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Real-Time Color Graphics in
Studies of Molecular Interactions

Robert Langridge, Thomas E. Ferrin, Irwin D. Kuntz

Most problems in molecular structure
and function require visualization, and
as the size of the molecules increases,
the third dimension becomes crucial.
Space-filling or wire models are satisfac-
tory up to a certain level of complexity,
but purely mechanical problems cause
serious difficulties since the model on the
bench and the list of coordinates in the
computer are not necessarily closely re-
lated (especially after the model is de-
graded by many curious hands). Particu-
larly difficult is the restoration of a struc-
ture after simple modifications.

With computer graphics, the display
and the data are directly related, storage
of prior configurations is simple, and
pieces do not fall off. Drawings for ma-
chine design or architecture—other
fields in which computer graphics is a
significant tool—are simple by com-
parison with large biological molecules.
Consider also the need for a variety of
forms of display, such as stick models or
electron densities, representation, of
chemical properties, such as charges and
solvent interactions, and visualization of
the detailed interactions between large
molecules, and the complexity of the

problem is clear. For studies with these’

requirements real-time color graphics
has unique advantages. Such a system is
discussed in this article.

Computer Graphics

We began to apply interactive three-
dimensional computer graphics to large
biological molecules in late 1964, using
the Electronic Systems Laboratory dis-
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play at Project MAC (now the Laborato-
ry for Computer Science) at the Massa-
chusetts Institute of Technology. The
display system was based on an IBM
7094 computer running the CTSS oper-
ating system. In spite of the limitations
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coordinates, using a 4 by 4 matrix repre-
sentation for the transformations. Rota-
tion, translation, scaling, and per-
spective matrices may then be con-
catenated and handled as a single entity
3.

Simple manipulations such as bond ro-
tations can obviously be modeled in a
computer; the main advantage is the abil-
ity to retain the modified coordinates. In
the system discussed here (¢), the bond
rotations are computed very rapidly with
the built-in matrix multiplier, and the
host computer is called on only to com-
pute derived functions such as inter-
atomic distances. But if a computer
merely reproduces a real three-dimen-
sional model, much of the potential pow-
er is unused. The simple bond rotations
of a wire model can be extended to bond
stretching, bond angle changes, and on-
line calculation of contact distances and
energies, limited only by the speed and

Summary. Studies of the structures and interactions of large biological molecules
require both coordinate data and three-dimensional visualization. Orthodox molecular
models often bear a tenuous relationship to the coordinate data. In contrast, computer
graphics requires that the display directly and accurately represent the data, and stor-
age of modified configurations and recovery of original structures are simple. Soft-
ware has been developed that allows real-time display of color line and surface dis-
plays of several interacting molecules, while quantitatively monitoring the stereo-

chemistry.

of this early system, real-time three-di-
mensional rotation of the displayed ob-
ject was possible for the first time, and
applications were made to protein and
nucleic acid structures and to direct visu-
alization of energy minimization; the
enormous potential was evident (I).
Applications of interactive three-di-
mensional graphics to molecular struc-
ture have been reviewed by Feldmann
(2), who reiterated that ‘‘Scientist users
working with molecules on a display find
it very important to be able to rotate the
image of the molecule.”” To present a
three-dimensional object on a two-di-
mensional screen, a series of projections
are calculated as the object is rotated.
The coordinate transformations require
several multiplications and additions for
each end point, and the key to smooth
representation of complex objects is to
implement this in hardware. This is most
efficiently done with homogeneous

size of the computer, the efficiency of the
algorithms, and the imagination of the
user.

When building a wire model it is usual-
ly necessary to construct the entire as-
sembly and then to concentrate on the
parts of special interest. In contrast, with
a computer representation, although the
complete molecule is available, it is
rarely necessary to look at all of it; in-
stead, one can reproduce in detail only
those parts of immediate concern. Much
of the work in producing a usable com-
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Fig. 1 (left). Pyramid of vision with the three-dimensional clipping
planes indicated [see Newman and Sproull (3)].
rect photograph from the color display of the color wheel illustrating
the colors available and the intensity depth cueing.

puter graphics system for molecular
modeling involves the development of
representations and interactions that
would be impossible with space models.
Interactively selecting and manipulating
only the interesting parts of a molecule
may seem easy in principle, but for a sys-
tem designed for the user unsophisti-
cated in computers this is as important
and difficult as producing the correct pic-
tures on the screen.

Line Drawing and Raster Displays

There are two main forms of computer
graphic displays—calligraphic, or line-
drawing, and raster, or “‘TV-like”’ sys-
tems. The display we use is a calligraphic
one that is capable of rapid transforma-
tions of three-dimensional data with arbi-
trary combinations of rotation, trans-
lation, scaling, and perspective. Real-
time clipping is performed not only on
the top, bottom, and sides of the picture
space, but also in the depth (convention-
ally Z) axis. This is associated with a
‘‘viewing pyramid,”” which includes a
hither (near) boundary, yon (far) bound-
ary, and eye position (Fig. 1). The in-
tensity of the cathode-ray tube (CRT)
electron beam may be controlled in pro-
portion to the distance between the hith-
er and yon planes, giving a strong sense
of depth to the picture. The combined ef-
fects of real-time perspective, clipping,
and depth cueing provide a powerful
means of exploring complex structures
without the cost of extensive software.

Raster systems, in contrast, build the
picture by scanning across the CRT
screen, with each picture element, or
pixel, being controlled from a *‘refresh’
memory. Since this scanning is similar to
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Fig. 2 (right). Di-

that used in standard television receiv-
ers, this method of computer display can
draw on the large technology base devel-
oped from home television, including the
production of shaded and fully colored
pictures (3). Unfortunately, the refresh
memory must be large, a quarter-million
elements for a typical 512 by 512 pixel
grid. Each element of the memory must
contain enough information to define the
color and intensity of the pixel. Typi-
cally, this requires at least 8 bits. Up-
dating this amount -of memory in real
time in order to create dynamic inter-
action is a substantial and at present ex-
pensive problem (3). For this reason, a
calligraphic system is still superior for
truly interactive studies of complex sys-
tems best represented by line drawings.

Even with a line-drawing system there
are other drawing modes besides contin-
uous lines, and the use of dots covering a
surface in combination with the depth
cueing and color gives excellent three-
dimensional representations of molecular
surfaces. We have developed software
(5) operating on the Bell Laboratories
UNIX time-sharing system (6), which al-
lows real-time display of color line and
surface displays of several interacting
molecules, while quantitatively mon-
itoring the stereochemistry.

Interaction

Display interaction is controlled by
manipulation of various input devices,
including switches, knobs, joysticks, and
a tablet. These devices transmit data to
the computer which can be used in any
manner, but the user interface demands
that their functions be reasonable. Typi-
cally, we assign three translations to one

of the three-function joysticks and three
rotations (usually about fixed axes) to
the other joystick. The tablet is used to
choose functions from a menu displayed
on the screen, and the switches to select
molecules or parts of molecules for ma-
nipulation.

In addition to these input devices, we
have a viewer for generating stereo-
scopic images. Left and right perspective
views are presented alternately. When
they are viewed through a synchronized
shutter, each of the observer’s eyes sees
only its associated image, and the result
is perceived as a stereoscopic image with
a strong sense of depth of field. The ac-
tual shutter is adapted from a com-
mercially available stereo image alterna-
tor (7).

Full utilization of these facilities great-
ly aids the information processing ability
of the user, but one recent addition enor-
mously advances the interpretability of
complex objects—color.

Color

The addition of color to a molecular
display considerably increases the infor-
mation content, as illustrated by the
work of Feldmann (8), Max (9), and their
co-workers on color surface displays.
But these are raster systems used for
single-frame displays or the production
of animated movies and are not truly in-
teractive, real-time systems.

We made color films of molecular dis-
plays from an earlier monochromatic
line-drawing system in 1970 to 1974 (10),
using computer-controlled red, green,
and blue filters and exposing appropri-
ately for the desired colors. Real-time
color was possible only with a synchro-
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nized, but awkward, version of rotating
color filters called a lorgnette. In prin-
ciple an excellent idea, it did not prove
satisfactory in use.

Most line-drawing systems are mono-
chromatic. Color monitors based on
beam penetration techniques are in use,
but they suffer from the disadvantages of
poor intensity, low speed, and limited
range of color, which make them unsuit-
able for displays of complex molecular
structures. Recently, a color monitor
was introduced for a line-drawing system
that was based on standard color televi-
sion shadow mask technology (¢). The
system includes the electronics to oper-
ate the color monitor in line-drawing
mode. It has the advantages of providing
bright, high-resolution, full-color pic-
tures, coupled with well-established
techniques for real-time manipulation of
line-drawing images.

We applied this system to real-time
molecular interaction studies, and al-
though we were confident of the value of
color, it has turned out to be greater than
our most optimistic estimates. Even
though the calligraphic system does not
permit shaded surface drawings, the use
of the various drawing modes (dots and
lines), depth cueing, perspective, clip-
ping, and dynamic rotation permits the
equivalent of almost all varieties of dis-
play possible with a raster system, but in
real time and with immediate interaction.

A new command added to the list of
display instructions sets the hue and sat-
uration values so that different portions
of the picture may be arbitrarily dis-
played in different colors. The hue con-
trols the relative amounts of red, green,
and blue primary colors in the picture,
while different saturation levels are used
to create ‘'pastels.”’ The 64 hue levels
available and the depth cueing are shown
in the color wheel in Fig. 2. This may be
rotated and the hither and yon planes
manipulated in real time, giving a strong
sense of three dimensionality.

To illustrate the value of color in an
interactive line-drawing display, we use
carboxypeptidase and an inhibitor as an
example (/1) (Fig. 3). Tyrosine 248 is ro-
tated about the bond between the a and
B carbons, and the distance from the ter-
minal OH of tyrosine 248 to an atom in
the glycine-tyrosine inhibitor is mon-
itored. This bond rotation is directly
linked to an interactive knob and the ro-
tation and distance calculation are done
inreal time. By interactive selection, on-
ly the lines connecting the « carbons are
displayed, together with the interacting
parts of the inhibitor binding site, before
and after rotation of tyrosine 248 (see
Fig. 3).
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Surfaces

Since molecules interact at their sur-
faces, it is important to display these sur-
faces, and in particular to display that
part of the surface which is accessible to
other molecules. This is usually equiva-
lent to defining the part of the surface ac-
cessible to a water molecule —that is, the
solvent-accessible surface.

When this term was introduced by Lee
and Richards (12), they defined it as the
surface traced out by the center of a
sphere of radius 1.4 angstroms, repre-

senting a water molecule, as it rolls over
the target molecule. This definition was
improved on by Richards (/3) when he
defined the molecular surface as the sur-
face traced out not by the center of the
probe, but by the inward-facing surface
of the probe sphere. When the probe is
touching a single atom this is equivalent
to the outward-facing van der Waals sur-
face of that atom. Richards calls this the
contact surface. The other part of the
molecular surface —what Richards calls
the reentrant surface —is not part of the
van der Waals surface of any atom, but

Fig. 3. (Top) Carboxypeptidase A. Color coding: background a-carbon chain, blue; amino acids
in the active site, red; cysteine, yellow; zinc and associated atoms, magenta; and inhibitor,
green. (Bottom) As above, after rotation of tyrosine 248.
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Fig. 4. The B form of DNA, as shown on the cover, but rotated to view down the major and minor grooves (left) and with the helix axis vertical
(right). Color coding: carbon, green; nitrogen, blue; oxygen, red; and phosphorus, yellow.

corresponds to the inward-facing surface
of the probe when it is simultaneously in
contact with more than one atom. The
molecular surface thus resembles the
van der Waals surface of the atoms, ex-
cept that interstices too small to accom-
modate the probe are eliminated, and
clefts between atoms are smoothed over.

An algorithm to calculate the molecu-
lar surface (14), originally developed as
part of a protein docking study, was
adapted for use with interactive color
graphics. We find it of greater value than
an earlier effort (/5) to implement Rich-
ards’ molecular surface definition, be-
cause it calculates a surface for the entire
molecule, not just the surface of one
face, and also because undersurfaces of
overhangs, deep invaginations, and in-
ternal cavities are properly represented.

The algorithm produces coordinates
for several thousand points distributed
over the molecular surface. These are
precomputed, which may take 30 to 60
minutes on our computer (¢) for a small
protein. Each point is associated with a
specific atom, so the point can be col-
ored according to atom type or a related
property. The dots are distributed at a
density of 2 to 5 per square angstrom and
can be plotted on paper, but the most
striking display, as with other three-di-
mensional objects, is made with a fully
equipped computer graphics system with
interactive real-time depth cueing, clip-
ping, rotation, stereo, and color. Given a
system limitation of about 15,000 dots,
this permits the display, at atomic reso-
lution, of molecules up to the size of
small proteins or of selected portions of
larger structures. Although the two-di-
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mensional pages of a journal cannot
present this adequately, the cover pic-
ture and Fig. 4 provide views of DNA
(16) with both the surface and the skele-
ton displayed. On the cover, the mole-
cule is viewed directly down the axis. In
Fig. 4 (left), the model is turned, by using
the interactive real-time controls, to an
angle corresponding to a view down the
major and minor grooves, which are
clearly seen. In Fig. 4 (right), the DNA
axis is vertical and the interactive depth

cueing turned to a maximum, with the
hither and yon planes moved to contact
the front and back of the molecule. This
gives a strong sense of depth; with the
real-time display it is still more striking.

The hardware clipping planes also al-
low interactive removal of the front sur-
face of a molecule to reveal the back sur-
face as seen from the inside. This kind of
interactive sectioning also reveals nu-
merous internal cavities, corresponding
to the inner molecular surface of the pro-
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tein. Our survey indicates that the ar-
rangement of these cavities is non-
random and that many of them are occu-
pied by water molecules (/4). This sys-
tem provides a remarkably clear
visualization of the molecular surfaces of

these interior cavities; it is not possible
to study them easily on a system lacking
hither and yon clipping planes, because
the outer surface gets in the way. Simi-
larly, many binding sites are partially ob-
scured because they lie in angled in-

Fig. 5. (Left) Bovine trypsin inhibitor-trypsin complex. Surfaces only are shown. The inhibitor
surface is in red, the trypsin surface in green. (Top) As in the picture on the left, but with front
and rear surface clipping. (Bottom) As in the top picture, but with color-coded skeleton.
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vaginations, between domains, or be-
tween subunits. By using real-time rota-
tion, scaling, and clipping, one can ob-
tain a close-up view of any part of a
binding site, from any angle, and either
from a position in the solvent looking
inward at the protein or from a position
in the protein looking outward toward
the solvent.

Color greatly enhances the display of
the surfaces of two interacting mole-
cules. With a black-and-white display it
is difficult to distinguish one surface from
the other in any kind of close binding.
With color, one can, for example, make
one molecule red and the other green. If
two surfaces are close in regions of high
complementarity, salt bridges and hy-
drogen bonds appear as small overlaps of
the molecular surfaces and are immedi-
ately visible; this precludes the need for
interatomic distance calculation to iden-
tify them, though quantitative calcu-
lations may be made at any time.

To illustrate the value of color in the
study of molecular interactions, we use
the bovine trypsin inhibitor-trypsin sys-
tem (/7). The portions of each protein in
the region of interface are shown in Fig.
5. It is said that one picture is worth
10,000 words, but by altering the image
interactively one can produce thousands
of different pictures in a single session
with the graphics system. Three such
pictures are shown in Fig. 5, each high-
lighting a different aspect of the inter-
action, as described below.

Figure 5 (left) shows two empty, bul-
bous pockets belonging to trypsin lying
on either side of the tip of the inhibitor.
When trypsin binds an arginine side
chain, the two terminal nitrogens of the
guanidino group fill these side pockets.
As we follow the surface out of the bot-
tom of the substrate pocket, the fit im-
proves on one side but becomes worse
on the other side. The visual display thus
immediately localizes the regions of
strong interaction. Alternatively, a cal-
culation listing the pairs of atoms of the
two molecules that interact strongly with
each other still leaves the task of assem-
bling this list into some kind of under-
standable presentation. For complex in-
teractions it is often advantageous to
move the hither and yon clipping planes
together so that the image is simplified to
a thin section [Fig. 5 (top)].

While pure surface displays have a
substantial value, to study real chemistry
one needs to include the skeleton [Fig. 5
(bottom)]. Without the ‘‘wire’” model
one cannot estimate the absolute magni-
tude of overlaps and gaps, since surfaces
alone do not provide a sense of stereo-
chemical scale.
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Advantages of Real-Time Display

There is no precise definition of the
terms real-time and interactive. The dif-
ference between interactive and nonin-
teractive uses of computer graphics de-
pends on how long you are willing to
wait to see a result. The interval between
the user’s input and the computer graph-
ic reaction should be immediate for
simple tasks such as global rotation or
rotation about a bond. A much longer
wait can be tolerated for a conforma-
tional calculation such as an energy mini-
mization. But even this has an upper lim-
it, and the transition between satisfac-
tory and unacceptable interactive use is
a function not only of the system but of
the user.

Flicker-free interactions require that
the picture on the screen either remain
unchanged (as in a storage tube) or be
updated more rapidly than the flicker fu-
sion frequency of the human observer
(about 20 to 30 cycles per second). The
ability to present a changed picture at
each frame update obviously depends on
the complexity of the picture, the type of
display, and the hardware available. The
classic problem is global rotation of a fig-
ure. Software to do the necessary matrix
multiplication is simple, and for a simple
figure need not be too time-consuming,
but as figures become more complex,
special-purpose hardware is necessary to
keep up with the frame update rate and
to present a smoothly rotating three-di-
mensional object.

Ideally, a hierarchical system answers
these requirements in the most cost-ef-
fective manner. The most important cal-
culations are done locally, possibly in
hardware, with successively less imme-
diate computations transferred to other
machines ).

Future

We now have hardware and software
for selective display of complex objects
in color and stereo with real-time rota-
tion, depth cueing, and interaction. Both
skeletal and surface representations can
be displayed simultaneously, molecules
can be moved rela;ive to one another,
and stereochemical parameters can be
computed. These capabilities provide
most of the features needed for molecu-
lar displays (I8).
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There are many other uses to which
real-time color displays can be put. Crys-
tallographic temperature factors have
been interpreted in terms of internal pro-
tein motions and flexibility (/9). This
problem has also been approached
through molecular dynamics calculations
(20). Not only may these motions be
modeled, but differential coloring for the
more flexible atoms and the more rigid
atoms provides a convenient way to
examine the results. Color is also use-
ful in traditional crystallographic work
such as electron density fitting (‘‘Rich-
ards boxing’’) (2/). When building a
model into electron density, the model
is given one color and the electron den-
sity contours a different color, or sev-
eral different contour levels are dis-
played simultaneously, each in a dif-
ferent color.

In our own molecular surface work
and in the surface pictures of Feldmann
(8), Max (9), and co-workers, the color
scheme is based on atom type or a re-
lated variable. Since the actual location
in space of the molecular surface points
is known, the color of each point may
represent the electric potential at that
point. Charge and dipole interactions be-
tween molecules may then be explicitly
examined. The difficult problem of ma-
nipulating these molecular surfaces
while varying their conformation re-
quires intensive research.

As very large scale integrated (VLST)
circuit technology is developed and
hardware costs are reduced, interactive
raster graphics systems will become
more generally available, although
whether they will soon compete with the
color calligraphic display in speed and
resolution is not clear.

Calculation of derived functions such
as interaction energy will proceed more
rapidly and be extended to higher de-
grees of structural complexity as com-
puters increase in power, and although
computations of greater and greater
complexity will become possible, blind-
ing speed is of little use without illumi-
nating interaction. Real-time three-di-
mensional color graphics provides that
interaction.
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