ably already contains heme iron in a lipo-
philic environment (/4), these facts
suggest to us that a lipophilic environ-
ment is necessary for heme-group IVB
complex formation. This suggestion is
strengthened by the observation that su-
crose is required in some instances for a
spectrum to be obtained. Since sucrose
is freely water-soluble but not lipophilic,
its presence would tend to divert the
solvating power of water and to force
tin(II) species, probably charged by
coordinated phosphate in the aqueous
phase, into the lipophilic phase as SnX,
or LSnX, species.

The group IVB dihalides, having the
ns? outer electron configuration and
available orbitals, are electronically sim-
ilar to carbenes, CO, and ethyl isocya-
nide. Ethyl isocyanide and CO complex
with cytochrome P-450 to give spectra
having large extinction coefficients and
absorption maxima at 455 or 450 nm (/5).
Isocyanide and CO are classified as 7-ac-
ceptor ligands since each has a free pair
of electrons used in dative o-bond for-
mation and each also has available 7-or-
bitals which are involved in 7-bonding
by accepting electrons from a filled metal
d-orbital. We suggest that the similarity
in electronic structure between the group
IVB dihalides on the one hand and CO
and isocyanide on the other leads to sim-
ilar binding in their heme iron com-
plexes, and consequently similar elec-
tronic spectra.

We have investigated the interactions
of the group IVB dihalides with artificial
systems that behave spectrally like cy-
tochrome P-450 (/6). We have also ex-
amined molecules that appear to produce
carbene—cytochrome P-450 complexes
after metabolism. These molecules in-
clude the methylene dioxyphenyl com-
pounds, which are well-known drug syn-
ergists, and their aliphatic analogs the
dioxolanes (/7). No toxicological impli-
cations for the use of SnF, are immedi-
ately apparent from our findings. Further
investigations are merited, however,
particularly with regard to the possible
synergism of toxic materials.

ALAN R. DAHL
ERNEST HODGSON
Department of Entomology, Toxicology
Program, North Carolina State
University, Raleigh 27607

References and Notes

1. M. Klingenberg, Arch. Biochem. Biophys. 75,
376 (1958); D. Garfinkel, ibid. 72, 493 (1958).

2. T.J. Marks and A. R. Newman, J. Am. Chem.
Soc. 95, 769 (1971) and references therein.

3. J. D. Donaldson, A Review of the Chemistry of
Tin(II) Compounds (Tin Research Institute,
Greenford, Middlesex, England, 1964), pp. 28—
29.

4. R. B. Mailman, A. P. Kulkarni, R. C. Baker, E.

1378

Hodgson, Drug Metab. Dispos. 2,301 (1974); A.
P. Kulkarni, R. B. Mailman, R. C. Baker, E.
Hodgson, ibid., p. 309.

S. T. Omura and R. Sato, J. Biol. Chem. 239, 2370
(1964).

6. Cytochrome P-448, specific activity 7 nmole per
milligram of protein and used as a solution of 0.6
nmole/ml, was obtained from R. M. Philpot of
the National Institute of Environmental Health
Sciences, Research Triangle Park, N.C. [R. M.
Philpot, Chem. Biol. Interact. 9, 169 (1974)].

7. A. Y. H. Lu and W. Levin, Biochim. Biophys.
Acta 344, 205 (1974).

8. Lecithin was used at 0.05 to 1 percent and su-
crose at 3 to 20 percent (weight/volume).

9. Dipalmitoyl pL-a-phosphatidylcholine, approxi-
mately 99 percent pure, Sigma Chemical Co.

10. B. K. Tam and D. B. McCoy, J. Biol. Chem.
245, 2295 (1970).

11. P. G. Stecher, Ed., The Merck Index (Merck &
Co., Inc., Rahway, N.J., ed. 8, 1968), p. 521.

12. G. B. Ludwig, W. S. Blakemore, D. L. Drabkin,
Biochem. J. 66, 38P (1957); R. Coburn, N.
Engl. J. Med. 282, 207 (1972).

13. E. Hodgson and M. Juchau, J. Steroid Bio-
chem. 8,669 (1977)."

14. Y. Imai and R. Sato, J. Biol. Chem. 62, 464
(1967).

15. , Biochem. Biophys. Res. Commun. 23, S
(1966); J. Peisach and G. J. Mannering, Mol.
Pharmacol. 11, 818 (1975).

16. R. Chiang, R. Makine, W. C. Spomer, L. P.
Hager, Biochemistry 14, 4166 (1975); C. K.
Cheng and D. Dolphin, J. Am. Chem. Soc. 97,
5948 (1975); J. P. Collman and T. N. Sorrell,
ibid., p. 4133.

17. E. Hodgson and R. M. Philpot, Drug. Metab.
Rev. 3, 231 (1974).

18. Supported in part by NIH grants ES-00044 and
ES-00083.

3 June 1977

Molecular Graphics: Application to the Structure Determination

of a Snake Venom Neurotoxin

Abstract. Atomic coordinates have been determined for a snake venom a-neuro-
toxic protein by fitting a molecular model to a crystallographically derived 2.2-ang-
strom electron density map. The fitting was carried out entirely on a computer-oper-
ated molecular graphics system without going through any mechanical model stage.

The fitting of a molecular model to a
calculated electron density map is an im-
portant step in the determination of the
structure of a protein. This fitting is com-
monly done with a device called a Rich-
ards box (/). Contour lines drawn on a
series of transparent sheets represent the
map; a molecular model is built in front
of the map, but a half-silvered mirror
creates the illusion that the model is
being built ‘‘inside’’ the map. Since even
a small protein has at least 500 atoms,
the precise fitting of model to map and
subsequent measurement of the coordi-
nates of each atom are tedious and error-
prone steps. In this report we describe
how the entire process of fitting a model
of a protein to its electron density map
and then measuring the coordinates was
done in a short time by means of a spe-
cial-purpose interactive computer graph-
ics system, a molecular graphics system,
without ever constructing a physical
model.

A number of molecular graphics sys-
tems have been built, which are each
unique in some ways and which together
represent a wide variety of design
choices (2). For the work reported here
we used the GRIP (Graphics Interaction
with Proteins) molecular graphics sys-
tem at the University of North Carolina
3). GRIP makes available to the user
most of the facilities of other systems
plus a few unique features. We briefly
describe the GRIP system as it appears
to the user, stressing features that we
found to be effective.

GRIP is operated with explicit com-

mands and with hand controls. The
former are given by entering any needed
numerical values from a keyboard and
then selecting a displayed key word with
the light pen or pressing a button on a
small console. (The light pen may also be
used to select an atom or a contour.) The
system’s response to these commands is
usually not instantaneous. The hand con-
trols are analog devices which specify
viewpoint and conformation. The dis-
play’s response to the use of the hand
controls is essentially immediate.

The ‘‘seeing’’ controls of the system
include window selection, scaling, detail
suppression, suppression of selected
contours, viewpoint selection, and crea-
tion of a three-dimensional illusion. Exe-
cution of several commands specifies the
contents of the viewing volume. Once
this is done, a hand-controlled lever can
be used to change the viewpoint by rotat-
ing the contents of the viewed space,
which aids the user in comprehending
the view and provides a strong depth
cue. This is but one of the various mo-
nocular and binocular depth cues includ-
ed in the GRIP system. Of the former,
we use intensity depth cueing and con-
tinuous changes of viewpoint. (Intensity
variation may also be used to distinguish
the molecule and the electron density
map.)

GRIP uses three analog devices to
control smooth changes of the con-
formation of the displayed molecule.
One device, a three-dimensional posi-
tional lever, has a knob that may be
moved anywhere within a certain vol-
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ume; a selected residue moves corre-
spondingly in the screen space. The sec-
ond is a three-dimensional isometric le-
ver specifying angular velocities. The
residue appears to rotate according to
the way the handgrip is stressed. The
third device is a set of eight one-turn po-
tentiometers, each of which can be made
to control the internal rotation about a
chemical bond. The combination of ana-
log devices and GRIP software gives a
molecular modeling system iri which the
map and model can be manipulated al-
most by hand.

The user originally provides values
proportional to the electron density at
the points of a rectangular lattice. During
the sessions he invokes an on-line con-
touring program to convert these data in-
to a series of contours at one or more se-
lected levels. The contours may be cal-
culated for three sets of perpendicular
planes, and the user may select for dis-
play combinations of the calculated con-
tour maps. Individual contours may be
edited out after selection with the light
pen.

After the molecular model has been
manipulated, and hence distorted, the
user may invoke an on-line geometric re-
finement program which causes the mo-
lecular geometry to approach that of an
idealized molecule while keeping the
changes in the coordinates to a mini-
mum. Several methods have been devel-
oped for this (¢); the method used in
GRIP is that of Hermans and McQueen
(5, 6), which seems best suited to an in-
teractive environment.

On-line contouring and on-line geo-
metric idealization seem to add substan-
tially to the power furnished the user.
These calculations are made more ac-
ceptable in the interactive environment
by the system’s time-shared use of a
high-speed host computer (3).

Snake venom a-neurotoxins are small
basic proteins of 60 to 70 amino acids
with four or five disulfide bridges, which
are found in the venom of elapid land
snakes and sea snakes. They act by spe-
cifically blocking the membrane-bound
acetylcholine receptor of the muscle mo-
tor end plate (7, 8). The available se-
quence information has been summa-
rized by Ryden et al. (8), who emphasize
the importance of the disulfide bridges
and certain amino acids around residue
33 for the maintence of features of struc-
ture and function which are presumably
common to all neurotoxins. Because of
their specific, tight binding to the acetyl-
choline receptor, snake venom a-neu-
rotoxins are much used in isolating and
assaying the receptor (9).
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The crystal structure of one such tox-
in, the 62-residue neurotoxin b from a
sea snake from the Philippine Sea, was
solved by Tsernoglou and Petsko (/0) at
aresolution of 2.2 A. A small-scale elec-
tron density map (0.5 cm/A) was plotted
which revealed the general folding of the
polypeptide chain and the positions of
the four disulfide bridges. Dots were
placed on the map at approximate a-car-
bon positions (determined by looking for
side-chain density branching out from
the main chain), and crude a-carbon
coordinates were obtained by overlaying
a 1-A grid [figure 2 in (/0)]. We did not
build a molecular model at this stage, nor
did we ever use a Richards box in inter-
preting the map. We proceeded immedi-
ately to the molecular graphics system.

As a preliminary step, a set of coordi-
nates for all atoms in the molecule (ex-
cluding hydrogens) was calculated on the
basis of the a-carbon coordinates and the
stereochemistry required by the amino
acid sequence of a homologous neuro-
toxin (//, 12). This coordinate set was
used as a starting approximation in
which each residue was not too far from
where it belonged.

To fit the model to the map the follow-
ing procedure was used. A portion of the
model, usually some six consecutive
amino acid residues, was chosen for dis-
play. With a single command. the scale
was adjusted so that these residues
would just fit inside the viewed volume.
Within this volume, the electron density
contours were then calculated at some

Fig. 1. View of the toxic loop (residues 29 to 35). This and Figs. 2 and 3 are reproductions of
Polaroid photographs taken directly of the graphics screen. A gap in the density can be seen
where the main chain goes across to make the bend. This gap caused some difficulty in fitting.

(Stereo pairs; model bright, map dim.)

Fig. 2. Sequence reversal: residues 21 and 22 in electron density. The extra density at the end of
the short side chain and the lack of density at the end of the long side chain can be clearly seen.
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Fig. 3. View of the whole molecule with intensity depth cueing. The B-bend region (called the
toxic loop in Fig. 1) is at the bottom center.

specified level. We found the ‘‘chicken
wire"" display of contours at one level in
three perpendicular sets of planes to be
the most useful (Figs. 1 and 2). Usually
the display contained electron density
outside the area of direct interest. These
contours were selected with the light pen
and removed from the display with a
command.

The remaining contours and model
were rotated by use of one of the levers
to obtain the best view for model build-
ing. It is not possible to change signifi-
cantly the viewing direction in a Rich-
ards box, and the ability to do this with
the graphics system is a great advantage.
Model and map were displayed at two
different levels of intensity. A monocular
view of the model space was used, and
depth was perceived by viewing the
model while frequently adjusting the
viewing angle with the lever (/3).

The fitting was done residue by resi-
due. Each residue was in turn selected to
be moved into the appropriate region
of high electron density. If necessary.
the movements were alternated with
changes in the residue conformation by
bond twisting. After this had been done
for several residues. stereochemical er-
rors existed in the connections of each
fitted residue to adjacent residues. These
errors were largely corrected by means
of on-line refinement. The refinement
was restricted to several consecutive
residues and improved both the stereo-
chemistry within this zone and the con-
nections to other residues already fitted
to the map. We frequently defined target
positions for selected atoms, most often
main-chain nitrogens. carbonyl oxygens.
and B-carbon atoms. Refinement with
specification of target positions (6) was
found to be a means of obtaining a more
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precise positioning of the residues in the
density than had been achieved during
the fitting step.

The neurotoxin has four disulfide
bridges and the tertiary structure con-
sists of three long and two short loops
(10). The fitting was begun near the disul-
fide bridges. First, the bridges were
found as peanut-shaped regions of den-
sity in a map contoured at a high level
(that is. close to the maximum density).
We then recontoured the map at a lower
level and could work out from the
bridges. fitting the chains until two ends
met. By using an even lower contour lev-
el, we could frequently locate hydrogen
bonds. These were a decisive factor in
determining the orientations of many
peptide groups.

Some sections of the map were inter-
preted and fitted with surprising ease; in
others we had some difficulties. The tip
of the ‘‘toxic loop™ (Fig. 1. residues 29
to 35) was hard to interpret and we ob-
tained two alternative conformations.
One of these was subsequently discarded
as it contained several consecutive resi-
dues with a high-energy conformation
(/14). The other conformation is that
shown in Figs. 1 and 3. Difficulties were
also encountered in fitting residues 21
and 22. The fit obtained in this region
(Fig. 2) indicates that the assumed chem-
ical sequence is incorrect and contains
an inversion (/5).

A permanent record of the work was
obtained in various forms. As the fitting
progressed, the permanent file con-
taining the molecular description was
frequently updated. This file was copied
to other media (printer, cards, and tape)
at the end of the fitting. The machine-
readable output has been used as input
for subsequent refinement calculations.

Polaroid photographs of the screen yield-
ed both conventional and stereographic
photographs, which have proved useful
in studying the structure when away
from the graphics system.

It took two of us. neither of whom had
ever built a protein model before. about
60 hours to produce coordinates for all
the atoms in the protein (Fig. 3) (/6). The
model had a crystallographic reliability
index (R) of 0.47 at 2.2-A resolution.
which is comparable to R values for oth-
er proteins for which the model-building
was done conventionally. The model
was of sufficiently good quality to be
used for constrained crystallographic
least-squares refinement (/7).

On the basis of our experience. we
conclude that molecular graphics sys-
tems provide a fast. accurate, and effi-
cient means of displaying and manipulat-
ing protein electron density maps and
models. a means that is superior to con-
ventional methods of model building.
Using the GRIP molecular graphics sys-
tem. we were able to reduce a tedious
and slow step in protein crystallography
to one that is fast and enjoyable.

DEMETRIUS TSERNOGLOU
GREGORY A. PETSKO
Department of Biochemistry, Wayne
State University School of Medicine,
Detroit, Michigan 48201
JoHN E. MCQUEEN. JR.
JAN HERMANS
Department of Biochemistry, University
of North Carolina School of Medicine,
Chapel Hill 27514
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Visual Input to the Visuomotor Mechanisms

of the Monkey’s Parietal Lobe

Abstract. A newly identified class of neurons of the parietal cortex, studied in
waking monkeys (Macaca mulatta), is activated by visual stimuli, perhaps via the
retino-collicular visual pathway. This afferent input is thought to provide the visual
cues activating the visuomotor mechanisms of the parietal lobe for the direction of

visual attention.

When a stimulus is presented in the
peripheral visual field of a monkey, the
monkey may, after a latency of 150 to
200 msec, make a saccadic eye move-
ment to bring the image of the target onto
its fovea. The neural mechanisms that
mediate this eye movement are of great
interest, and considerable progress has
been made in elucidating the neural cir-
cuitry of the brainstem that controls eye
movements (/). Less is known about the
cortical mechanisms thought to link the
central neural representation of such tar-
gets of interest with those brainstem cir-
cuits. It was thought that neurons of area
8 of the frontal lobe, in the so-called
frontal eye fields, form the cerebral ef-
ferent pathway for voluntary or *‘spon-
taneous’’” eye movements, and that visu-
ally evoked eye movements are mediat-
ed via the visual cortical areas of the
occipital lobe. However, electrophysio-
logical studies of the frontal eye fields
and of the geniculo-striate visual system
in waking animals have not revealed neu-
rons that discharge before eye move-
ments occur (2). In recent studies of the
cerebral cortex of alert, behaving mon-
keys we found several classes of neurons
of the inferior parietal lobule that have
visuomotor functions. They appear to
provide a neural mechanism for the di-
rection of visual attention; that is, for the
fixation of gaze upon objects of interest,
for maintaining fixation of the object
when it moves slowly, and for loosening
fixation and initiating saccadic eye
movements toward new objects that ap-
pear in the visual field (3).

Here we describe the results of anoth-
er series of experiments in which we
sought to define the visual input to this
area. A class of cells previously called
visual space neurons (3) has been found
to be sensitive to light and to subtend
large, peripherally placed receptive
fields. We suggest that these cells and
the pathways that project upon them
provide one afferent input to the visuo-
motor mechanisms of area 7 that are ac-
tive before visually evoked eye move-
ments.

The electrical signs of the activity of
single cells of area 7 were recorded by
way of platinum-iridium microelectrodes
inserted transdurally into the cortex of

waking rhesus monkeys trained on the
visual fixation task described by Wurtz
). The behavioral training procedures
and electrophysiological methods were
described perviously (3). Four male
monkeys (Macaca mulatta) were used.
Each was trained to fixate a small gal-
lium-arsenide (A = 660 nm) light-emit-
ting diode (LLED) positioned on a tangent
screen in the animal’s primary line of
gaze, 34 to 57 c¢cm in front of him. The
screen contained an array of 16 other
LED’s; several different spatial arrays of
the target lights were available. The ani-
mal was required to depress the key after
the central light came on, and to hold it
down until he detected a dimming cue in
order to receive a drop of liquid reward.
He also learned, if the center LED dis-
appeared and another appeared simulta-
neously, to saccade to the second light
and fixate it until it dimmed (after a pre-
set delay). If the center light remained
on, the monkey maintained fixation of it
until it dimmed, and made no eye move-
ments toward any other light that came
on during the fixation period. The head
was held stationary and eye movements
were monitored by recording the hori-
zontal and vertical electroculograms
(EOG’s) with silver—silver chloride elec-
trodes implanted in the orbital bone. A
PDP 11/20 computer was used to control
light intensity, deliver rewards, and
monitor EOG signals, behavioral events,
and cell discharges. Small electrolytic le-
sions were made at the end of each pene-
tration by passing current through the tip
of the microelectrode (4 pa for 4 sec-
onds); they were used to identify the lo-
cation of neurons after histological prep-
aration of the brains. A total of 350 neu-
rons was studied in this series of ex-
periments, in six hemispheres. All cells
were located in area 7.

The light-sensitive cells of area 7 (98
cells out of 350) are activated when visu-
al stimuli are presented at or near the far
peripheral edges of the visual fields,
whether or not a saccade is made in that
direction. Figure 1 illustrates the results
of the study of one such cell, located in
the right hemisphere of a monkey. When
the animal was fixating the central point,
FP, and a test light positioned 30° to the
left came on midway through the fixation
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