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COMPUTER DISPLAY OF PROTEIN
ELECTRON DENSITY FUNCTIONS

by
DAVID E., AVRIN

Subrditted to the Department of Electrical Engineering on August 21, 1967,
in partial fulfillment of the requirements for the Degree of Master of
Science,

ABSTRACT

Through X-ray diffraction techniques, it is possible to obtain a
synthesized electron density distribution of a protein crystal, This
thesis develops a procedure, stressing real time, man-computer inter-
action, for using an on-line, simulated three-dimensional display sys-
tem as an aid for the visualization, determination, and modelling of
protein structure from electron density information, This procedure
was developed using the facilities of Project MAC, and in particuler,
the Electronic Systems Laboratory Display Console,

We developed a procedure, using the mode of contouring, that can
meamingfully present regions of a contimuous, three-~dimensional scalar
function to a human observer as simlsted surfaces of constant density.

A routine was developed to extract and display a contiguous volume of
high density from the confusion of its surroundings, upon initiation by
light pen identification performed by the observer. This routine appears
to be a promising aid for determining the pathway of the polypeptide
chain, In effect, it performs a pre-processing to enable the observer
to more effectively use his pattern recognition abilities,

We also developed a simple routine to allow the user to operate
on and model the patterns he observes by drawing three-dimensional
line segments,

The thesis includes discussion of the algorithms of the above
procedures,

An operational procedure was devised to effectively apply the com-
puter routines developed to an investigation of a protein structure.

A test was performed on the electron density distribution of myo-
globin, a protein whose structure has been well established, with the
intention of evaluating the methods developed, Fair but encouraging
results were obtained. There was a strong indication of the necessity
for a display system capable of plotting mamy more line segments with
less flicker, and for use of a synthesized electron density function of
higher resolution,
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The user interaction facilities developed operated smoothly and
conveniently, Furthermore, the capability to contain in core memory
storage the quantity of information required to specify the electron
density distribution of a protein crystal, as well as the programs
required to transform this three-dimensional scalar function to a mean-
ingful display and provide for effective user interactdon was demon-
strated.

Thesis Supervisor: Cyrus Levinthal
Title: Professor of Biophysics
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I, INTRODUCTION

This thesis develops a procedure for using an on-line, simulated
three-dimensional display system as an aid for the visualization and
determination of proteir structure from electron density information.
Our method has its basis in the traditional means used in protein
X-ray crystallography for visualizing molecular structure in electron
density data, However, the use of a digital computer with an on-line
electronic display system, with facilities for user interaction, has
allowed us to make significant departures from the methods used in
this area previously,

Restricted by the limitations imposed by the hardware available,
we sought to develop an optimum system, We started with only a gener-
al notion of the type of display we desired, but quickly began to take
advantage of the extensive {lexibility offered by a display system
such as the Electromic Systems Laboratory Display Console at Project
MAC,

The procedure that subsequently evolved is described, demonstrated,
and evaluated in the following pages, Essentially a continuation of
work begun by William Brodyi, this theslis devises variations on one
particular mode of presenting three-dimensional scalar functions: that
of contouring, It stresses the development of user interaction pro-
visions to increase "the usefulness of the man-computer combination

in solving real problems in molecular biolngy."2
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II, THE THREE-DIMENSIONAL SCALAR FUNCTION PROBLEM

2.1 General Considerations

Although many of the procedures developed in this thesis are
applicable to investigation of any three-dimensional scalar function,
the particular problem to which we addressed ourselves is that of
determination of protein structure from X-ray crystallographic data.
For a discussion of the process of X-ray crystallography, consult
the reference by Wilson,

For the moment, consider the general problem of three-dimensional
scalar functions. The visualization of these functions poses severe
problems, The difficulties are much more complicated than the simple
analogy of looking for a brick in a cloud, More often, the problem is
one of visualizing subtle changes in the density of the cloud, recog-
nizing a pattern in these variations, or identifying specific chapes
or continuities,

Our visual world is composed primarily of opaque surfaces which
have boundaries, obscure objects behind them, and are in turn obscured
by objects located in front of them, In a continuous three-dimensional
scalar function such opaque surfaces do not exist, Such a function con-
tains more, and more subtle information than a function which possesses
discrete surfaces., All the gradual variations in the cloud are seen at
once by the observer, and spatial relationships are difficult to de-
termine., Furthermore the shapes of objects are difficult to define,

There are two broad classes of approach to the above dilemma, The

first seems to involve improving the ability of the observer or aiding
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him in some way to work directly with three-dimensional cloud patterns.
However, even with assistance, the human seems to be incapable of oper-
ating in this visual realm, The second class of approach involves a dis-
play system which performs some type of transformation or information
reduction scheme that will make the necessary leap from the contimious
three-dimensional scalar function to the more familiar visual world of
discrete objects, lines, and surfaces, There are many types of trans-
formations which can be made, However, before discussing the procedure
that we have developed, let us consider the special problem of electron

density distributions of protein crystals,

2,2 Special Problem of Protein Crystal Electron Density Functions

The following comments are not intended to be a thorough discus-
sion of protein structure, but rather a general discussion of some
pertinent features of protein structure which affected the type of
procedure we developed,

In general, a protein is a linear polymer of amino acids, as
shown in Fig. 1, known as a polypeptide chain, The number and
variety of amino acid units varies from protein to protein., The num-
ber of units is of the order of 150, which results in an extended
polypeptide chain length of about 500 Angstroms. The molecular weight
of such a molecule is between 15,000 and 20,000 and consists of approx-
imately 1,000 to 1,500 atoms excluding hydrogen, In a biologically
active protein, this linear chain assumes a specific three-dimensional
conformation. This three-dimensional structure, known as the tertiary

structure, is intimately related to the biological function of the pro-
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tein, Hence this tertiary structure is & question of sxtreme importance
to the molecular bilologist or biophysicist,

The technique of X-ray crystallography makes these three-dimensional
structures accessible to investigation, A purified protein solution is
crystallized and the resulting crystal subjected to X-ray diffraction
studies, The e_sctron cloud of the macromolecule scatters the X-rays,
Through various tricks known as isomorphous replacement and through
Fourier mathematics, it is possible to obtain a synthesized electron
density distribution of a unit cell of crystal.

Consider a contimuous function p(x,y,2) whose value at every

point in the crystal is a measurement of the electron density

at that point, Because electron dense reglons correspond to

the position of atoms, a sufficiently detailed knowledge of

p(x,y,2) suffiges for the localization of all the atoms in

the umit cell,

The procedures which we have developed are primarily concerned
with investigating this three-dimensional electron density function,

A satisfactory display system must enable the user to determine the
location of the protein mclecule in the unit cell and the general
shape of the molecule, to follow the pathway of the backbone of the
polypeptide chain in the synthesized electror density function of
the unit cell, and to construct a model of this pathway, This is

obviously a taxing problem in human pattern recognition,

2.3 Previous Approaches
The most common and successful approach used to date by protein
crystallographers is the "Perspex!" model, The electron density

function can be thought of as being comprised of sequential planes
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two-dimensional scalar functions The Perspex model is constructed
from a series of parallel Lucite sheets, each of which has drawn upon
its surface an ensemble of contours of varying density levels obtained
from a planar section of the unit cell data, Each Lucite sheet rep-
resents one two-dimensional plane in the date array. There are numer-
ous difficulties with this approach., Such models are difficult and time-
consuming to construct, and the difficulty of visualizing regions in the
center of the model remains, Furthermore, planar constraints or effects
are imposed upon the density array by the fact that contouring occurs
only in a single planar orientation, For example, a rod-like structure
such as an alpha helix will appear differentiy to the observer when
positioned in different orientations with respect to the contouring
planes, A planar molecular group such as the heme region in myoglobin
will appear differently depending upon whether the contouring places
are perpendicular to the plane of the heme or parallel to it, A third
obstacle is that it can be difficult to trace the pathway of the
polypeptide chain between layers of the model.

An approach at satisfactory computer generated dot-density display
of a scalar function was attempted by William Brody.4 He at£empted to
generate a dot-density display and simulate three~dimensionality through
real time control of the display of serial sections, The results of
his thesis were not very encouraging for intensity-coded displays, but
yielded invaluable advice concerning more promising approaches, Al-
though he felt that the particular type of display he attempted was
not very successful in being a satisfactory solution to the problem,

he did voice a belief that "suitable methods for displaying three-
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dimensional scalar functiomswith the assistance of the digital computer
do exist,"?
It should be added that two-dimensional contouring programs for

simplifying the construction of Perspex models do ex:ist.6
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IIXI. PROCEDURE DEVELOPMENT AND DESCRIPTION

3.1 Objsctives

Our approach went forward from the work done by Brody by first
back-tracking one step., Due to the limited success of the intensity-
coded serial section displays (essentially an attempt to reconstruct
directly the density information as an intensity-coded display of
suécessiva two-dimensional sections), we chose to generate a contour
display, similar to the Perspex model but which would be generated
by a digital cemputer and be viewed on a simulated three-dimensional
display system such as the Electronic Systems Laboratory Display
Console at Project MAC, Our original goal was to compare the advan-
tages and limitations of a computer :enerated, on-line contour display
and to explore what could be done with such a system that could not be
done with a physical model, This is really a two part question, The
first part concerns the type of picture the computsr can generate and
meaningfully display, while the second part concerns to what extent
the user may interact with such a display and with the computer gen-
erating it in order to bring his pattern recognition abilities and
protein knowledge to bear vpon elucidating the protein structure under

investigation,

3.2 Available Hardware and Software
This project has been developed and performed using the Com-
patible Time-Sharing System (CTSS) and the Electronic Systems Lab-

oratory Display Console (ESLDC) at Project MAC at M.I.T. CTSS
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presently operates with an IBM 7094, The system can service up to
thirty on-line ussrs simultaneously who have access to the computer
at any one of several hundred teletypewriter stations through a
Dataphone link, The system is extremely reliable and has such useful
conveniences as on-line program editing, execution, debugging, and
interaction, The core memory of the CTSS 7094 is divided into two
sections: A-Core (for the CTSS supervisor system) and B-Core (for
the user'!s programs).

The bulk of the project was executed using the ESLDC, "The
purpose for the development of the ESL Display Console was to provide
direct, fast, computer-controlled display plus a flexible set of input
devices including a light pen."7 It is connected to the Direct Data
Connection of the CTSS IBM 7094 Data Channel, Its first useful feature
is its ability to simulate the display of three-dimensional line seg-
ments through user-controlled, real times, simulated rotation, The
ESLDC calculates the isometric projection of the line segments onto
any two-dimensional plane through multiplication by a rotation matrix
which specifies the orientation of the two-dimensional plane with re-
spect to the original coordinate system of the line segments, This
rotation matrix is dynamic; the user cen control its rate and direction
of rotation with a "globe" (a plastic hemisphere approximately six
inches in diameter, gimballed about three orthogonal axes). The
user twists or pushes the globe in the direction of the desired rotation,
and the globe controls in real time the rate of updating of the rotation

matrix in the desired direction, Actually, the plane of projection is
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fixed (the face of the display screen) and, consequently, the three-
dimensional array of line segments appears to rotate with respect to
the face of the display screen, The sequential projections repeat at
a rate dependent upon the number of segments in the picture. Except
for very large or detailed pictures, this rate is above the perceptible
flicker rate, and a smooth, contimuous rotation is observed,

The brain of the human viewer readily constructs a three-

dimensional image from the sequential display of the two-

dimensional images, Such sequential projections seem to be

just as useful to the brain as stereoscopic projections viewed

by two eyes, The effect of rotation obtained from the continu-

ously changing projection nonetheless has an inherent ambiguity.

An observer cannot determine the direction of rotation from ob-

servation of the changing picture alone, Yowever, with a little

practice the coupling between the hand controlling the position
of the globe and the brain becogpes so farmiliar that any ambiguity
in the picture can be resolved,

Other useful features include interaction facilities through push
buttons and a light pen. The light pen operates in two modes: to
identify a particular line segment or segments on the display screen
or to move & tracking cross about the face of the screen, The number
of a push button depressed, the location in the display list of a
particvlar line segment identified with the light pen, and the horizon-
tal and vertical coordinates of the tracking cross are availalle as
output from the ESLDC for input to a program under execution in B-Core
of the CTSS 7094,

The display screen itself is a Type 340 Incremental CRT made by
the Digital Equipment Corporation,

It should be added that the work done in the latter half of the

summer was performed on a new configuration of the ESLDC which operates
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by being interfaced with the 7094 through a PDP-7 satellite computer
used as a display system buffer, This new system performed the same
functions as the old system, but much more efficiently. Most impor-
tant, the new system reduced picture flicker and more than doubled
the size of the available display space.

The complete hardware system is diagrammed in Fig. 2.

fixtensive use was made of the numerous provisions of the CTSS
supervisor system (A-Core). In pasticular, use of the ESLDC in-
volved extensive use of the portion of A-Core concerned with driving
the display system,

The Biology Group of Project MAC has developed a library of
useful procedures, We used these procedures whenever possible, Cer-
tain other B-Core routines concerned with operating the ESLDC system
cormands were extracted from the Biology Group library and modified
with the aid of Thomas Warner. Modifications were necessary because
of the particular interaction procedures developed.

All program development for this project was performed on the CTSS
7094, The great majority of the programming is done in MAD (Michigan
Algorithm Decoder) for the convenience of quickly obtaining working
versions of various procedures and algorithms, Some system program-
ming for usage of the display system commands was done in FAP (Fortran

Assembly Program),

3,3 Consequences of Hardware and Software

It is helpful to consider two of the consequences of the hardware
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and software available: three-dimensional simulation and user inter-
action,

The objective of this project has been to develop a system that
would allow a molecular blologist to investigate a three-dimensional
electron density function representative of a protein molecule, It
is necessary to create a satisfactory three-dimensional effect to
enable a person to establish spatial reiationships and to perform
three-dimensional pattern recogrition., User controlled real time
similated rotation of a line segment represented in three space as
(xz-xl,yz-yi,zz-zi) with respect to a projecticn on to a viewing
plane (the face of the display screen) as (hp-hj,vp-v{) appears to be
a dimension-decreasing transformation. However, when the display is
"rotating" the transformation is actually dimension preserving:

(xp=X1,¥2~¥1,22-21) === (hp~hy,vp-vq, time)
with the transformation being achieved by a dynamic rotation matrix
controlled by the globe as previously described. The three-dimen-
sional simulation occurs because the mind is able to use the time-
encoded horizontal-vertical patterns to reconstruct the three-
dimensionality of the picture,

Convenient provisions for the user to interact with the display
should enable him in some way to keep track of the portions of the
molecule that he has investigated, to use light pen identification
to extract contimuous regions of high electron density from the con-
fusion of their surroundings, and to construct directly a model of

the structures observed,
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3.4 Development

Since it was declded to create displays through the mode of con-
touring, the first programming necessity was the development of &
general, simple contouring program, The algorithm, to be described
later, was provided by Professor Cyrus Levinthal. The output from
the contouring program was displayed on the ESLLC through a modified
version of the dipslay routine developed for the Blology Group Protein
Structure Program Package, The necessary system programs were obtained
from the Biology Group library routines,

The contouring program was successful in transforming density
data from several sections of successive parallel planes of the den-
sity array into a stack of contour maps, The line contours of con-
stant density were broken-line approximations to a curve, The ability
to rotate the generated contour display in real time, combined with
the ability to simultaneously display an ensemble of contours of
several density levels enabled us to achieve a limited approximation
of the effect of a Perspex model, However there were two severe
restrictions.

The first limitation was a consequence of the display system, Due
to the size of the A-Core space allotment for the display list (display
space), our display originally could be constructed from no more than
450 straight line segments (visible and invisible), This was a very
stringent limitation considering the complexity and size of the den-
sity distributions we wanted to look at, Although this display space

limitation, even with the new ESLDC PDP-7 buffer configuration, has
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proved to be our most persistent and frustrating difficulty, para-
doxically, the development of our most powerful procedure resulted
primarily from an effort to overcome this problem,

The second disadvantage was the planar constraints imposed upon
the appearance of various density formations due to orientation with
respect to the contouring planes, This effect was most noticeable
when looking at a planar structure such as the heme group of myoglobin
as discussed earlier. Similarly, rod-like distributions of high den-
sity appeared quite differently if they were parallel rather than per-
pendicular to the contouring planes,

At first the simplest solution to the latter difficulty seemed
to be to write a program which could arbitrarily rotate the scalar
density matrix upon which the contouring program operated by inter-
polating its values on to a matrix of different orientation, Then
we could look at the same density distribution contoured in planes of
an arbitrary orientation, However, this attempted solution did not
alleviate the central problem of plenar constraints being artificlally
imposed upon a three-dimensional distribution. In fact, rotating the
matrix from the coordinate axes of the unit cell introduced even more
problems, Also, the operation could not be performed in real time,

One significant benefit did result from this effort to eliminate
planar constraints from the display, In an attempt to simplify the
work of the matrix rotation and interpolation routine, it was decided
to generalize the contour routine so that the planar contouring opera-

tion could be performed in any one of the three orthogonal sets of
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parallel planes of the three-dimensional data array, This improvement
was a simple modification of the contouring program causing the algo-
rithm to operate in horizontal and vertical coordinates at a specified
depth, A control variable caused the proper correspondence to be made
between (horizcntal, vertical, depth) and (x,y,z) to obtain the proper
value of the density function at a desired point (h,v,d) from the den-
sity array for the contouring program,

Out of curiosity we simltaneously displayed contours in x-y planes
of constant z, y-z planes of constant x, and z-x planes of constant y.
Only one contouring density level was used, The psychological effect
of this display was dramatic. Display of contours in sequential pa-
rallel planes in effect reduces a three~-dimensional scalar function to
a series of two-dimensional scalar functiong While a two-dimensional
scalar function can be simulated by an ensemble of contour lines of
constant density, by extension, a three-dimensional scalar function
is best sirulated by an ensemble of surfaces of constant density rather
than by a stack of lines of'constant density., This display created
an excellent impression of a surface of constant density, as demon-
strated in the series of photographs in Fig. 3, Planar constraints
were essentially removed; similar density distributions no longer
appeared so different at different orientation in the matrix, The
picture never degenerated when rotated, as contours of a single set
of parallel planes would do when viewed edge-on, It was also ob-
served that just two of the sets of orthogonal contours produced almost

as profound an effect as all three sets, although the picture was
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subject to degeneration from two points of observation, However
helpful this new display appeared, it complicated the already severe
problem of the display space limitation,

It should be emphasized that it was at this point that our
display system began to depart from being merely the electronic
analog of the plastic Perspex model., We had generated a display
which is practically impossible to build in plastic or any other
media other than soldering wires together, However, we were still
not using the ESLDC system to full advantage, for we were operating
only in one direction, from our prograus in B-Core of the CTSS 7094
to the display system, and, other than the real time rotation globe
and the teletype, we wexre not taking advantage of the powerful pro-
visions of the ESLDC for user interaction.

The first type of user interaction developed was suggested by Brody,
"I think the user should be able to have the light pen at his disposal
to construct a three-dimensional line segment model of the protein
while he is looking at (the display) of the electron density."9

A simple routine was developed for drawing a series of straight
line segments of arbitrary length and number of segments in three
dimensions by using the light pen and the light pern tracking cross,
It was intended that this line could be passed or threaded through
continuous regions of high density when such regions were observed
by tho user, It was optimistically anticipated that such a
broken line could be passed through the length of the

peptide chain., The user could then call for dispiay of an adjacent




(27)

cubical region and attempt to continue the line in sequential fashion
from cube to cube,

However, we were forced by display space considerations to look
at quite small portions of the unit cell density array--approximately
a cubical region eight data units per side which corresponds to a
volume of approximately eight Angstroms per side, This is certainly
not a very large region considering the viewer hopes to follow a
chain that is approximately 500 Angstroms in length and that winds
into a globular molecule up to forty-five Angstroms in diameter,

An overview of even secondary structural features is impossible,

Although the drawing routine was developed to a satisfactory
level, the process of attempting to follow regions of high density
from cube to cube in this manner proved extremely disappointing.

The drawing routine will be briefly discussed now, because a
significant psychological effect is involved and had to be dealt
with, To draw a straight line in three dimensions, one has to specify
the (x,y,z) coordinates of the end points, However, the light pen
and its tracking cross can provide the B-Core program in the 7094
with only the horizontal and vertical coordinates of the tracking
cross position, This difficulty can be resolved by using the light
pen and cross twice for each end point as indicated by the series
of plctures in Fig. 4.

First a button is depressed which causes an x-y projection to
be displayed on the screen. The tracking cross is then moved with

the light pen by the user to the desired location of the end point
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of the straight line segment on the display screemn, A second button
is then depressed to send the (h,v) coordinates of this peint to

the B-Core program, Then a third button is pushed which causes the
picture to be displayed as a z=y projection. The tracking cross is
moved to the new location of the same desired first end point on

the display screen., The second button is depressed again to send
this second pair of (h,v) coordinates to the B-Core program. The
first h coordinate corresponds to the x position of the end point,
and the second h coordinate corresponds to the z position, The

two vertical coordinates should be very nearly the same, since both
represent the y position, The y position is obtained by averaging
the two vertical coordinates, In this manner the two sets of (h,v)
coordinates are converted to one set of (x,y,z) coordinates, and thus
the first end point locus has been established, The process is
repeated again for the second end point, and for as many end points
as necessary to determine a series of connected straight lines con-
sisting of the specified number of segments,

The psychologlcal effect mentioned above results from the
following situation, In order to use the light pen and tracking
cross to determine the locus of the end point in three dimensions,
this end point must be closely associated with some object or por-
tion of surface in the display in order for the user to be able to
locate this same point in x-y and z-y projection, It was found
to be necessary that the user be able to rotate the picture

slightly from the x-y or z-y projection to reassociate what he sees
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in projection with his prior visuel familiarity with the picture
being displayed. In other words, if the user becomes familjar with
the spatial relationships in a given picture hy rotating it, he may
not be able to correlate a static x-y or z-y projection of the picture
with his previous visual experience, However, a slight rotation

from the x-y or z-y orientation succeeds in reestablishing the proper
correlation between the projection and the user's familiarity with

the picture,

At this point, although we were able to generate convincing
surfaces of constant density, we were still up against several walls,
a few of which have not even been mentioned yet, Cur display was
absolutely worthless unless we could show the user what he wanted to
see, It was decided that a mors efficient way of using the limited
display space was necessary, The method, which has powerful impli-
cations that will be considered later, was to allow the user to
select or identify with the light pen any one of several 'pieces
of surface" found in a particular cubical section, The object was
to create a display consisting only of the complete surface of con-
stant density of which a piece was identified, using the entire dis-
play space for this single continuous surface object. In this way
the user would not be impeded by artificial boundaries imposed by
contouring and displaying a small cubical section, but rather would
see a "surface object" enclosing a particular contiguous volume of
density above a specified level,

This type of display appeared to be helpful in several ways,
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First it conserved the display space while showing the user a picture
that was mich more valuable to him, It isolated a particular high
density pattern from the complexity of the surrounding regions, In
particular, with regard to tne protein problem, where one of the first
objectives cf the user is to follow the pathway of a long polymer, it
appeared hopeful that this routine could, with the user's assistance,
find and display lengthy tubular patterns of high density, isolate
them, and thus perform a limited pre-processing for the user, enabling
him to focus his attention on the three-dimensional shape of the
delimiting surface he obtains through interaction by identification
with the light pen, The user could then apply his molecular knowledge
and pattern recognition abilities mich more readily.

Of course the shape, continuity, and degree of connectedness
of the surface the user observes is highly dependent upon the value
of the surface contouring density "threshold" level specified and
the resolution and sampling frequency of the electron density function,
Hopefully, connectedness of two regions which appear isolated at one
density level could be established by investiga‘ing the regicn be-
tween them at a lower density level., This approach will be returned
to later,

In effect, the entire procedure is performing two additional
transformations on the three-dimensional scalar information, Density
information, rather than being prasented as a continuous function
in three dimensions, is being separated into displays of discrete
suwfaces of varying density levels, and into individual surface



displays of varicus regions of the molecule, Particularly when
attempting to establish connectedness or continuity, it appears
that with an aid such as line drawing, the mind is extremely
capable of reacsembling this temporal ensemble of surfaces into

a working knowledge of patterns, contimiity, and spatial relation-
ships in the density function,

Although we had found and exploited several intriguing effects,
we were still plagued by the twin problems of B-Core memory space
and display space. It became obvious that a satisfactory working
version of the above procedure would necessitate some form of data
reduction and/or condensation,

To appreciate the magnitude of these difficulties, consider
the following facts. 77,777 octal locations or 32,768 decimal locations
of thirty-six bit words are available for the user's programs and
array storage in B-Core of the CTSS 709%. The scalar density array
of the Fourier synthesis of the myoglobin cell was evaluated on a
sixly by thirty by thirty grid, for a unit cell whose dimensions
were:

a = 64,54, b = 30.86 A, c= H7A
ji,e., the data were originally evaluated at approximately one Angstrom
intervals, Fourier intensity and phases out to four Angstroms were
supplied to the Fourier program, The value of the synthesized elec-
tron density function ranged from zero to 796 and was evaluated for
54,000 points within the unit cell.

The first approach attempted was to scale the density array from
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zero to sixty-three instead of zerc to'796. A test was performed by
superimposing two pictures of a plane gf data, one picture derived
from contouring the full-valued plane at one level, and the other
obtained by contouring the plane of scaled-down data at a corres-
pondingly scaled-down contouring density level, The pictures super-
posed almost perfectly. One or two lines out of approximately 200
were discernibly different, and only by an amount corresponding to

one or two increments on the face of the display screen. The con-
clusion was that a scaled-down version of the data would provide
essentially the same picture, We were now in a position to pack

the scalar array six six-bit words to a thirty-six bit word of memory,
In other words, the entire unit cell could be contained in 9,000 words
of B-Core storage. Considering, however, that the two halves of the
unit cell of myoglobin are related by a two-fold screw axis (P24), and
that most protein crystals possess some such symmetry relation, the
number of words of core storage required for the complete density
array information could be dropped to below 5,000 words for myoglobin
and for similar sized proteins at four Angstrom resolution.

This, however, offered absolutely no improvement for the problem
of display space limitation, Due to the observation that, although
the broken line contours did not look like continucus curves, they
were satisfactorily smooth, we began to consider the problem through
the following reasoning, The number of lines required for display
of a particular volume is proportional to the cube of the frequency of

sampling of the electron density distribution of the unit cell, In
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other words, suppose the data array sampled the unit cell electron
density distribution with a fifteen by fifteen by thirty matrix
rather than with a thirty by thirty by sixty matrix, Hopefully such
a matrix would create a similar picture to the qriginal matrix, but
using (%)3 or one-oighth as many lines, This apprecach was attempted,
and the results were extremely unsatisfactory. There appeared to be
very little correlation between the picture of the array sampled
every two Angstroms and the picture of the original array sampled
every Angstrom at the same density level,

A satisfactory explanation was found, and that answer led us
to make a modified, slightly less drastic attempt &t condensation
which proved to be relatively successful, There is a theorem con-
cerning data sampling known as the Nyquist Sampling Theorem.10
Its result states that in order to preserve all the information
contained in a signal when sampling it, it is necessary to sample
the signal at a rate equal to twice the frequency of the highest
frequency component contained in the signal. The contours we dis-
play are essentially a straight line reconstruction of a three-
dimensional array of sampled data, The highest frequency component
in the trial density array we used was four Angstroms, When we
condensed it to a fifteen by fifteen by thirty array, the signal
was sampled every two Angstroms, which is exactly the minimum
Nyquist rate for the four Angstrom information in the picture,
Consequently, this four Angstrom information broke down, For the

type of molecular structure with which we are dealing, this four
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Angstrom information is necessary for satisfactory visualization
0. the structure., Furthermore, a straight line reconstruction
of sampled data is hardly an optirmum method of reconstruction,

Feeling reasonably confident of the validity of the above
explanation, we attempted a second condensation to a twenty by
twenty by forty matrix corresponding roughly to a one and a half
Angstrom sampling interval, The advantage factor in display space
limitations was (2/3)3 = 8/27, that is, approximately 3.5 times as
mich volume could now be seen,

The qualitative results were as desired, Although the contours
of the condensed array were substantially rougher in appearance, the
contour surfaces at first seemed to display essentially the same con-
tinuities and shapes apparent in the original array. Most significant,
the number of lines required to display the surfaces of constant den-
sity in a particular region were reduced by a factor of -approximately
1/3 as predicted, This represented a significant gain, and relaxed
considerably the display space limitation, We were now in a position
to be able to see satisfactorily large sections of the type of regions
and surfaces for which we were looking, However, it remained to be
proven to what degree the continuity of high density regions was
maintained in this condensed array., Eventually, however, even this
condensation proved to be unsatisfactory.

Two other instances of word packing to conserve B-Core space were
found to be necessary, First, a Boolean array was needed to keep

track of the locus of contours already determined in order to avoid
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redundant contouring. The details of the information necessary to
specify this situatioﬁ, as well as the format of this Boolean array,
will be described in detail later,

Second, whenever a point in (x,y,2) space was determined as one
of the points along the broken line contour, its x, y, and z coordi-
nates were packed into a single thirty-six bit word., These coordi-
nates are integers allotted sixteen integer increments per data unit,
In other words, the x coordinate at a data point at x = 2 in the data
array is listed for display purposes as X = 32 = 2 x 16, The packing
format is indicated in Fig, 5. The sign bit is reserved to indicate
whether the line to the point from the previous point is to be visible
or invisible, Bits one and two are left vacant, Bach x, y, and z
coordinate is allotted eleven bits. Therefore each coordinate may
be represented by an integer from zero to 2,047, Considering the
field of the display screen to be 1,024 bits in width and 1,024 bits
in height, eleven bits per coordinate will be able to give a satis-
factorily fine specification of the point location on the display
screen, because the point will be specified more accurately than the
digital display system can plot it,

The final version of the display package contains three subroutines
which alleviate several problems not previously mentioned, The first
problem concerns the fact that, given a unit cell of protein molecule,
portions of the molecule may extend past the boundaries of the unit
cell regardless of how the unit cell boundaries are specified with

respect to translation along any one of the three crystallographic
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Figure 5. Packing Format of Density and Contour Arrays
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axes of the unit cell, Since ve desired to see all portions of a
single molecule in their proper spatial relationships, and definitely
did not want the boundaries of the unit cell to impose any artificial
constreints upon the generated display of the protein molecule, we

defined a working volume of three by three by three unit cells,

twenty-seven in all., We would operate primarily on a molecule in
the central cell, with the understanding, knowledge, and intention
that our investigations of this molecule could carry us into any of
the surrounding twenty-six cells. It was obviously redundant and
(with respect to B-Core space) impossible to define the data array
over these twenty-seven unit cells by repetition of the array of a
single cell, Instead, a simple routine was written to translate the
coordinates of any point in the working volume back to the central
unit cell for the purpose of obtaining the proper value of the density
atthat point and to perform the Boolean operation mentioned above
for avoiding redundant contoﬁring.

One further point should be added. Very often in protein crys-
tallography, a unit cell will be comprised of two or more agymmetric
units, A single asymmetric unit contains all the electron density
information needed to construct the entire unit cell, The individual
asymmetric units in a unit cell are related by a symmetry operation,
For example, in myoglobin, the entire unit cell may be constructed
from the asymmetric unit by performing a two-fold screw-axis rotation
(P24). The symmetry operation for a particular protein crystal

may be added to the translation function described above and thereby
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reduce the size of the array needed to store the electron density
information by at least a factor of two, because only the data of
the asymmetric unit must be specified,

This symmetry operation, apart from certain dimension and
initial value declarations, is the only non-general part of the
procedure we have dsveloped. In other words, the procedure we
have developed can be readily applied to any protein crystal,
with modifications in umit cell dimensions and symmetry opera-
tion,

A second subroutine performs the Boolean check mentioned above,
Once a contour of a specific density level has been determined to
pass between the two points of the data array, and its locus has
been interpolated between those two points, it is essential that a
second contour, co-planar with the first contour is not passed
between those two same points. From the conditions of this problem
it follows that nn less than six bits are required for this violation.
check for every point in the data array, as will be described in
detail later.

The third subroutine merely extracts the correct six-bit word
containing the density value at a particular point in the data array
and supplies it to the contouring program,

Before describing specific details of the dicplay procedure,
the impact of the user interaction provision should be emphasized.
First, three-dimensiorality can be effectively sirmlated by real

time control of rotation. Second, points can be specified with the
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light pen in the thren-dimensional working volume for the purpose
of tracing lines or *ndicating the center of the cubical reglon to
be examined, Line drawing enables the user to keep track of where
he has been and where he is going in the worlkding volume as well as
construct a model of structures he has observed, Third, the light
pen may be used to identify a portion of the surface in a cubical
region for the purpose of initiating a routine which extracts and
displays the single, complete, contiguous surface conmected to the
point identified, enclosing a continuous region of high density

(i.e., density above the specified contouring level).
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IV. AILGORITHM DETAILS

4,1 Organization and Content of Procedure

The procedure was written primarily in MAD (Michigan Algorithm
Decoder) and consists of a main control program (PEPTID), nine exter-
nal functions, and two adapted FAP Biology Group library routines,
Each extermal function contains several internal functions, Fi. st
the orgamization of the program will be described, and then details
of the several key routines will be elaborated,

It mst be emphasized that the core of the entire procedure is
the contouring algorithm contained in the external function FOLLOW.
This algorithm, when operated in all three orthogonal sets of parallel
planes of the three-dimensional density array, performs a transfor-
mation on the array, It makes it possible for the user to effectively
Visualize this three-dimensional scalar function by creating a tem-
poral ensemble of surfaces of constant density, This contouring
procedure may be called through one of two modes,

The entire procedure is organized about a READ DATA statement in
PEPTID, This statement is followed by a series of conditionals which
direct the program into one of several modes of operation specified
by the user through the teleZype, First, the user can request to see
a display created previously and stored on pseudo-tape, or he can
request a currently displayed picture to be saved, Second, he can
request a particular cubical volume to be surface contoured and dis-
played by providing the boudaries of the volume, and specifying the

density to be used for the contouring operation, Third, he can put




(44)

the program into "input-wait! status by entering CONTIG. In this
situation the B-Core program in the CTSS 7094 continues operation
upon receiving a light pen identification from the ESLDC through
the "get attention! subroutine GAT. CONTIG then assembles a con-
tiguous surface of constant density connected to the point iden-
tified by the light pen, Fourth, he can enter the routine STICKS
to perform line drawing, observe or erase lines previously drawn,
or use the SUROND option to observe the surface contours of a cubi-
cal region centered about a point identified by the light pen, all
these display system interactions require the use of the 1ljight pen,
tracking cross, and push buttons, and consequently involve the use
of the routine GAT to convey this information from the ESLDC to

the procedure under execution in B-Core,

Lk,2 FOLLOW

4,2,1 Core of the Contouring Algorithm

We developed an extremely general contouring algorithm, The
following example should serve to illustrate the core of the con-
touring algorithm, Consider four co-planar points, each located
at one of the vertices of a2 square as illustrated in Fig, 6. Each
point corresponds to a point in a three dimensional (x,y,z) scalar
data array., The value of the scalar function at each of these points
may elither be greater than, equal to, or less than a specified value.
To avoid certain ambiguities, we will define the value of the scalar

function at a point as being greater than the specified value if it
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is equal to the specified value, Then, any one of the sixteen pos-
sible combinations in Fig., 7 can result, where '4!" indicates that
the value of the scalar function is greater than the specified value
and "-" less than the specified value,

Certain conditions may be determined from the complete set of
possible combinations in Fig. 7. An edge is defined as the line
segment between any two directly adjacent data points; a good edge
is defined as an edge whose end points have opposite sign (i.e.,
the values of the function at the two points straddle the specified
contouring level),

1) A contour will cross only good edges.

2) A contour will either enter or not enter a given square,

It will not enter a square only if none of the edges are
good edges, as in Fig, 7(a) and 7(n).

3) There must be an even number of good edges: zero, two,
or four,

For two of the cases illustrated in Fig. 7, namely (o) and
(p), there exists an essential ambiguity. These are the only two
squares which contein two contours, Furthermore, these two squares
represent identical situations in that the value of the scalar
function at the four points alternates "$" and "~" around the ver-
tices of the square with respect to the specified contouring value,
Two facts should be noted for this situation. Two contours pass
through the square, and three different but completely satisfactory
sets of contonr loci can be established as indicated in Fig, 8,
Our algorithm resolves this ambiguity by arbitrarily allowing

8ca¢ 10. 80‘020. 80b010' 8.b.2.. but not 8.3.3, or 8.b.3. Cur




(47)

N

+
(a.1) (a.2) (a.3)
- + - + - +

\ /
AN . . . _
(b.1) (b.2) (b.3)
Figure 8,




(48)

contours will not cross in the interior of a square, but will instead
create a saddle point, The reason for the above situtation is that
once a contour has been determined to cross a good edge of a square,
the remaining edges of that square are examined in a clockwise fashion
from the entrance edge to determine where on which edge the contour
exits the square, Obviously for the ambiguous case the next adjacent
edge will be determined to be a good edge, and the contour will exit,
Consequently, this first contour will pass in and out of the square
through adjacent edges, Furthermore, whenever a contour crosses a
good edge, this edge is registered as having already been used for
contouring, and a second contour of the same density level will not
be placed through it, The second segment of contour to pass through
this ambiguous squars can only pass through the remesining two edgss
which will also be adjacent, Hence the two contour segments will

not cross in the interior of the square. 35ee Fig, 9,

4,2,2, Following a Contour

FOLLOW performs the process of following a single contour from
square to square in a two-dimensional plane of data, This process
derives directly from the above discussion., In general, if a contour
exits a square through a good edge, it must enter the adjacent square
through the same edge, In other words, the exit edge from one square
becomes the entrance edge to the next square as the locus of the con-
tour is followed in the plane of data, Whenever the contour is
found to cross a good edge, a linear interpolation is performed

along the edge to determine the location of the end point of the
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broken line segment, approximating the path of the contour through
this square, FOLLOW packs the (x,y,2) coordinates of this end point
into a single three-dimensional bit word of the KLIST according to
the format previously described.

The straight line segment approximation to the contour is achievod
by constructing straight line sagments between consecutive interpolated
end points, That 15, a series of straight line segments are constructed,
one in each square, from the interpolated point on the previous square's
exit edge (the current square's entrance edge) to the interpolated
point on the current square's exit edge, This broken line approxi-
mation to a curved contour can be quite satisfactory if the data points
are close enough (with respect tc the wavelength of the highest spa-
t2al frequency component of the data array), for then the broken
line approaches the curve that it is approximating.

The routine FOLLOW, which performs the labor of contouring, must
be provided with a starting point. This starting point may be
specified through two vastly different modes of operation, PRISHM

and CONTIG,

4.2.3 Plane Orientation Specification

Since the contouring algorithm operates in horizontal-vertical
coordinates in planes of specified depth and in any one of three
orthogonal planar orientations, it is necessary to relate the
(x,y,2) coordinates of the data array to the (horizontal, vertical,
depth) coordinates of the contouring procedure and vice-versa, A

control variable determines whether contouring is to be performed
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in x-y planos of constant z, y-z planes of constant z, or z-x planes
of constant y, This control variable makes thoe correct association
botween (h,v,d) and (x,y,z) by means of an indexing procedure,

This association is necessary to extract the correct value of the
scalar function from the data array and provide it to the search-
ing and contouring routines as the value of the function at a
position specified by (h,v,d), Also, it is necessary to express

the positions of points determined along the locus of the contour by
the planar contouring operation in terms of (x,y,z) coordinates of

the original array,

L,3 PRISH

It should be apparent that if the user desires to see contours
of a rectangular section of the working volume, a line by line,
plane by plane scan can be performed in this rectangular volume
to determine the crossing of contour loci., Whenever the scan detects
a good edge between two adjacent data points and this edge has not
been previously contoured in the plane orientation being scanned,
FOLLOW is called, and the two adjacent points are provided as a
starting position for the contouring operation,

Tn this situation FOLLOW terminates when one of two conditions
is satisfied, The contour will either cross the boundary of the
specified region, in which case it will terminate at the boundary,
or it will be followed back to its starting point, where it will
terminato,

PRISM causes the planar searching and contouring operations
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Lo be performed three times: once in each of the three sets of

narallel planes of data perpendicular to each of the coordinate

axes of the data array, 1t is this ability to line contour the
three-dimensional array in three sets of orthogonal planes and

display the contours thus found simultaneously that enables the routine
to simulate display of surfaces of constant density, when all three
sets of contours have been determined control is returned to the

main program PEPTILU and the resulting KILIST array prepared by the

external function UAWIRE for visual display on the KSLDC,

4 4 CONTIG

As mentioned previously, we developed ar extremely helpful
routine, CONTIG, for exﬁracting and displaying single contiguous
surfaces of constant density. The algorithm for constructing
these contiguous surfaces is based upon the following idea, Kach
edge between any two directly adjacent points in the data array
lies along the intersection of two orthogonal planes, each of which
contains a plane of the data array and is perpendicular to one of
the three axes of the array as illustrated in Fig, 10, If the scalar
function at the two adjacent points straddles the value of the con-
touring density level, a linear interpolation can be performed to
approximate the locus of a planar line contour passing between these
two points, However, when line contouring in all three orthogonal
sets of parallel planes, this interpclated point is common to two
line contours, each one situated in one of the two perpendicular

planes containing this edge as indicated in Fig, 10,
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bemonstration of CONTIG Algorithm
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If a single contour in a single plane is identified with the
light pen as belonging to a surface that the user desires to see,
the construction of the entire surface can be started by using each
of the vertices along this broken line contour to initiate the
following of the other remaining contour in a plane perpendicular
to the original contour that must pass through that point, Each
new contour found and added to the KLIST also adds new points to
be used for possibly initiating the following of more orthogonal
contours, Of course, a point that has already been contoured in
two perpendicular planes is not used to initiate a redundant contour,
The above process continues until all of the points of the contours
found have been checked for possible new contours intersecting that
point, Termination will occur either when the complete contiguous
surrace of constant density has been found or until the display
space limitation is exceeded,

There is one ambiguous situation in the above algorithm,
If a contour passes directly through a data point because the value
of the scalar function at that point is precisely equal to the
contouring density level, it is difficult to define '"between"
which two adjacent points this contour passes, Furthermore, there will
be three contours, each located in one of three orthogonal planes
which pass through this point, We solved this ambiguity by ignoring
the situation, because it is almost assured that this point and these
three contours will be located anyway by the above algorithm, The

contours comprising the surface all intersect at so ﬁany points
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that the exclusion of this exceptional case will nct affect, except
in unusual circumstances (where two surfaces contact at only one
point), the complete construction of the surface,

The light pen identification is supplied through the FAP
routine GAT. It extracts the index of the line segment identified
by the light pen in the display list from the attention buffer in
the ESLDC software system, and provides this index to CONTIG. CONTIG
then relates this index to the index in the KLIST of the coordinates
which specify the second end point of the line segment identified,
This index is supplied to an internal function called DISECT, which
determines from the (x,y,z) coordinates of the end point the two
adjacent data points between which it lies, It then selects one
of two possible contouring plane orientations (see Fig, 9) and
supplies the necessary starting information to FOLLOW,

This initial contour is followed until its starting point is
arrived at again, Once this first cor’our has been placed in tbrs
KLIST, the routine becomes self-generating, A pointer starts from
the first word in the KLIST, and uses the (x, y, z) coordinates of
each point to follow the second of the two contours passing through
this point in the plane perpendicular to the existing contour, With
the completion of each contour added to the KLIST, the pointer moves
down the KLIST to the next word, that is, the pointer moves along
the contour to the next end point of a straight line segment or to
the starting point of the next contour indicated,

It DISECTs each point and, if that contour has not been pre-
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viously followed, calls FOLLOW to follow the second contour passing
through that point., If this contour has been determined already,
the call to FOLLOW is skipped, and the pointer moves one more word
down the KILIST.

When terrdnation occurs, the resulting picture stored in KLIST
is prepared for display by DAWIRE, The picture is sent from the CTSS
7094 down the Direct Data Channel to the ESLDC, Control is returned

to the main program PEPTID.

4,5 VIOL

wWhenever an edge is examined to determine if it intersects the
locus of a new contour or of a contour being followed in a plane of
the data array, a check mst also be performed to determine whether
or not a contour of specified contouring density level has alrsady
been determined through this edge. The external function VIOL per-
forms this check, The information required and the related format of

the packed Boolean array is derived from Fig, 11, The information

supplied as arguments to VIOL are the (x,y,z) coordinates of the two end

points of the edge, a control variable indicating the orientation
of the contouring plane (i,e., x~y planes of constant z, y-z planes
of constant x, or z-x planes of constant y,. and a Boolean variable
which indicates whether the call is for a check, or to register a
new good edge,

Three edges are defined as belonging to each point in the data
array, as indicated, Each edge extends from its associated data

point either in the direction of positive x, y, or z, Fach edge
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Description of VIOL Format
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may contain a point belonging to two contours, each of which is
located in perpendicular planes, when a new contour has been
determined to pass through a point on the edge between two points
(xa’ya’za) and (Xb.yb,zb), the (x,y,z) of the point in the data
array with which this edge is associated is determined by
(x,y,2) = (mn(x,,%x.), mn(y,,yy), mn(z,,2y))

This (x,y,z) location of the peint in the data array to which the
edge is associated is used to index the correct packed six-bit word
containing the Boolean information as indicated in Fig. 1L If
the second point is located in the direction of positive x, y, or z,
a control variable POS is set equal to one, two, or three respectively,
POS locates the proper two-bit segment of the six-bit word since each
edge may contain a point belonging to two contours, each of which
are located in perpendicular planes, Each bit of the two-bit segment
is reserved for one of these two possible contours, as shown in Fig. 11,

‘When a contour is determined to cross a good edge, the correct
bit, which is identified as described above, 1is set to one, Whenever
these two points are encountered again in the same planar orientation
and fcr the same value of contouring density level, a violation is
returred to the particular calling program to prevent redundant
contouring, The packed violation array VIL is cleared before a new

contour picture is created,

4,6 TRANS

TRANS is a trivial subroutine which eliminates the problem caused

.
e A
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by having poriions of the molecule extend beyond the boundaries of
the unit cell, as previously mentioned, It also conserves the amount
of core storage required to specify the density array for the unit
cell by employing a symmetry operation to operate upon the data of
the asymmetric unit, It utilizes two principles: first, that a
protein crystal can be treated as one period of a three-dimensional
periodic function, and, second, that this three-dimensional periodic
function has internal symmetry relationships, The entire display pro-
cedure operates over a working volume of twenty-seven unit celis.
However, electron density data and the VIL array are only specified
for the asymmetric unit of the central unit cell,

The function of TRANS is to transform the coordinates of a point
(x,y,2) in any one of these twenty-seven unit cells into the central
unit cell and then into the asymmetric unit of the central unit cell
for which the data .s provided, It operates by merely shifting the
x coordinate of the desired point by the dimension of the unit cell
in the x direction until the translated x coordinate is within the
central unit cell, and then performs the same operation on y and z.
Then, if the point in the central unit cell is located in an asym-
metric unit for which the data has not been provided, the correct
symmetry operation is performed to relate this point to a point in
the asymmetric unit for which the data has been provided, The routine
then returns these shifted coordinates to the calling program for the
purpose of extracting a value from the density array, or for register-

ing or checking a violation in VIOL.
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4,7 LENS
DENS merely locates the correct six~bit word in the packed elec-
tron Gensity array t~ supply the value of the density function to the

calling routine,

4,8 STICKS

STICKS is another extremely useful function for user interaction,
Its primary purpose is to enable the user to use the light pen with
tracking cross and buttons to draw stick models in three dimensions to
keep track of portions of the function he has explored,

The user draws a three-dimensional line by specifying with the
light pen and the tracking cross the end points of the line in three
dimensions, However, it is necessary to perform this task in a
slightly round-about fashion because the surface of the display screen
is, of course, only two-dimensional,

We modifisd one of the Biology Group system routines, GaT, to
update the real time rotation matrix of the ESLDC to create either
an x-y or a z-y projection of the display upon receiving an "atten-
tion" from the button box, To specify a point in the picture in
three dimensions, it is necessary to identify the point twice with
the tracking cross as described previously, once in an X-y pro jection
and once in a z-y projection., The ZSLDC sends the horizontal and
vertical coordinates of the tracking cross on the display screen
to B-Core of the CTSS 7094 through the routine GAT upon sensing an

"attention” from button number five,
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STICKS takes these two sets of hordzontal and vertical coor-
dinates and from them determines the (x,y,z) of the points specified,
Other end point: may be specified in the same way, and a line between
the two end points can be displayed on the ESLDC, A broken lirne
consisting of several straight line segmenis may be drawn merely
by specifying the number of segments to be constructed through the
variable LINES, and by specifying (LINES 4+ 1) end points with the
buttons, pen, and tracking cross, The coordinates are inserted into
a packed array SLIST which has the same format as the KIIST described
earlier,

Iines drawn in this manner may be stored external tc the program
oy writing a disk pseudo-tape of the SLIST. All the lines stored in
this fashion may be seen by requesting the pseudo-tape to be read
into the BLIST array and by requesting the BLIST array to be displayod.
The paciing format of BLIST is also identical to the format of KLIST.
A line previously constructed may be erased when desired by identi-

fying it with the light pen.

4,9 SUROND Option in STICKS

The ability to specify pocints in the three-dimensional working
space as described above has an additional advantage apart from
drawing line segments, It provides a very convenient means for
requesting a particular cubical volume of the working space to be
contoured and displayed. A Boolean control variable SUROND is
turned on (set to 1B), and the light pen, tracking cross, and buttons

are used to specify the center of the cube desired through the position
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identification scheme desecribed above, Using the specified point as
center, symmetrical boundaries in (x,¥,2) coordinates are determined
to define the cubical volume to be contoured and displayed, The ex-
tent of the cubical volume specified encompasses a region of seven
to nine data points on a side, corresponding approximately to seven
to nine Angstroms on a side,

Once the boundaries have been established, the standard procedure
for contouring and displaying this cubical region is begun by calling
PRISM. This is another extremely helpful application of the user
interaction provisions of the ESLDC, It is particularly useful for
establishing continuity between two adjacent regions of high density
and for selecting pieces of surface for initiating CONTIG to follow

regions of high density,

4,10 Saving Display Fields

One further convenience is added to the control program PEPTID,
It was desired to have provisions for saving and replaying a display
picture that was deemed interesting or significant, This was accome
plished by writing an internal function SAV in PEPTID, whose purpose
was to write a binary disk pseudo-tape image of the portion of the
KLIST currently being displayed upon request, Information concerning
the size of the picture and the density level of the surface contours
in the pictrue is also included in the first two words of the tape
image,

Another internal function, RPLAY, was written to locate a speci-
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fied picture image or field on the tape created by SAV, to read it
into the KLIST, and to display it,

To allow more efficient switching from picture to picture, we
made the KIIST doubls sized and'divided it into two equal sections,
or slots, For example, we can maintain a newly created picture un-
disturbed in one slot while using the other slot to look at pictures

that had been previously created, taped, and then replayed,

4,11 DAWIRE

DAWIRE is a modified and simplified version of the Biology
Group ESLDC display routine, It converts the packed KLIST array
to a display list (DLIST) of ESLDC commands which simulate a three-
dimensional display constructed from visible and invisible directed
line segments,

This DLIST is sent down the Direct Data Channel to the ESLDC
PDP-7 satellite computer which directly drives the real time functions
(such as rotation) of the display system.
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V., OPERATIONAL PROCEDURE FOR USER

5.1 HNecessity for an Operational Procedure

The computer procedures described in the previocus sections were
developed through a series of observations and improvements aimed at
enabling a person to use a computer driven display system to work with
the electron density function of an unknown protein structure, As
limitations and difficulties were encountered and often overcome,
and possibilities for user interaction exploited, we began to arrive
at a more explicit understanding of what was needed in a satisfactory
system and of how such a system might be achieved,

However, behind the development of the computer procedures
lurked a larger problem, Once a new computer procedure was decided
upon, the problem became one of relatively simple logic and program-
ming, but the problem of developing an operational procedure for
using this bundle of interrelated computer routines in combination
with the knowledge and unmatchable pattern recognition abilities of
a human to attack an unknown protein structure is a many-faceted one,

We attempted to develop, try, and adhere to such an operational
procedure, The logic and usage of the procedure will now be discussed,
The next section of this thesis will elaborate upon the difficulties
encountered in attempting to implement the procedure to determine
the structure of a known protein, myoglobin, It should be added that
we developed our procedure with certain aspects of the structure of
myoglobin in mind, and that various features of this procedure will

have to be generalized slightly for consideration of other proteins,
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5.2 Objective

Our objective was to develop a user's procedure which would
enable him to achieve a knowledge of and familiarity with the path
of the polypeptide sufficient to construct a model of the pathway,
"A molecular biologist's understanding of a molecular structure is
usually reflected in his ability to construct a three-dimensional
model of it."il Much of the procedure was based upon the partial

validity of a central assumption,

5.3 Tentative Assumption

Given that data of "sufficient" resolution are available,
ignoring disulfide and other interchain bridges as well as non-
amino acid moieties, it may be true that the lowest electron density
along the covalently bonded backbone of the chain will be greater
than the highest electron density in any region between two chains {
in van der VWaals contact (i,e., not covalently bonded), Then there
mist exist a range of electron density levels such that a contour
surface of a density level in this range will encompass the entire
backbone, This contour surface will be a long tubular surface and
will contain no bridges between adjacent sections of the backbone,

If this assumption is true, it should be possible (ignoring
display space limitations) to visualize the entire polypeptide
backbone encompassed by a single contiguous surface of constant
density through a single judicious application of the routine CONTIG.
This is an enticing possibility, The amount of computer time

necessary to generate such a surface to obtain a useful visuali-
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zation of the protein structure would be negligible compared to the
amount of time required to perform the Fourier synthesis,

The logic behind the development cf the above assumption is a
consideration of a suitable algorithm to determine the pathway of the
polypeptide backbcne and was based upon experimental observations of
protein crystals whose structures have been solved., The process of en-
compassing “he backbone in a surface of constant density appeared to be
a satisfactory approach in light of comments such as the following:

In this synthesis (six Angstroms) the polypeptide chain was

visible as a rod of high electron density--folded in a complex

pattern--in eddition the single haem group with its iron atom,
which is mich more dense than any other atom in the molecule,

could be identified as a disk of high'electron density, T?%

shape of the molecule could be determined with confidence,

Before discussing some of the limitations affecting the above
assumption, two points should be stressad, First, the computer routines
we have developed are capable of simulating, with user interaction,

a display of a single, 'contiguous surface in three dimensions, encom-
passing a continuous region of high density (i.e., density above the
specified contouring density level), In other words, except for
current display space limitations, the necessary tools exist for
investigating the validity of the above assumption,

Second, it is not necessary that the assumption be entirely true
in order for our computer routines and operational procedures
to work satisfactorily., This is an indirect consequence of
display space limitations, for at present it is often more helpful
to see a completed surface encompassing a smaller volume of higher

density, than to see only some of the contours of a larger surface
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whose construction has been termdinated prematurely because of such
limitations. The contouring density level should then be set at a
value high enough to cause the polypeptide backbone to be visualized
as a series of tubular sections arranged end to end, Continuity be-~
tween adjacent sections could be established by observing ths cubical

region between them surface contoured at a lower density level,

5.4 ldmitations on the Assumption

In the light of previous experimental evidence, there are also
several limitations on the previously stated assumption, First, the
effective resolution of the Fourier synthesis must be sufficient to
resolve gross structural detail: for example, two adjacent but non-
bonded sections of polypeptide chain, If the effective resolution
is not sufficient there will appear to be false bridges between
adjacent lengths of polypeptides, In this situation, an attempt
to use CONTIG to create a single surface of constant density may
result in an erroneous indication of the pathway, Consider the
following comment from one of the early papers on the myoglobin
structure:

If we attempt to trace a single continuous chain throughout

the model, we soon run into difficulties and ambiguities,

because we must follow it around corners, and it is precisely

at the corners that the chain must lose the tightly packed

configuration which alone makes it visible at this resolution

(six Angstroms), Also, thgge are several apparent bridges

between neighboring atoms,

Second, there is the possibility of low backbone density resulting

from one of two reasons, Two or more consecutive small amino acid

residues in the chain, such as glycine or alarmdine, will result in a
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local drop in electron density. Furthermore,
one factor which complicates the interpretation is that similar
groups (for example, peptide bonds) in different parts of the
structure have substantially different densities. We attribute
these differences to variations in the amplitu?& of thermal
vibrations in different parts of the molecule,
Reglons which are stabilized by interchain bonding will possess higher
densities,

Third, there is the primary effect of interchain bonding, not
weak hydrogen bonding but covalent bonding as in the case of disulfide
bridges, or other covalent bonds., It is necessary to differentiate
between the interchain bonds and the correct path of the polypeptide
chain, Hopefully the human factor will make the correct choice, It
will not be a blind choice, for information about the segquence as well
as a visual appraisal of the three-dimensional geometric shapes and
spatial relationships of neighboring and connected surfaces should
remove some of the guess work, However, these bridges are not merely
troublesome, for they are particularly sigmificant in evaluating a
protein structure.

There is also the problem of differences in secondary structure,
We have already touched on this point, From previous evidence, it is
known that the stabilized alpha helical configuration causes a stronger
peak in the Fourier synthesized electron density function than do non-
helical regions, However, many proteins are comprised primarily of
non-helical structure, and even in a protein that does possess straight

sections of helical structure, the backbone mist assume a more random

structure when turning corners,
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The last difficulty concerns non-amino acid moieties such as the
heme group in myoglobin, These structures are particularly important
as tuey are often directly related to the function of the protein,
They are structurally stabilized through some type of bonding or
assoclation with some of the side groups of the polypeptide backbone,
If such stabilization occurs at several points, the problem of using
CONTIG to fcllow the pathway of the chain in the vicinity of this
ron-amino acid structure may prove unsatisfactory. On the other hand,
the very exdstence of such a structure in the protein may simplify
the entire problem of structure determination by providing an easily
recognizable starting point for following the polypeptide pathway in
cne or more directions, This does not imply that either the N-terminal

end or the carboxy-terminal end of the polypeptide chain are located

near this structure,

5.5 Procedure

Assuming that we have an identifiable starting point, such as the
iron atom in the heme group of myoglobin (by far the densest point in
the electron density map), we decided upon the following procedure:

1) Position the identifiable starting point at the center
of the display screen,

2) Investigate several cubical regions in the immediate
vicinity of the starting point at various density levels,

3) Apply CONTIG through light pen identification to various
surface sections in these cubical regions.

4) When CONTIG creates a display of & surface enclosing a
sausage shaped volume, attached in some way to the start-
ing point and extending outward from it, save the picture
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6)

7)

8)

9)
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and call STICKS to trace the pathway of the tubular region,

Repeat (3) and (4) for several lower density levels on the
same volume object (be wary of branches) in an attempt to
lengthen the tubular region, If the surface object has
exhausted the display space, imititate CONTIG again by iden-
tifying a contour near the prematurely terminated end of the
contiguous surface.

Display all lines drawn with STICKS simmltaneously with any
new surface created to establish a three-dimensional frame
of reference,

Use SUROND option in STICKS to specify and observe cubical
regions at the terminations of newly found tubular shaped
surfaces, Observe the same cubical region for several lower
density levels in an attempt to establish continuity between
a new surface piece in the cubical region and the established
tubular shaped region,

If such continuity can be established, elevate the density
level slightly and use the light pen to initiate CONTIG.

Go back and repeat the procedure from (4), Otherwise,

apply CONTIG to all the surface pieces in the box (one at a
time). Save tubular shaped displays and use STICKS to record
these tubular regions, Beware of branch points, Leave con-
timdty indeterminate unless well-established, Repeat the
process from (7), applying judgment to deal with the most
likely looking surfaces first,

If continuity cannot be established between various tubular
sections as the user works away from the identifiable imitial
region, then return to this imtial region and explore thoroughly
the area surrounding it. As more tubular regions are found and
marked by using STICKS, continuity should become easier to
establish,

This procedure is illustrated in the sequence of pictures of

Fig. 13,

It should be stressed that these static, two~dimensional

pletures of such abstract forms cannot convey the three-dimensional

perception created on the ESLDC, Nevertheless, the following photo-

graphs have been oriented te demonstrate the most significant features

of these pictures, They should indicate how a procedure such as the

one described above could be executed,
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VI. EXPERIMENTAL TRIAL: MYCGLOBIN

6.1 Objective

Tt was decided to evaluate the power of the methods developed
by applying the procedure to myoglobin in an attempt to construct
an approximate, but correct, stick model of the pathway of the
polypeptide, as well as jdentify the significant features such as
the heme group, helices, and chain ends,

Only cne factor made this trial slightly open to question.
Those of us who attempted to apply the procedure to myoglobin
were, at minimum, vaguely familiar with some of the features of the
molecule, However, if this test did not succeed, then our methods

were surely not satisfactory as presently developed.

6.2 Myoglobin Background Information

Myoglobin was chosen because its structure has been well
established, and X-ray diffraction and electron density data were
available, Its erystal's unit cell structure is relatively small,
and is comprised of two asymmetric units related by a simple symmetry
operation (P2 -- two-fold screw axis)., Myoglobin possesses a
readily identifiable, large,dense, non-amino acid moiety: the
planar heme group, for use as a starting point.

The molecule is slightly planar and has the approximate
dimensions forty-five by thirty-five by twenty-five Angstroms,
The molecule consists of 1,260 atoms, excluding hydrogens, arranged

as a linear polypeptide of 153 amino acid residues and an iron-
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contaiming heme group. The molecular weight of this protein is 17,500,
vt is a somewhat atypical protein in two respects: possession of a
relatively high content of alpha-helix (77 per cent), and a complete
1ack of disulfide bridges or free sulfhydryl groups, 15

Two molecules pack into a unit cell of the crystal. The edges
of the umit cell have the dimensions:

a=6454 b=230864 c=3HT7A, beta = 106 degrees.
Beta is the angle between the a and ¢ axes, The other two angles
are both right angles.

The electron density function of the unit cell was Fourier
synthesized from intensity and phase information out to four
Angstroms, Values of this function were evaluated at points in a
sixty by thirty by thirty matrix in the unit cell, It should be
mentioned that, for simplicity in the development of the user inter-
action routines, we assumed:

a=60A, b= 30 A, c= 304, beta = 90 degrees.
In other words, the unit cell was considered to be rectangular, and
the distance between two data points in the electron density matrix
was considered to be one Angstrom, The net result was merely a
minor distortion of the shapes of the unit cell and molecule, If
beta had been larger than 106 degrees, we would have added at this
time a two-way coordinate system transformation to relate the crys-
tallographic axes to a rectangular system, Now that the interaction
routines are functioming smoothly, this transformation will soon be

included in the computer procedure.
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6,3 Evaluation of Results

6.3.1 Results

Approximately eighteen man-hours of labor and forty-five minutes
of computer time, spread over six separate sessions of two to four
hours duration, were used in an attempt to apply the methods de-
veloped in this thesis to a four Angstrom map of myoglobin, evaluated
at one Angstrom intervals, The programs performed smoothly, and
user interaction provisions, except for picture flicker, were quite
smooth, The overall results were not as successful as anticipated,
but during the trial there were many individual moments of encourage-
ment, At the end of this brief trial, these results could be veri-
fied from the established structure:

1) The planar heme group could be easily identified, and its
orientation determined, A bridge between the center of the
hems (the iron atom -- by far the densest point on the map)
and an apparently connected, hooked, tubular structure
could easily be seen, It also appeared that two of the
corners of the heme were closely associated with tubular
regions which passed by. One corner was particularly
isolated,

2) The connectedness of the iron atom at the center of the
heme to a neighboring section of peptide chain could be
established,

3) The neighboring section of peptide chain was verified to
be the F helix,

4) The B helix was also found.
5) Portions of the C, G, and H helices vere found,

6.3.2. Difficulties
It proved to be extremely difficult to follow the polypeptide
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chain away from the heme and the F helix towards either the E or G
helices., Contimuity between helices was impossible to determine
unambi guously, No cormners between helices could be determined with
certainty, Quite probably no neic‘boring molecule was intruded,
but several adjacent unit cells were, as anticipated.

The assumption developed in Chapter V appeared to break down
rather frequently. Display space 1imitations were annoying, and
picture flicker caused fatigue,

Side groups were quite probably observed at times, but did not
aid in determining the pathway of the backbone, and no attempt was

made to identify them,

6.3.3 Individual Situations

Several situations encountered should be elaborated, They
are important as "learning experiences” for the future application
of these procedures, as indicatdons of the power of the methods
developed with respect to the assumption developed in the previous
chapter, and as indications of necessary improvements.

The first tuation is illustrated in Fig., 16, A pointed
protrusion on a gurface was considered to be a good candidate for
the peptide chain pathway. The SUROND option in STICKS was used to
obtain the first picture, Note the two comical surfaces pointing
at each other. The gap is actually on the order of four Angstroms,
but appears smaller due to the angle of observation. CONTIG was
imtiated with the light pen, resulting in the display in the next

photograph,
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Such conical surfaces pointed at each other were encountered
several times, and proved to be extremely good imitiating points for
CONTIG. The length, pattern, and consistent thickness of many of
the regions determined by CONTIG were encouraging. With higher
resolution data, the affectiveness of this routine can only increase.

Several apparent branch points were encountered when CONTIG

was applied, as indicated in Fig. 17. Hopefully, this situation

will also be alleviated by higher resolution data, Furthermore,
on several occasions, the CONTIG routine bounded off in several
directions without completing the "arms" it began due to display

space limitations.

6.3.4 Improvements Indicated

The necessity for several improvements was indicated by this )
trial., The intencity of the "local effect! of the CONTIG routine t
(i.e., its tendency to complete a surface in a confined region before
determining one or two contours of an arm extending significantly from \

that region) could be increased through one of two simple methods.

A necessity for higher resolution data was obvious from this
trial, This topic will be returned to later,

A display system capable of plotting more than 2,000 straight
line segments (free of flicker) would permit the procedure to be
mich more effective., Similarly, an increase in core memory space, ‘
although not absolutely necessary, would meke use of higher resolution

data more convenient,
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VII. CONCLUSIONS AND SUGGESTIONS

Considering the results of the myoglobin trial, I think that
this procedure, with the present display space limitations, is
applicable only to higher resolution electron density functions.

The method is not very satisfactory for directly giving an overview
of the molecule, or an overview of structural features larger than
about fifteen Angstroms in extent, However, with higher resolution
data, its success at extracting and displaying small, continuous
regions of high density should improve. It is necessary though, that
the data have sufficient resolution to increase the validity of the
assumption developed in Chapter V., For exarple, our method appears
to be better suited to finding and displaying an alpha helix as a
coiled region of high density, than as a thick rod., The stick model
constructed by the user from visualizing small sections can be T
satisfactory in giving an overview of the structure of the molecule,

The relationship between the width of the frequency spectrum
of the data supplied to the Fourier synthesis program, the sampling
frequency of the electron density array, and the degree of success
of the procedure developed in this thesis should be carefully inves-
tigated, Core space limitations are not insurmountable if it is
found desirable to evaluate the electron density function every
two-thirds Angstrom to take advantage of higher resolution data,

Any increase in display space and reduction of flicker would be
extremely helpful. Hopefully, these improvements will come with the

next generation of display equipment,
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Integration of this procedurs with the Molecular Model-Building
Package developed by the Biology Grour of Project MAC is feasible and
would ald in three-dimensional structure determination from the elec-
tron density function,

User interaction was quite smooth except for two situwations,
Flicker was distracting, disturbing, and fatiguing., Also, many sec-
tions of disconnected line segments, representative of high density
regions found, but whose continuity could not be establishec. with
certainty, could be confusing and detract from the user's ability to
mentally establish a three-dimensional frame of reference.

I think that the problem of user adaptation to the type of display
presented (i.,e., adaptation to the type of transformation the procedure
performs on this continucus, three-dimensional scalar function to relate
it to a more familiar visual realm) is not a very severe one, However,
execution of the various options of the procedure in the most advantageous
manner is a skill which can only be gained with experience, The ability
to recognize specific structures is &« function of resolution, as well
as a function of experience,

In summary, then, I believe that the type of approach presented
here for enabling a molecular biologist to comprehend and model the
information contained in a continuous three-dimensional electron
density function is a promising approach, I do not believe the pro-
cedure is optimum or satisfactory as developed, However, the procedure
may be satisfactory with higher resolution data, This question can
only be answered by investigating several other molecules at various

levels of resolution,
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