is a somewhat arbitrary penalty of 150 kcal/mol
(severe clash). Otherwise, the data of the protein atom closest to
the ligand atom are extracted from the grid and the van der Waals
interaction energy is calculated. The interaction energy is lin-
earized if its value is higher than a cutoff (Figure 4B) in which case
the contributions from the remaining protein atoms are neglect-
ed. Otherwise, the ligand atom van der Waals energy contribu-
tion is calculated by trilinear interpolation using the two protein
look-up tables (repulsive and attractive terms), which take into
account the contribution of all receptor atoms.

System Setup

The following X-ray structures were downloaded from the PDB
database (Berman et al., 2000): uncomplexed thrombin (code
1HGT; Skrzypczak-Jankun et al., 1991), thrombin complexed
with Na-(2-naphthyl-sulfonyl-glycyl)-(DL)-p-amidinophenylalanyl-
piperidine (NAPAP, Figure 1A, code 1DWD; Banner and Hadvary,
1991), human immunodeficiency virus type 1 (HIV-1) protease
(code 3HVP; Wlodawer et al., 1989), and HIV-1 protease com-
plexed with the cyclic-urea inhibitor XK263 (Figure 1B, code
1HVR; Lam et al., 1994). The water molecules and the inhibitor (if
present) were removed. Hydrogen atoms were added and mini-
mized with the CHARMM program (Brooks et al., 1983).

The NAPAP fragments used for ligand placement in the active
site of thrombin are benzamidine, piperidine and naphthalene.
The corresponding functional groups docked by SEED in 1THGT
and 1DWD are benzamidine, cyclohexane and naphthalene, re-
spectively. The 9 rotatable bonds of NAPAP were flexible during
docking. The fragments used for the placement of XK263 in the
active site of HIV-1 protease are benzene and naphthalene (the
latter twice). These functional groups were docked by SEED in
the active site of both complexed (1HVR) and native (3HVP) en-
zymes. The 10 rotatable bonds of XK263 were flexible during
docking.

For the FFLD docking, the binding site was defined as the
smallest parallelepiped which encompasses the residues with
one or more atoms within a distance cutoff from the inhibitor. For
1HGT, 1DWD and 1HVR the cutoff distance was 5 A whereas for
3HVP a value of 6 A was used to take into account the large dis-
placements of part of the protein upon binding (see below). As ref-
erence structures for the root mean square (RMS) deviation cal-
culation, the inhibitor position in THGT and 3HVP was obtained
from the corresponding complexed X-ray structure by superpos-
ing the C, atoms of the two protein conformations and CHARMM
minimization with a distance dependent dielectric function [[(r) =
4r]. For consistency reasons, the same minimization protocol was
applied to the X-ray inhibitors in 1IDWD and 1HVR.

Computation Times

All calculations were carried out on a single 800 MHz Pentium IlI
processor. One FFLD docking run of NAPAP into thrombin took
between 2 and 3 minutes, while the docking of XK263 in the
complexed and uncomplexed conformation of HIV-1 protease
required 2 and 4 minutes, respectively. The variance is due to dif-
ferences in the hash tables which originate from different distri-
butions of the SEED geometric centers. These timings do not in-
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Fig. 4 Evaluation of van der Waals Energy between Ligand and Protein, ERS.

(A) Two regions are defined within the volume occupied by the protein binding site. These are the inner region (light grey) and a thin layer
below the molecular surface (dark grey). The former exemplifies a severe clash while the latter a minor overlap. Two atoms of the protein
are represented by dark grey circles labeled p1 and p2. The ligand is simplified by three atoms represented by circles labeled from I1 to
I3. Atom I1 is located within the innermost protein volume (light grey region) and is assigned a clash penalty of 150 kcal/mol. Since atom
12 clashes into the thin layer below the molecular surface, only its linearized Lennard-Jones potential with its closest protein atom (p1) is
calculated. For atom I3 the full van der Waals energy with the protein is evaluated. (B) Soft core van der Waals. The x and y axes are the in-
teratomic distance and the interaction energy, respectively. The van der Waals interaction energy minimum is —Emin. The procedure used
for the linearization is adapted from Figure 5 of Gehlhaar et al. (1995). For a given pair of atoms, the linearization energy cutoff corre-
sponds to the minima of their van der Waals energy multiplied by — 1. The slope is such that for a zero interatomic distance the linearized

interaction energy is equal to the cutoff value multiplied by 1.5.

clude the docking of the fragment library by SEED (Majeux et al.,
2001), which has to be performed only once for a given protein
target.
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