NEW PROGRAMS

The molecular surface package
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The Molecular Surface Package is a
reimplementation, in C, of a set of
earlier FORTRAN programs for com-
puting analytical molecular surfaces,
areas, volumes, polyhedral molecular
surfaces, and surface curvatures. The
software does not do interactive molec-
ular graphics, but it will produce pixel
maps of smooth molecular surfaces.
The polyhedral molecular surfaces are
suited to display on graphics systems
with real-time rendering of polyhedra.
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INTRODUCTION

The Molecular Surface Package (MSP)
is a collection of five computer pro-
grams written in C that compute and
analyze molecular surfaces. The pro-
grams compute surface envelopes for
protein molecules in three formats:
smoothly curved, polyhedral, and as
an array of points. Areas and volumes
are computed analytically. Internal
cavities are identified. Protein surfaces
can be rendered to produce a pixel
map. The curvature (concavity/con-
vexity) of a protein surface can be
quantitated. The software is based on
ideas of solvent accessibility devel-
oped by Fred Richards and his col-
leagues at Yale.'™* An early, widely
used implementation of these ideas,

Address reprint requests to Dr. M. L. Connolly at
2269 Chestnut St. #279, San Francisco, CA
94123, USA.

Received 15 September 1992; accepted 7 Octo-
ber 1992

© 1993 Butterworth—Heinemann

was the program MS.*? Other numeri-
cal surface algorithms have also been
developed.®"°

ANALYTICAL ALGORITHMS

At the Research Institute of Scripps
Clinic a series of computer algorithms
was developed based on an analytical
description of the molecular surface.
This work was done in FORTRAN on
a VAX-11/750 computer operating un-
der VMS. The AMS,'* LAMS,'®
VAM,'” RAMS," and MCS'® pro-
grams were written while a Helen Hay
Whitney postdoctoral fellow working
under the supervision of Arthur J.
Olson. The CT,'” MST,"” PCl,*
PC2,%° HEE,* shape measurement,?’
docking,?? and chain-complex inter-
section”® programs were written while
an Assistant Member in the Depart-
ment of Molecular Biology. This latter
work was partially supported by NIH
grant GM 34338.

REIMPLEMENTATION OF
ALGORITHMS

Because of a dispute with Scripps Clin-
ic over the ownership of the copyright
to the source code of the aforemen-
tioned computer programs, it was de-
cided to rewrite this software while
self-employed in 1986, working under
the fictitious business name Bio-
hedron. The new programs were writ-
ten in C, but they were not transla-
tions of the earlier FORTRAN pro-
grams (which would have made them
derived works), but rather were
entirely new implementations of the
old algorithms. This work was per-
formed on a MASSCOMP 5500 work-
station with 2 MB of RAM and a float-

ing-point board, operating under
UNIX. After this computer broke
down in 1987, I ported the software to
the Macintosh. Further development
occurred in 1988-90 on a Macintosh
SE with 1 MB RAM and Aztec C, and
during 1991-92 on a Macintosh Ilsi
with 5 MB of RAM, a MC68882 float-
ing-point chip, Aztec C, and the Apple
MPW Shell.

Table 1 describes the five programs
of the Molecular Surface Package. It
also shows the relationship between the
earlier FORTRAN programs and the
later C programs. There is not an exact
one-to-one correspondence between
the FORTRAN and C programs.

The PQMS program does the fol-
lowing five things:

(1) It rolis a sphere over a molecule,
generating convex, concave, and
saddle-shaped bits of surface.

(2) It removes bits of reentrant sur-
face lying inside the solvent-ex-
cluded volume of the molecule
(cusp trimming).

(3) It divides the surface generated
into connected components (cav-
ity identification).

(4) It computes the area of each sur-
face face.

(5) It computes the volume of each
surface component.

The program’s actions are controlled
by a command script. Areas and vol-
umes can be written to disk in ASCII
format, while the surface itself can be
written to disk in binary format, for
further use by SRF and TRB. The term
piecewise quartic refers to the fact that
the molecular surface is made up of
pieces of surface defined by second
(spherical) or fourth (toroidal) degree
equations.
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Table 1. List of programs

Program Description Lines of code Programs replaced
PQMS Piecewise quartic molecular surface 9000 AMS, VAM, CT
SRF Surface rendering by foliation 5000 RAMS

TRB Triangulation by recursive bisection 7000 MST

Omega Solid-angle measurement of shape 3000

DS Dot surface 6000 MS

The SRF program produces a pixel
map of one or more molecular sur-
faces and one or more ball-and-stick
models. The surfaces can be colored
according to atom, surface compo-
nent, or some chemical property de-
fined for each point of a dot surface.
The image is written to disk in
sunraster format, which is displayable
under X-Windows by the public-do-
main xloadimage utility. The word fo-
liation means a family of parallel, adja-
cent arcs that form a surface. Each face
of the surface is sliced into arcs one
pixel wide, which are then rendered
individually. The front surface of a
protein molecule can be clipped to re-
veal internal cavities, which can be
given distinct colors.

The TRB program reads the binary
surface file written by PQMS and pro-
duces a polyhedral surface from it.
Each polygon of the polyhedral surface
is a triangle. The vertices, edges and
triangles are written to disk. Each tri-
angle is identified by the atom and sur-
face component it belongs to. This in-
formation can be used to color code the
display of the surface on a graphics
system. The term recursive bisection
refers to the fact that each curved face
of the molecular surface is bisected to
form two, smaller curved faces; each
of these is, in turn, bisected, and so on,
until only small triangles remain.

The Omega program reads the poly-
hedral molecular surface produced by
PQMS and TRB, and then computes its
curvature in the vicinity of each vertex.
It rewrites the polyhedral molecular
surface to disk, with a curvature (solid
angle) associated with each vertex. The
name Omega comes from the mathe-
matical convention that the capital
Greek letter () is used to denote a solid
angle. A solid angle is the area of a
region on a sphere divided by the
sphere radius squared. A sphere cen-
tered at a vertex of the polyhedral sur-
face lies partially inside and partially

outside the solvent-excluded volume of
the molecule. The solid angle of the
part that lies inside measures the curva-
ture of the surface lying inside the
sphere. It is greater than 27 for con-
cave regions, and less than 27 for con-
vex regions.?’ The size of the sphere,
of course, determines the scale of fea-
tures identified.

The following programs have not
yet been reimplemented: LAMS,
MCS, PCl, PC2, and HEE. Some of
the shape measurement and docking
algorithms have been reimplemented
in the VOID program.?**> The chain-
complex intersection algorithm has
also been reimplemented in the VOID
program.

ADVANTAGES OF THE
MOLECULAR SURFACE
PACKAGE

One of the reasons that the MSP is
better than the original FORTRAN
programs is that it is coded in C. C has
dynamic memory allocation, struc-
tures, and is more object-oriented than
FORTRAN. However, the main ad-
vantage of the MSP is that it is more
robust than the original FORTRAN
programs. The AMS program failed
fairly often due to probe spheres being
simultaneously tangent to four atoms.
This happens far less often with PQMS
for two reasons: PQMS is in double
precision, while AMS was in single-
precision; and if the PQMS program
fails for a molecule, it perturbs the
radii of the atoms that caused the diffi-
culty by 0.1 A and recomputes the sur-
face. (Obviously, AMS could have
been made double precision, and some
users have done so.)

The areas and volumes reported by
PQMS are more accurate than those of
VAM, because areas and volumes are
computed after cusp trimming, rather
than before. The cusp trimming in
PQMS handles several difficult cases
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not handled by CT. In addition, PQMS
reports volumes of individual cavities,
which VAM did not do. Another en-
hancement is the reporting of areas
broken down by atom and cavity. For
example, if a phenyl ring lies between
two internal cavities, PQMS will report
the amount of surface area bordering
each cavity.

The TRB program is more robust
than the MST program, because its de-
cision on which pair of vertices of a
face’s boundary to connect by a bisect-
ing arc is based upon empirically deter-
mined optimal parameters. The im-
proved cusp trimming in PQMS also
helps to produce a smoother polyhedral
surface. The TRB program also has the
advantage that the user can specify the
fineness of the tessellation on a per-
atom basis, not just a global basis.

The DS program has two modes:
complete and connected. The former is
similar to the program MS, and in-
cludes surfaces for internal cavities. In
the latter mode, the probe sphere traces
a continuous path over the protein sur-
face. This algorithm is similar to the
algorithm of MSEED.?*2” The contin-
uous rolling algorithm is also similar to
the convex hull sweep algorithm,”® and
the variable-radius-probe molecular in-
terstitial skeleton algorithm.?*® The DS
connected mode fails to identify inter-
nal cavities, but it is 2—3 times faster
than the complete mode. The DS pro-
gram has the advantage over the MS
program that the dot surface calcula-
tion code is partitioned into a distinct
set of subroutines that do no disk I/O
and that can be linked with a molecular
modeling program to provide interac-
tive dot surface generation.

DISTRIBUTION

The software is distributed on Macin-
tosh floppy disks. The documentation
consists of several documents in Mac-
Write II format. A perpetual source



code site license costs $850 for North
American academic end users, $1500
for noncommercial foreign end users,
and $5000 for commercial end users.
Interested parties should write to me at
2269 Chestnut St. #279, San Fran-
cisco, CA 94123, USA.
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