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In 1964 on Project MAC at MIT, Levinthal and Langridge f i r s t  applied interact ive computer graphics 
to molecular model building ( I ,  2). Since then a number of laboratories have developed computer graphics 
systems to sui t  the i r  par t icu lar  needs (3, 4, 5, 6). 

I shall begin by describing the system that we have developed in the Princeton University Computer 
Graphics Laboratory during the past year to investigate macromolecular structures. 

The hardware consists of a Digi tal  Equipment Corporation PDP-IO computer with 64K, 36-bit words of 
7 microsecond memory, which is interfaced with an Evans and Sutherland Line Drawing System I ,  The LDS-I 
computer d i rec t l y  accesses the PDP-IO memory. During execution the two central processing units fetch in- 
structions independently. Each computer can a l te r  i ts  own or the other's program and each is accessible by 
the prograFnner. Interaction with the display picture is via input devices attached to the LDS-I. These 
include switches, knobs, buttons, an acoustic tab let ,  and a joyst ick.  Black and white and color stereo- 
scopic viewing is achieved using a rotating sector device, the so-called " lorgnette".  The LDS-I synchro- 
rizes two of fset  images on the screen with the lorgnette which a l ternate ly  masks each eye. Real time 
rotat ions, t ranslat ions,  and scaling of complex l ine drawings are performed by a hardware matrix mu l t i p l i e r  
and l ines not in the viewing portion of the display are removed by a hardware clipping div ider.  The basic 
f a c i l i t i e s  that should be provided by a computer graphics system for this kind of work have been l i s ted by 
Levinthal, et al.  (3) and Barry, et al.  (4). These include: (a) the building of molecular models from 
the i r  component parts in such a way as to preserve the i r  bonded stereochemistry; (b) the def in i t ion of a 
"connect iv i ty-tree" that indicates which atom, or f ixed unit  of structure, is connected to which. Connec- 
t i v i t y  in our programs is expressed both e x p l i c i t l y  as tables of atom labels and i m p l i c i t l y  in ordered 
l i s t s  of coordinates. This should be able to handle branched and ring structures; (c) the translat ion and 
rotation of models. Translations are needed to center the image on the screen or to superimpose i t  on 
another molecule or an electron density map. Rotation of the whole molecule is required about specified 
axes, whose origin may be the model's center of gravi ty or a par t icu lar  atom in the structure; (d) the sim- 
ulation of freedom of rotation about single bonds by rotat ing one part of the model with respect to another, 
about a specified bond; (e) the economic use of screen size by ef fect ive scaling. Also, the scaling from 
one display to another; ( f )  the retention of atomic coQrdinates af ter  performing the required interact ion,  
so that they may be easi ly  output; (g) the separation of the display into two or more fragments, so that 
each may be fixed or interacted with independently; (h) the indication by dotted and/or colored l ines and 
the l i s t i ng  of pairs of non-bonded atoms whose separation comes within specified ranges that take into ac- 
count the i r  van der Waals rad i i ;  ( i )  f i n a l l y ,  the coupling of the display to routines that calculate func- 
tions which depend on the atomic coordinates. 

The par t icu lar  hardware that we access to provide these basic f a c i l i t i e s  includes the fol lowing: 
( I )  sixteen switches with associated l igh ts ,  each of which controls a " f l i p - f l o p "  c i r cu i t  whose "on" or 
"of f "  state can be used to signal par t icu lar  display features or certain algorithms; (2) four knobs which 
control potentiometers and provide analogue control for such things as rotation rates about axes; (3) a 
joyst ick that has two degrees of freedom and supplies two continuous variables for each position. This also 
has a button " f l i p - f l o p "  control, and l as t l y ,  (4) a three-dimensional acoustic tablet .  This takes the form 
of three mutually perpendicular s t r ip  microphones that record the regular sound emitted by a pen with a 3 
K i lovo l t  spark gap. Clocks time the sound and the XYZ distances corresponding to the current pen position 
are then determined. The addition of the Z dimension has been described by Wipke and Whetstone (7). 

Packages of FORTRAN cal lable display subroutines have been designed for user convenience. They en- 
able programs writ ten in higher level languages to draw displays using only a small number of CALL state- 
ments. One of the packages we use was wri t ten by W. T. Wipke and T. Dyott and another by A. M. Lesk. I f  
these are used, then approximately 40K of computer memory remains for the other programs. Further storage 
areas include a 5.2 mi l l ion  word disc, a 9-track tape transport providing for  2.5 mi l l ion words, and two 
DEC tape transports, each providing for 0.07 mi l l ion words. 

Molecular Models in the Study of Macromolecular Structures 

Since L. Pauling and R. B. Corey f i r s t  used space f i l l i n g  molecular models, the i r  use and the use of 
wire skeletal models have become commonplace in the study of molecular structures. In the determination of 
protein and polynucleotide structures, crystal lographic methods are currently unable to reveal the positions 
of atoms. One reason for this is that most crystals and polynucleotide f ibers,  when exposed to X-rays, 
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dif fract only to a resolution of 2 to 3 X. The inherent disorder in the crystals means that only groups 
of atoms can be resolved in the maps of electron density that are computed from the spot intensities. A 
set of stereochemical rules has been established from the study of small related molecules. These small 
molecules are the amino acid components for protein structures and the bases, nucleosides, and nucleotides 
for nucleic acid structures. The rules of stereochemistry include the invariance of covalent bond lengths 
and interbond angles, the planarity of the nucleic acid base atoms, and of the amide group in polypeptide 
chains and other amino acid side chain groups. Further, the ribose and deoxyribose sugar groups adopt pre- 
ferred ring puckers and the conformations of dihedral angles about the single bonds in polynucleotide units 
are observed to be confined to narrow angular ranges. A final geometric constraint is that non-bonded in- 
teratomic distances are rarely observed less than the sum of the atomic van der Waals radii. 

Mechanical molecular model components are designed to incorporate Some or all of these constraints. 
However, they are r igidly buil t  in and i t  is not possible to relax the constraints in a reasonable way. 
The strain in large wire models and the effect of gravity often introduce distortion. The physical support 
of these mazes of wire rods poses a considerable problem. Richards (8) devised a system of wires held un- 
der tension for the attachment of the model. This is currently the most common way of building protein 
models. Such models usually have been obtained by threading the wire backbone through the three-dimensional 
electron density maps determined from the X-ray data. A device called a "Richards' Box" (B) is based on a 
half-silvered mirror which permits sections of electron density maps, plotted on a transparent material, to 
be seen superimposed on the wire model. A selective system of lights illuminates those parts of the model 
corresponding to the map sections currently in position. Analysis of helical polynucleotides by the t r i a l -  
and-error Fourier transform method, involves the building of t r ia l  models for which a Fourier transform is 
calculated (the Fourier transform squared is related to the observed intensity). The construction of regu- 
larly repeating wire subunits around a central helix axis suffers from the same imprecision as the protein 
models. The atomic coordinates measured from wire skeletal models are subject, therefore, to errors re- 
sulting from the measuring process and from distortions of the components. The use of computer programs, 
such as those described by Langridge and MacEwan (2), Diamond (9), and Arnott, et al. (lO), ensure that 
those constraints bui l t  into the physical model components are imposed on the atomic coordinates. 

Clearly, many of the di f f icul t ies associated with mechanical models can be overcome i f  computers 
with visual display units, which give real ist ic three-dimensional representations, are used. An i l lusion 
of three dimensions can be achieved by continuously rotating or oscil lating the image on the screen. We 
find this adequate for demonstration purposes (such as in the making of movies for teaching purposes), for 
the development of graphics programs and for the study of the very large structures. However, when inter- 
actively building models to a precisely constrained three-dimensional geometry, we need to use the lorgnette. 
Not least of the advantages of such systems is the speed of construction, and that the molecular geometry, 
once specified, is retained as a set of atomic coordinates stored in the computer. 

Application of the Princeton System to Macromolecular Models 

There are two kinds of interaction that an investigator of macromolecules might require. The f i r s t  
is interaction with molecular and/or crystal structures that have been determined by X-ray diffraction 
analysis or have been proposed as stereochemically viable models. The second kind of interaction would mim- 
ic the action of a manual model-builder. 

Implicit in the f i r s t  kind of interaction is ef f ic ient and fast exchange of large data f i les that 
represent the results of structural studies. The aim has been to provide programs that give a neophyte 
maximum interaction with a minimum of concern for the software. First, he is able to select one of the ten 
protein molecules that we have stored on the disk area. Although time is lost in accessing the disk, i t  is 
a necessary sacrifice, since computer core space is limited. Thus, a purely programming problem becomes 
one of speed as a function of molecule size. A protein with 250 amino acid residues requires about 50 
blocks to be read and takes approximately lO seconds to be displayed. The input/output to the disk is by 
random access and the data are in binary packed format. Tables of atom labels and connection l is ts are 
carried in core and used for drawing and labelling atoms on the display. Real time rotations about and/or 
translations along the XYZ axes occur with the origin of the coordinate system at the molecule's center of 
gravity. The molecule can be spl i t  into a maximum of nine pre-specified regions. Each region can be manip- 
ulated independently for a more detailed analysis, a comparison with another molecular fragment or for a 
structural modification. Amino acids can be individually labelled and particular residues pointed out 
using dotted lines which originate from a residue name and number displayed in the corner of the screen. 
Molecules can be viewed at various levels of complexity; all or part of their polypeptide chain, with or 
without side chains, or as lines joining the carbon ~ atoms of each amino acid residue. A particular atom 
or residue can be selected and only the neighboring atoms or residues within a specified distance dis- 
played. Questions concerning non-bonded interatomic distances, torsion angle values and strain energies 
are answered immediately. 

Four protein molecules have been chosen to demonstrate the program features just described. We are 
indebted to Hendrickson and Love ( l l )  for their lamprey hemoglobin coordinates, to Cotton, et al. (12) for 
their staphylococcal nuclease coordinates, to Blow, et al. (13) for their chymotrypsin coor~F~'n~'es and to 
Lipscomb, et al. (14) for their carboxypeptidase-A c~r~-nates. Movies have been made of these and other 
protein molecules for use as teaching aids. Whole molecules, with and without their side chain atoms, are 
portrayed in three dimensions, some have been broken down to display their more interesting conformational 
features and then reassembled. 

Hemoglobin molecules function by binding molecular oxygen to their heme iron atoms and transporting 
i t  to the myoglobin molecules at the muscles, which store i t  until i t  is required for metabolic oxidation. 
A further function is the binding and removal of the carbon dioxide by-product of metabolic oxidation. 
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Lamprey hemoglobin is a monomeric hemoglobin from sea lamprey. I t  has been shown by Hendrickson 
and Love ( l l )  to closely resemble the molecular conformation f i r s t  found in sperm whale myoglobin (Kendrew, 
et al . ,  15) and termed the "myoglobin fold". Figure l is a display of the lamprey hemoglobin molecule 
without i ts amino acid side chain atoms. The pointer locates the f i r s t  residue, a proline. The molecule 
can be seen to possess the eight helical regions (A through H), characteristic of sperm whale myoglobin. 
Figure 2 displays the sequence of residues leu l l8  (located by the pointer) to tyr 145. This includes the 
GH bend and the H helix, both of which di f fer from the myoglobin, and the horse hemoglobin chains. A de- 
letion of nine residues has caused the G helix to shorten one turn, the GH corner to assume a novel 
configuration, and the H helix to be two turns shorter. The carboxyl terminal amino acid, tyrosine (tyr 
148) at the end of the H helix, shown in Figure 2 (tyr H22 in myoglobin terminology), is homologous with 
the penultimate tyrosine in the horse and human hemoglobin chains and with the H22 residue in myoglobin. 
This tyrosine is expelled from its niche in the FG corner during oxygenation, playing an important role in 
the proposed mechanism of heme-heme interaction (Perutz, 16). 

Staphylococcal nuclease is a globular protein that breaks polynucleotide chains. Cuatrecases, et 
al. (17) have shown that esters of thymidine-5'-phosphate or pdTp are hydrolyzed with the cleavage of t ~  
5'-C-O-P bond between the phosphorus and the oxygen. Figure 3 shows the polypeptide backbone atoms of the 
staphylococcal nuclease molecule. The carbon ~ atoms of residues lys 45 and lys 48 have been pointed out 
and the side chains for residues 45 through 48 have been displayed. Figure 4 shows a close-up view of the 
loop in the bottom right-hand corner of Figure 3. The dotted lines again locate residues 45 and 48 and the 
side chains of residues lys 45, his 46, pro 47 (labelled) and lys 48 are seen to extend outward and are 
relatively exposed to solvent. The main structural features of the molecule are contained in Figures 5a 
and 5b, where lines have been drawn between the carbon ~ atoms of each residue. Figure 5a shows a view of 
three stretches of helix on the le f t ,  the center, and the right of the molecule, a three-tier section of 
antiparallel pleated sheet forming the upper right side of the molecule, and another section of anti- 
parallel pleated sheet formed by two chains which run vertically up and down the back of the molecule. 
Figure 5b contains the sequence from lys 49 to the end of the molecule, which is the so-called P3 fragment. 

The enzymes of the pancrease, :-chymotrypsin and carboxypeptidase-A, cleave polypeptide chains. 
Chymotrypsin cuts in the middle of a polypeptide chain, severing the peptide bond just beyond the cambonyl 
group of residues with aromatic side chains. Carboxypeptidase-A digests polypeptide chains from the car- 
boxyl terminal end. I t  removes the last residue most easily when this residue has an aromatic side group. 
Figure 6a shows the backbone atoms of the chymotrypsin molecule. Residue his 57 has been brightened and 
can be seen in the top center of the figure. Figure 6b shows the labelled active site residues ser Ig5, 
his 57, and asp I02 in the context of a whole molecule. All atoms are labelled for these three residues, 
while only the carbon ~ atoms are displayed for the rest of the molecule. In Figure 6c the three active 
site residues have been singled out and labelled to demonstrate their relative positions and orientations. 
Figure 6d i l lustrates all those residues that have their carbon ~ atoms within lO A and all other'atoms 
within 7 X, of the labelled his 57 carbon ~ atom. The pointer to the lef t  of his 57 locates the carbon 
of asp I02 and that to the right locates the carbon ~ atom of ser 195. Four of the five disulfide bridges 
of chymotrypsin occur at the same place along the chain as four of the six trypsin bridges. The unique 
chymotrypsin disulfide bridge, from cys l to cys 122, is displayed in Figure 6e. The cystine residues 
have been labelled and brightened against a background of polypeptide backbone bonds. The suggestion of a 
twisted sheet in Figure 6a is confirmed when only residues gi-86, I03-I08, 55-50, 39-46, and 35-29 are 
displayed, without their side chain atoms, in Figure 6f. This is to be compared with Figure 7a, where the 
eight chain twisted # sheet, which forms the structural core of the carboxypeptidase-A molecule, is dis- 
played. The ~ to Q sheet chains are made up of the sequences 32-37, 46-54, 61-67, 103-111, Igo-Ig7, 200- 
205, 238-243, and 265-271. Figure 7b contains the A to H helices which surround the # sheet. Figure 7c 
is Figure 7a plus 7b and i l lustrates the relative positions of the ~ helices around the ~ sheet. 

Another class of macromolecule that we are interested in is the nucleic acids. Information a cell 
uses to build proteins is stored in its nucleus as a coded sequence of purine and pyrimidine bases in a 
molecule of deoxyribonucleic acid (DNA). Four bases are possible: adenine, thymine (or uracil in ribo- 
nucleic acid (RNA)), guanine, and cytosine. Three successive bases along the DNA code for one of the 
twenty common amino acids. That this information storage device, DNA, is a linear molecule of two inter- 
twined polynucleotide strands was confirmed by the analysis of such X-ray diffraction patterns as shown 
in Figure 8a. This pattern was obtained by passing X-rays through the highly hydrated crystalline fibers 
that can be spun from aqueous gels of these polymers. The sample I used here was Micrococcus lysodeikti- 
kus DNA and i t  gave the so-called A-DNA conformation. One of the stereochemical subtleties between the 
A-form and the B-form of DNA is the pucker that the five-membered sugar ring adopts. The orientation of 
the base to the sugar, defined by the dihedral angle about the glycosidic bond X, is another geometric 
feature of interest. The so-called anti orientation has x in the angular region ~ 90 ° and the so-called 
syn orientation has X ~ 270 ° • The more commonly observed anti angle has been postulated to transition to 
the syn orientation to explain a number of hypothetical molecular mechanisms. Thus, non-standard, "wobble" 
base pairs have been postulated by Crick to explain the degeneracy of the genetic code. Sobell has pro- 
posed an alternative to the Watson-Crick-like wobble base pair of adenine with hypoxanthine. This alter- 
native configuration involves the hydrogen bonding of the imidazole nitrogen of adenine and would require 
adenine nucleotides on the messenger RNA to be in a syn orientation, i f  the codon and anticodon phosphate 
ester chains are to be anti-parallel. Figure 9 shows energy profiles as a function of X for a number of 
possible sugar puckers. The "pucker" axis in Figure 9 represents a pseudo-rotational coordinate that is 
related to a particular sugar ring conformation. Each sugar ring pucker can be distinguished as having 
one or two atoms displaced either on the same or on opposite sides of the plane of the remaining atoms. 
The computer graphical display of this surface indicates that in this theoretical situation the anti to 
syn transition could occur i f  the sugar were f i r s t  puckered to one of the trough regions. X wouTa-then be 
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free to rotate into the son orientat ion where i t  could be trapped by a further change in the sugar pucker 
and or ientat ion.  

A number of polynucleotide f ibers give r ise to f iber  diagrams which exh ib i t  much continuous d i f -  
f ract ion.  Figure 8b is one of these, where the few Bragg ref lect ions are confined to the center of the 
diffractogram. The sample used was that of a t r i p l e  RNA hel ical  complex formed by two strands of inosinic 
acid and one strand of adenylic acid. The model refined by Bond and Arnott is shown in Figure I0 and 
possesses both the adenine-hypoxanthine base pairing schemes discussed above. Figure I0 demonstrates an- 
other feature of our system. A model displayed on the screen can be easi ly  manipulated and viewed in any 
projection. Having arrived at a desirable view, the structure can be permanently recorded using a Calcomp 
p lo t ter .  The well-chosen use of color renders complicated drawings (and displays) less confusing. 

Klug, Crick and Wyckoff have shown that streaky patterns l i ke  Figure 8b and those that characterize 
the C-DNA conformation (Marvin, et a l . ,  18) can be explained in terms of screw disorder where molecules 
pack as inter locking smooth h e l i o s .  S ta t i s t i ca l  crystal structures and other kinds of disordering also 
give r ise to streaky patterns. Graphical displays that allow control of the individual helices in the i r  
crystal lographic unit  cel ls have been ta i lored to the study of intermolecular interactions that might de- 
termine preferred molecular orientations and modes of packing. 

F ina l ly ,  I should mention the model building programs. These accept typed-in sequences of amino 
acids for whole proteins, or of nucleotides for nucleic acids, l i ke  t ransfer RNA, and display them in some 
standard conformation. The building blocks are l i s t s  of coordinates for the d i f fe rent  amino acids, nu- 
c le ic acid bases and sugar rings or nucleotides and are stored with standard, f ixed bond lengths and 
angles. Each pre-coded unit is joined to the preceding unit by superimposing i t s  f i r s t  bond onto the last  
bond drawn. For this connectivi ty mechanism a "common" bond is defined on entering and leaving each struc- 
tural uni t ,  such as amino acid residues that are defined beginning and ending with NC~ bonds. In this way 
bonded stereochemistry is preserved between units. 

Dihedral rotations are possible about specified single bonds. These can be selected as required 
and appear brightened on the screen. The motion of the "bright-bond" pointer through the molecule is 
stopped and started by a switch. The current position being recorded on the screen has a residue name and 
index and a value for the conformational angle. Values for angles can be typed in,  read as continuously 
changing dials on the screen or read from l i s t s .  This last  mode of input can be used to automatically wind 
a given sequence of amino acids into an e he l ix ,  #sheet configuration, an extended chain, or a par t icu lar  
integral hel ix .  Most planar and puckered ring components are considered as r ig id  units. Figure I I  shows 
a sequence of amino acids which have been bu i l t  in three d i f fe rent  conformations. The f i r s t  section is an 
extended chain sequence where a l l  the PHI and PSI polypeptide backbone angles have been set to the trans 
conformation. The bright-bond is in residue leu 3. The middle section has conformational angle values 
found in #-sheet sequences and the f ina l  section takes on s-hel ical  conformational angles. 

The geometric or ientat ion of a hel ical polynucleotide, with respect to i t s  hel ix  axis,  is adjust- 
able in terms of the t rad i t iona l  parameters; t i l t ,  tw is t ,  swivel, and distance from the hel ix  axis defined 
by Langridge, et al .  (19). A model bui lder can specify the kind of hel ix he wishes to build. Marker po- 
s i t ions are l o ~ ' t ~ o n  the screen and i f  by interact ion with the molecular parameters, a model can be 
bu i l t  close to the marker posit ion, minimization routines capture the last bond. Figure 12 i l l u s t ra tes  
d i f ferent  stages in the computer graphical building of the B-DNA hel ical configuration. The ver t ica l  axis 
is the hel ix  axis,  the twis t  axis is shown passing through a purine base and the dyad or t i l t  axis com- 
pletes the orthogonal axial set. In Figure 12a the labelled nucleotide base has been adjusted to the same 
position and or ientat ion with respect to the he l ix  axis as in the B-DNA model of Arnott, et al .  ( I0) .  The 
sugar ring has been f ixed with a C2-endo pucker. The unlabelled nucleotide residue exactly mimics the con- 
f igurat ion of the f i r s t  and forms the next repeat unit on a lO-fold integral hel ix with a pitch of 34 X. 
Figure 12b represents the author's attempt at superimposing the 01+C3+ bond onto the marker bond by manual- 
l y  turning knobs which vary the conformational angles; CHI, XI, THET, PSI, and PHI (where CHI is defined by 
the labelled base atom C4 and atoms Ng, Cl, C2. XI, THET, PSI, and PHI are the successive dihedral angles 
defined by the atomic path C3, C4, C5, 04, P, 01+, and C3+, and are about the C4C5, C504, 04P, and POI+ 
bonds, respect ively) .  A measure of attaining coinsidence is ref lected in the parameter "H". H is dis- 
played in figures 12a, b, and c, and is related to differences in the coordinates of the 01+ and C3+ atoms 
and the i r  corresponding marker bond atoms. I f  a par t icu lar  t r i a l  model can be joined-up in a sat is factory 
manner, as in Figure 12c, the whole hel ix is then completed (s ingle,  double, t r i p l e  or quadruple), using 
the appropriate symmetry operators. Several copies of the resultant hel ix can be made and used to inves- 
t igate packing models of the molecules in the i r  unit ce l l .  F ina l ly ,  the Fourier transform of a given 
model can be calculated using i ts  cy l indr ica l  polar coordinates. The speed of this operation should be 
emphasized. The time taken to build a polynucleotide model and to plot i ts  Fourier transform on the Cal- 
comp p lo t te r  can be as l i t t l e  as two minutes. 

The computer graphical aspects of the work presented here were a collaboration of R. Langridge, 
A. Lesk, S. Stellman, and S. Harbison and the speaker, P. J. Bond. 
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Figure 1 

A computer graphical display of the polypep- 
tide backbone of lamprey hemoglobin ( l l ) .  The 
pointer locates the carbon ~ atom of pro I. Side 
chains have not been displayed. The molecule can 
be seen to possess the eight helical regions char- 
acteristic of the "myoglobin fold". The A helix 
runs horizontally across the bottom of the figure, 
from le f t  to right, and becomes the vertical B 
helix. This then loops to the right, through the 
C and D helices into the E helix, which runs hori- 
zontally across the center of the figure, from 
right to le f t .  The F helix runs across the top 
lef t  hand corner, to the top center of the mole- 
cule. The polypeptide chain drops vertically as 
the G helix forms the GH loop to the le f t  and then 
rises vertically as the H helix. At its amino end 
(located by the pointer), lamprey hemoglobin has 
a characteristic nonapeptide which runs vert ical ly 
alona the H helix and loops to the le f t  into the 
A helix. 

Figure 2 

A close-up view of the GH loop and the H helix, 
including the amino acid side chains, of the lamprey 
hemoglobin molecule. Residues from leu l ib (located 
by the pointer) to tyr 148 have been drawn. The GH 
corner assumes a novel configuration and the H helix 
is two turns shorter than in the sperm whale myoglobin 
and the horse hemoglobin molecules. Tyr 148 at the end 
of the H helix is homologous with the penultimate tyro- 
sine in horse and human hemoglobins and with tyr H22 
in myoglobin. This tyrosine appears to serve a cor- 
responding function in all H chains. 

Figure 3 

A view of the polypeptide backbone of the 
staphylococcal nuclease molecule. Residues from 
lys 45 to lys 48 have been drawn complete with 
their side chain atoms. 
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Figure 4 

This is a close-up view of the loop in the bottom right hand corner of Figure 3. The pointers lo- 
cate the carbon ~ atoms of residues lys 45 and lys 48. Pro 47 has been labelled. The side chains of the 
sequence between the pointers extend outward and are relat ively exposedto solvent. 

(a) (b) 
Figure 5 

a) A display of the carbon ~ backbone of the staphylococcal nuclease molecule. This view shows the 
three short stretches of helix at the le f t ,  center, and right of the molecule, a three-tier section of anti- 
parallel pleated sheet forming the upper right side of the molecule and another section of anti-parallel 
pleated sheet formed by the two parts of the chain going vert ical ly up and down the back of the molecule. 

b) This figure shows the carbon ~ backbone from lys 49 to the end of the molecule; the so-called P3 
fragment. 
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The polypeptide backbone of ~ chymotrypsin. 
The side chain of his 57 has been added and the 
whole residue brightened to emphasize i ts  posi- 
t ion in the molecule. Note the suggestion of a 
twisted a sheet in the center ( this has been 
singled out and displayed in Figure 6( f ) .  

The carbon ~ backbone of chymotrypsin. The 
ca ta ly t i ca l l y  important residues his 57, aSD 102 
and ser 195 have been displayed and label led. 

The re la t ive  positions of the three residues 
involved in the proposed cleavage mechanism of 
chymotrypsin. The mechanism involves ser 195 
(top l e f t )  attacking a bond by donating a proton. 
Interact ion with his 57 (center) and with the 
buried asp 102 ( r ight  center) gives ser 195 a 
negative charge making i t  a strong nucleophile. 
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Figure 6(d) 

A display of cesidues tha% have their carbon 
atoms within lO A, and of all other atoms with- 

in 7 A, of the carbon ~ of the his 57 residue 
(labelled and located by the central pointer). 
The pointer to the le f t  locates asp I02 and that 
to the right, ser 195. 

Figure 61e ) 

The disulfide bridge from cys l to cys 122. 
These two residues have been brightened and 
labelled against a background of polypeptide 
backbone bonds. 

Figure 6(f) 
The polypeptide backbone strands from resi- 

dues 91-86, I03-I08, 55-50, 39-46 and 35-29 form 
a twisted sheet. 
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Figure 7(a) 

The eight chain twisted #sheet that forms 
the core of carboxypeptidase A. The ~ to e 
strands are from residues 32-37, 46-54, 61-67, 
103-111, 190-197, 200-205, 238-243, 265-271, No 
side chains have been displayed. 

Figure 7(b) 

The eight ~ helices that cluster around 
the # sheet of ~gure 7(a). The A to H 
helices are formed by residues 14-29, 72-88, 
94-I03, I15-122, 174-184, 215-233, 254-262 
and 288-305. 

FiQure 7(c) 

The twisted # sheet packed with ~ hel ices.  
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Figure 8(a) 

X-ray fiber diagram obtained from a sample 
of Micrococcus l~sodeiktikus DNA. The fiber was 
t i l ted  from the perpendicular to the X-ray beam, 
to record the meridional reflection on the 
eleventh layer line. The pattern was obtained 
at 75% relative humidity and is characteristic 
of the A-DNA conformation. 

Figure 8(b) 

X-ray fiber diagram obtained from a 
sample of t r ip le  RNA helical complex formed 
by two strands of inosinic acid with one of 
adenylic acid. The fiber was t i l ted  to re- 
cord the meridional reflection on the 
twelfth layer line. Thepattern was obtained 
at 75% humidity. 
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Figure 9 

A computer graphical energy surface. The energy has been calculated 
for an adenine ribonucleoside using a function which accounts for non-bonded 
interactions, electrostatic interactions and a strain term. 

E = E [-ar?6' +br?12 ~ i<j 13 ij ] + cqiqj/r + k=l Vk'strain 

(where summations for i<j are for non-bonded atoms, r ~  is the distance 
between atom i and j and a, b, and c are constants, q~Jis the electro- 
static charge on atom i and Vk,strain is the Hook's law potential for 
strain about the pentose atoms). Energy has been plotted for x varying 
from 0 ° to 360 ° and for twenty different puckers of the ribose sugar. The 
!'pucker" axis is a pseudo-rotational coordinate related to a particular 
pucker. The anti and syn regions correspond to x in the angular ranged 
~90 ° and ~ 27F--respectively. 
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of poly riboinosinic 
Figure I._.0 e l ica l  model for poly riboadenylic acid with two strands 

The refined t r i p l e  h . ~ ~ ^ ~ + ~  ~nd P J. Bond. 
acid. The model is from the work oT a. - -  . . . . . . .  
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PHi - 1 9 0 .  

PSi  - 1 8 0 .  
LEU 3 

~"  m l .  

~-__~__T_ L___~_~ . . . .  ~ • 

Figure I I  

A computer graphical d isplay generated by 
the protein model bui ld ing program. A sequence 
of amino acids has been connected together with 
standard, f ixed bond lengths and angles. The 
ve r t i ca l  section has the polypeptide backbone 
angles PHI and PSI in the trans conformation. 
The "bright-bond" marker locates residue leu 3, 
in th is  sequence, and reports numerical ly and 
graph ica l ly  the values of i t s  dihedral angles. 
The middle sequence has conformational angle va l -  
ues found in ~-sheet conf igurat ions,  and the 
sequence in the top r igh t  hand corner has been 
given s -he l i ca l  conformational angles. 

Figures 12 Stages in the computer graphical bui ld ing of the 
B-DNA he l ix .  

12(a) The ve r t i ca l  axis is the he l i x  axis.  The posi t ion and 
or ien ta t ion  of the nucleotide units with respect to the he l i x  axis 
have been adjusted to those of the B-DNA model of Arnot t ,  et a l .  
( I0 ) .  

12(c) minimiza- 
t ion rout ine to i t s  marker bond. The model is a lO- 
fo ld he l ix  with a pi tch of 34 # and conformational 
angles very s im i l a r  to those of the published model 
(1.0). 

12(b) By turning knobs the inves t iga to r  can adjust the dihedral 
angles CHI, XI, THET, PSI and PHI unt i l  the 01+C3+ bond is close 
to i t s  marker pos i t ion.  These adjustments may be used to bias 
the model in any way; such as to ensure that conformational 
angles are in preferred "standard" ranges. 
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