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We are developing a new site descriptor for the DOCK molecular modeling pro-

gram suite. Sphgen, the current site description program for the DOCK suite,

describes the pockets of a macromolecule by �lling a volume with intersecting

spheres. DOCK then identi�es possible ligand orientations in the pocket by over-

lapping the atoms of proposed ligands with the sphere centers. Sphgen limits

use of the DOCK program to concave binding regions, but macromolecular bind-

ing regions can be solvent-exposed rather than buried pockets. We present a more

general site descriptor, based on the surface solid angle, which generates site points

by determining the solid angle of exposure for points on the surface of the molecule,

then identifying patches of surface with similar solid angle values which are then

built into site points. We �nd possible ligand orientations by matching shape-

based site points on the ligand and protein and demanding complementary solid

angle values. Orientations are evaluated using the DOCK's force �eld-based score,

which evaluates the Coulombic and van der Waals energy. The surface solid angle

descriptor displays the complementary characteristics of the interfaces of our test

systems: trypsin/trypsin inhibitor, chymotrypsin/turkey ovomucoid third domain,

and subtilisin/chymotrypsin inhibitor. The solid angle site points can be used

by DOCK to generate orientations within 1.5�A r.m.s.d. of the crystal structure

orientation.

1 Introduction

The interactions of proteins with other proteins and with DNA perform many
of the signaling, recognition and catalytic functions within cells. The speci�city

of macromolecular interactions is due to a matching of complementary features
in the interface of the complexed molecules. These features are both chemical
in nature (e.g., salt bridges, hydrogen bonds, hydrophobic interactions) and
geometric.

Solutions to the molecular docking problem have used approaches based
upon the chemistry and geometry of macromolecules to reduce the solution
space of the problem.1;2;3;4 Lin et al.5 de�ne geometric \critical points" on
the molecule, based upon the Connolly molecular surface. Each critical point
also has an associated surface normal, and a de�ned character based upon
the type of surface from which it was generated: cap, pit or belt. Several
groups6;2 describe the complementary nature of protein-protein and protein-
ligand docking by describing the geometric interactions as protrusions which
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�t into invaginations, or knobs-into-holes.

Macromolecular interactions do not always have a knobs-into-holes charac-
ter, but can have large, smooth interfaces. In order to take advantage of these
types of interactions with an existing docking algorithm, we have developed
a site descriptor for docking based on the surface solid angle. This descriptor
describes the local shape of the surface regardless of the features of the sur-
face. We use these site descriptors as site points for DOCK, which generates
orientations and evaluates them based upon electrostatic interactions.

2 Methods

2.1 De�ning the surface and the local surface shape

The surface of proteins and ligands are described with Connolly's molecular
surface (MS) program7. To calculate the solid angle, we require surface normals
and associated areas in addition to coordinates for the surface points. The solid
angle of each surface point is calculated using Connolly's solid angle algorithm8,
which places a test sphere center on a point, then determines the area of the
test sphere which lies within the protein. The solid angle is then the portion
of the surface area of the sphere that lay inside the protein, multiplied by 4�
(see Figure 1). The solid angle is measured in steradians. The result of these
calculations is a set of points in 3-space, each with an associated surface solid
angle value.

The solid angle of a point lying outside of a surface is 0 steradians, while
the solid angle of a point lying entirely within the surface is 4� steradians. Two
complementary points have solid angles which sum to a value of 4� steradians.
The radius of the test sphere used to calculate the solid angle is variable and
set by the user. For these calculations, a solid angle radius of 5�A was used.

2.2 Determining site points: building regions

The purpose of calculating the solid angle is to use these data to dock two
molecules together. Our docking algorithm grows geometrically with the num-
ber of site points. In order to reduce the docking time, the program, shapesite,
reduces the number of site points by amalgamating them into shape regions.
Shapesite examines near neighbor points and de�nes shape regions as clusters
of adjoining points with similar solid angle values.

Neighbor lists are determined by a simple point-by-point search. The near
neighbors of a point are de�ned as points within a distance of the square root
of the density of surface points multiplied by two. For example, for these
studies, a surface density of 1 dot/�A2, and a neighbor search radius of 1.4�A is
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* *

Figure 1: A description of the surface solid angle. The gray shaded area represents the

interior of the protein. On the left, measuring the surface solid angle at the asterisk, ap-

proximately 1

4
of the test sphere lies inside the protein, therefore its solid angle is 1

4
� 4� or

�. On the right, measuring the surface solid angle at the asterisk, approximately 3

4
of the

test sphere lies inside the protein, therefore its solid angle is 3

4
� 4� or 3�. The surface at

these two points complements, and the sum of their solid angles is 4�.
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used. Up to 8 near neighbors are found. Regions begin as a seed point. The
near neighbor list of the seed point is evaluated, and the neighborhood forms a
region if all neighbors have a solid angle value within �

8
steradians. The region

can grow larger by accumulating more near neighbor points if their surface
solid angle is within �

8
steradians of the seed point. Regions have a minimum

size of 5 �A2 and a maximum size of 15 �A2, with the average size of a region
on a protein surface varying from 7 to 8.5 �A2. Each region has an associated
solid angle value, and is represented as a site point in the DOCK algorithm by
its center of mass and solid angle value. Regions may span several atoms.

The resulting site points formed from regions may vary with the order in
which the surface points are searched. To determine the e�ect of the order of
the search on the derived site points, we decoupled trypsin/trypsin inhibitor,
derived site points and for the binding site �rst by the default order of points,
which is ordered by residue in the protein from the N-terminus to the C-
terminus. We then \shu�ed" the residues in the data �le so they were no
longer in the N-to-C order (yet surface points from the same residues remain
together). We re-assembled the complex and examined the complementarity
of the site points from the unshu�ed and shu�ed data sets.

2.3 Docking with shape-based site points

Molecules are docked using version 4 of DOCK9 and implementing the solid an-
gle values as a shape-based �lter. DOCK determines orientations by searching
for distances between pairs of site points on the ligand that also exist between
pairs of site points on the receptor. With shape-based site points, we addition-
ally demand that the matched distances align such that the resulting adjacent
ligand and protein site points which determine the match have complementary
solid angles, with

solid angle(site point 1) + solid angle (site point 2) > 3� (1)

This shape �lter is implemented as a chemical matching �lter in DOCK10.

We have selected three proteinase-inhibitor complexes for this study: chy-
motrypsin/turkey ovomucoid third domain (1cho)11; trypsin/trypsin inhibitor
(2ptc)12; subtilisin/chymotrypsin inhibitor (2sni)13. These structures were se-
lected based on their resolution, which ranges from 1.9�A to 2.1�A, and for com-
parison to a previous study1. For each structure, the complexes were decoupled
and shapesite generated shape-based site points for the entire inhibitor and for
an area on the proteinase which covered the binding region of the inhibitor
plus an additional 5�A in all directions beyond the binding site.
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Input parameters to version 4 of DOCK include the minimum distance be-
tween site points, which is the shortest distance that will be compared between
pairs of site points on the protein and ligand, and a distance tolerance. Two
distances whose lengths di�er by the distance tolerance are considered equal
distances. For these studies we selected a large minimum distance tolerance,
4�A , because of the large ligand molecules. We selected distance tolerances of
0.65�A.

After determining possible orientations, DOCK places the ligand molecule
into each orientation and scores it with the force �eld. Once the ligand molecule
is positioned, DOCK uses a rigid-body simplex minimization to �nd a local
minimum. This minimization step is the most CPU-intensive step of the dock-
ing algorithm. In order to reduce the number of orientations minimized, we
�rst use a \bump" �lter. The bump �lter evaluates the orientation and deter-
mines if there will be a signi�cant overlap between ligand and receptor atoms.

3 Results

3.1 Regions

Shapesite quickly de�nes regions from solid angle data. For trypsin, a structure
with 223 residues, the calculation requires less than 5 CPU seconds, and less
than 2 CPU seconds for trypsin inhibitor, with 56 residues, on an SGI Octane
(single processor MIPS R10000 CPU). Because the solid angle algorithm re-
quires a comparison of all surface points to all other surface points, it requires
signi�cantly more CPU time. For example, for trypsin inhibitor calculating
the solid angle on the SGI Octane requires 2,178 CPU seconds.

The formation of regions from individual points is dependent upon the

order in which points are searched during the calculation; however, regardless
of the order, derived site points display the complementary nature of known
interfaces. For the case of trypsin-trypsin inhibitor, we compare the site points
from the default ordering with site points derived from \shu�ing" the residues
in the input �le. We examined the re-assembled trypsin-trypsin inhibitor in-
terface for site points which lie within 2�A of one another across the interface.
For the �rst, unshu�ed run, there are 24 site points on trypsin within 2�A of a
site point on trypsin inhibitor. These adjacent regions display complementar-
ity: when the surface solid angles of the adjacent site points are summed, their
average value is 3.3� steradians, and their standard deviation is 0:40�. For the
shu�ed data, there are 25 adjacent regions on the trypsin-trypsin interface,
with an average value of 3.2� and standard deviation of 0:36�.
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Table 1: Performance of DOCK runs with shapesite points. We report the number of site

points on the proteinase and the inhibitor, as well as the number of orientations generated

by DOCK with and without the use of shape �ltering. We also report the CPU time, in

minutes, to perform the DOCK runs on a Silicon Graphics Octane (R10000).

Complex Site Site Orient. CPU Orient. CPU
Points, Points, without min. with min.
Inhibitor Proteinase shape shape

2ptc 213 67 11,655,935 113.6 124,517 5.1

1cho 189 61 88,541 55.4 2,707 1.6

2sni 226 79 745,934 593.4 20,803 13.8

3.2 Macromolecular Docking

Docking studies are summarized in Tables 1 and 2. For each of the test
cases, the top-scoring orientation also had the lowest r.m.s.d. from the crystal
complex orientation, and it is always less than 1.5�A r.m.s.d. For comparison
purposes, we report the DOCK force �eld score of the crystal complex, and
the score of the complex minimized against the DOCK force �eld. For each
proteinase-inhibitor complex, the DOCK structure is within 5.5 DOCK score
units from the minimized crystal complex structure, and in two of the three
cases, the DOCK orientation has a more favorable score.

The use of the shape-based �lter vastly reduces the number of orientations
searched, and therefore the computational time for docking these molecules.
The reduction in both computer time and number of orientations searched ap-
proaches 100-fold, as shown in Table 1. For subtilisin/turkey ovomucoid third
domain, fewer orientations were generated than for trypsin/trypsin inhibitor,
however, more of those orientations passed the bump �lter, so more orienta-
tions were minimized, and therefore signi�cantly more CPU time was required
to search the orientation space.

An example of the docked conformation and native crystal complex con-
formation of 2ptc can be found in Figure 2.

4 Discussion

Like Connolly's2;3 and Lin et al.'s5 molecular shape descriptors, these shape-
based site points are derived from the Connolly molecular surface. Unlike
Connolly's earlier attempts, we do not describe the geometric �t of proteins
and ligands as strictly knobs-into-holes, but allow for a range of shape. Like
Lin et al., our site descriptor is closely tied to our docking algorithm. Their
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Figure 2: Trypsin inhibitor docked into trypsin (2ptc) using shapesite points. The crystal

structure orientation of trypsin inhibitor is shown in black and the docked structure is in

gray. The r.m.s.d. between the two structures is 0.85�A. The trypsin surface is shown in light

gray.
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Table 2: Results from DOCK runs with shapesite points. Reported are the DOCK force

�eld score of the proteinase-inhibitor complex before and after minimization, the top-scoring

orientation from the DOCK runs with shape-based site points and the r.m.s.d. from the

unminimized complex of the top-scoring orientation.

Complex Score, Min. Score, Score, r.m.s.d.
Complex Complex DOCK/Shape DOCK/Shape

2ptc -72.26 -87.53 -85.71 0.85�A

1cho -21.05 -75.94 -75.63 1.27�A

2sni -50.02 -70.04 -68.65 0.37�A

algorithm makes use of critical points classi�ed as a cap, pit or belt, and normal
vector. Our method allows for a range of shape but does not use a projected
normal.

Earlier e�orts from this group focused on the complexes examined in this
study and uncomplexed forms of the same molecules1. In that study, the
inhibitor was partitioned into several smaller groups of 40 to 60 spheres, or
site points, and the proteinase active site was represented by 40 to 90 site
points. The selection and reduction of site points was a highly interactive
process. Some 1-2 million orientations were generated for the complexed sites
in several separate DOCK2 runs which took several days to run.

For this study, a similar number of site points were generated for the
proteinases and inhibitors as were for the previous study. Our site points were
generated by their shape criteria, and required no further clustering e�orts.
While the region-building algorithm is dependent upon the order in which the
points are searched, the resulting number and complementary nature of the
site points varied little with the ordering of site points.

Unlike the earlier study, we were able to simultaneously examine the entire
inhibitor surface in one DOCK run. The number of orientations generated
with DOCK is dependent upon the site points, a minimum distance between
site points, and a distance tolerance set by the user. For these runs, the
minimum distance between site points was 4�A and the distance tolerance was
0.65�A. The number of orientations generated varied from a few hundred with
shape �ltering to nearly 12 million without shape �ltering. The di�erences and
variations in the number of orientations generated and the signi�cant change
in time required to perform these runs (less than 10 hours) is due to the
improvements in both software and hardware technologies.

With �ltering based upon shape-based site points, we generated from 300
to 125,000 orientations for a protein-protein complex, depending upon the test
case, which is nearly 100-fold the number of orientations generated without
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shape �ltering. With shape �ltering, we reached the same or better orientation
than without shape �ltering.
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