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Fig. 7 A schematic north-south section through the Skaer-
gaard intrusion showing structural and volumetric relationships
consistent with known data.

As a further test of the experimentally determined liquid
compositions, one can calculate the compositions and pro-
portions of mineral assemblages that must be removed from
each liquid to proceed to its successor. These fractionated
assemblages should match corresponding units of the Layered
Series and Border Groups for appropriate levels. When mass
balance calculations of this kind are carried out for the new
Skaergaard data, it is found that consistent solutions are
obtained, but there is some uncertainty in the composition and
relative volumes of the Border Groups, for which few data
are available. For this reason, a reliable solution of the volume
problem must await a thorough study of additional samples
collected in 1974; using data obtained so far, it has been
possible to make preliminary estimates of the relative volumes
of the principal units of the intrusion. By relating these pro-
portional volumes to measured stratigraphic thicknesses one
can estimate the lateral extent of each layer and from this the
form of the intrusion. Figure 7 illustrates a schematic section
that is consistent with geophysical data and average composi-
tions of the rocks and liquids as they are known at this time.
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Apart from the great reduction of the volume of the Hidder
Zone, the principal differences between these and previous
estimates are in the greater lateral extent of the middle portions
of the intrusion from Lower Zone B through the Middle Zone
A further complication arises from the recent discoven
that the phase layering of the Layered Series transgresses
structural and stratigraphic horizons. The sequence of ap
pearance of mafic phases is displaced upward in the easter-
part of the intrusion relative to a section on the west side.
so that cumulus clinopyroxene and magnetite appear anc
olivine disappears at levels that rise toward the east relative
to distinctive horizons, such as the conspicuous Triple Grour.
The fact that the composition of plagioclase does not seem
to be affected by this phenomenon suggests that the liquidus
temperatures of iron-bearing minerals reflected a difference
in oxygen fugacity from one side of the intrusion to the other

This feature was only recognised very recently and requirs § — O
more study.
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Computer simulation of protein folding

Michael Levitt* & Arieh Warshel *

Department of Chemical Physics, Weizmann Institute of Science, Rehovoth, Israel
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A new and very simple representation of protein conforma-
tions has been used together with energy minimisation and
thermalisation to simulate protein fola'mg Under certain
conditions, the method succeeds in ‘renaturing’ bovine
pancreaz‘ic trypsin inhibitor from an open-chain conforma-
tion into a folded conformation close to that of the native
molecule.

PrROTEIN molecules owe their enormous functional versatility
to the fact that they spontaneously fold into complicated and
unique conformations determined by the particular amino-acid
sequence'. Discovering the relationship between protein
sequence and conformation is a fascinating theoretical problem
of fundamental importance. Most previous theoretical work
has used the concept of ‘local structure’, in which the conforma-
tion of a short segment of polypeptide chain is supposed to
depend almost entirely on the sequence of that segment.
Although this approach has helped understand local secondary
structure®3, it has not shown how residues distant along the
chain can come together to form the overall conformation. The
only promising attempt to study the tertiary folding of a

*Present address; MRC Laboratory of Molecular Biology, Hills
Road, Cambrldge UK.
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protein, in this case myoglobin, was based on the packimg
of cylinders supposed to represent a helices. The method
not implemented on a computer and cannot be applied m
generally to other proteins not built entirely from helices. :
Here we tackle the problem differently. First, we simpiff ber of inte
the representation of a protein by averaging over the fmefiliso hope _that
details. This is done both to make the calculations much rmom formatlons
efficient and also to avoid having to distinguish between mamsfeace 1s (_)f loy
conformations that differ only in these finer details. Second jJiwheres withou
we simulate the folding of this simple structure by the combmetifilf The effect ¢
use of convergent energy minimisation and normal mod iables is in
thermalisation, which accelerate the process by avoiding ruf nctions used
many non-productive random fluctuations that occur in natum equwalept I
Tests of the procedure on bovine pancreatic trypsin inhibzmg fqrnlatlons
(PTI), show that under certain conditions it can rapidly repm ations abou
duce the correct overall folding of this small protein molecs htained by av
a dipeptide
possible to

Simple representation of protein structure ere done on

Ma-cly, ala-pro
Even the smallest protein (say 50 residues) is extremely compi effective p
ted, with about 750 atoms and 200 degrees of freedom (sing cond amino

bond torsion angles). Calculating its free energy preset i i
severe computational difficulties, in particular when considera
interactions with the rapidly moving solvent molecules and

g ala, gly
mnimum at a

Imimum at a
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ala glu tyr phe

Lyr gly

Fig. 1 Relationship between the simplified model of protein
structure introduced here and the real all-atom structure of
proteins. The two reference points for each residue in the
simplified model correspond to the centroid of the side chain
and the C¢. Each residue is only allowed one degree of freedom:
the torsion angle o between the 4 successive C¢s of residues
ii—1, i, i+1, i+2). All the side chains of a given type have the
same simplified geometry. The bond lengths, bond angles, and
torsion angles used to define the geometry of the simplified
molecule were taken as the average values found in eight
protein conformations, though they could just as well have
been taken from amino-acid model compounds.

ermal motion of parts of the protein itself. Our method is
rsigned to overcome these problems and is based on two
sumptions: (1) that much of the protein’s fine structure can
eliminated by averaging, and (2) that the overall chain
ding can be obtained by considering only the most effective
iables (those that vary most slowly yet cause the greatest
anges in conformation).
Averaging over groups of atoms in the full structure gives a
mplified structure with each residue represented by only two
mtres, the C® atom, and the centroid of the side chain.
eractions are assumed to occur only between side chains,
hile the C® positions define the chain path (Fig. 1). Each
nino-acid residue only has one degree of freedom, the torsion
gle about the line joining two adjacent C®s (known here as o).
though a simple representation based on virtual bonds has
pen used before to study polypeptide random coils®, it has never
pen applied to ordered globular proteins. This simplification
duces the degrees of freedom by a factor of four and the
mber of interaction centres by a factor of fifteen. One might
ko hope that the reduced space used here to describe different
nformations would have many fewer energy minima. The
ace is of lower dimension and the side chains are smooth
heres without all the minor bumps of the all-atom structures.
The effect of the fine details and more rapidly changing
iables is included in the effective time-averaged potential
nctions used. (By the ergodic theorem®, this time averaging
equivalent to Boltzmann weighted spatial averaging over
mformations generated by changing the fast variables.) For
ations about the torsion angle o, the effective potential is
ained by averaging the energy over all those conformations
f a dipeptide that have a particular value of a. As it was
possible to study all 400 different dipeptides, calculations
done on six considered most representative: ala-ala,
gly, ala-pro, gly-gly, gly-ala and pro-ala. This showed that
effective potential only depended on the nature of the
pond amino acid, giving different potentials for the a pre-
ding ala, gly, and pro. The alanine potential had a deep
pnimum at a = 210° (twisted B chain) and a more shallow
imum at a = 45° (o helix); the glycine potential had a
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broad minimum at o = 0° (reverse turn); and the proline
potential had two sharp minima at « = 60° and o = 210°.
Because aspartic acid and asparagine were found to occur as
frequently in the reverse turns of known protein conformations
as glycine, the same potential was used for all three. The
alanine-type potential was used for all other amino acids
except proline. All the atoms were included in these dipeptide
calculations, which used energy parameters derived from
crystals of amino acids, amides, and hydrocarbons.

The interaction potential between a pair of identical amino-
acid side chains was also calculated by spatial averaging. Each
side chain was assumed to be spherically symmetrical with a
radius equal to the average radius of gyration of that side chain.
The effective potential was calculated at various distances
apart as a sum of the interaction energy of all atoms any-
where in one sphere with all atoms anywhere in the other

Fig. 2 Stereo ribbon drawings of PTI in: a, the idealised
native molecule, b, the minimum energy conformation generated
starting at the idealised native conformation and ¢, the best
conformation generated by folding from an extended chain with
a terminal helix (the final conformation in Fig. 4). (The pro-
grams used to rotate the molecules into the same orientation
and then draw the ribbon between C¢s were provided by
Dr A. D. McLachlan.)

s
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sphere. This effective potential between identical side chains
was approximated by a Lennard-Jones type function, and
potentials between pairs of different side chains were obtained
by a geometric mean combining law. Because proteins fold in
water not a vacuum, interactions with the solvent are included
by assigning to each side chain a hydrophobic energy taken
from the solubilities of amino acids in water and in ethanol’.
In the calculations, the energy of transfer between these two
solvents was taken as the difference in energy of the side chain
when isolated in water and when completely surrounded by
other residues. When surrounded by an intermediate number
of neighbours, the hydrophobic energy was varied according
to a sigmoid function. More complicated models that include
hydrogen bonds and S-S bridges wili be described eisewhere,
together with full details of the standard geometry and all
energy parameters used.

The folding of this idealised protein can be simulated by
solving the equations of molecular dynamics at sufficiently
small time intervals. In a viscous medium like water, these
equations of motion can be approximated by Langevin equa-
tions, where the change in the variables is directed down the
energy gradient with a random deflection due to Brownian
motion®. For greater computational efficiency we neglect these
thermal fluctuations while the chain folds, and the end point
of the trajectory is the potential energy minimum accessible
from the starting conformation. We minimise the energy of
the idealised protein chain with respect to all the a angles
using a powerful quadratically convergent method (VAQ9A,
by R. Fletcher and taken from the Harwell Subroutine Library).
After reaching a minimum, thermal fluctuations are reintroduced
and the conformation is considered to be vibrating about the
minimum so that each normal mode has average kinetic energy
kT2 (where k is the Boltzmann constant and 7T the absolute
temperature). A new starting conformation for the next pass
of energy minimisation is chosen by suddenly stopping the
thermal vibration. At this time each normal-mode coordinate
will be displaced randomly from the minimum by (R(n)k T/L)},
so that the associated energy becomes R(n)kT/2. Here X is the
eigenvalue of the energy second derivative matrix correspond-
ing to the particular normal mode, and R(n) is a random
number uniformly distributed between 0 and 1. (An exponential
distribution of random numbers between 0 and oc would be
more realistic.) Normal-mode thermalisation avoids non-
productive changes in conformation for it knows which com-
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Testing the simplified representation

The drastic simplifications used in the present representatioe
of a protein conformation were tested by minimisation froe
near the native folded conformation. Bovine pancreatic trypsm
inhibitor was chosen for this test as it is the only small proiem
(less than 100 residues) of known conformation that has a
single polypeptide chain and no additional prosthetic groum

As a first step, a simplified native PTI conformation wa |
obtained by taking the C* positions and side-chain centroums |

from the X-ray coordinates® (kindly supplied by Drs Huer

and Steigemann). Next an idealised chain, based on the PTj ]
sequence and having the same geometry for all side chzm |

of the same type, was made to fit the simplified native =
ordinates by adjusting the a torsion angles. This conformatiom.
known as the idealised native structure, deviates by 1.1 A r.ms
from the simplified native structure. The r.m.s. deviation is

N 1/2
{llv Z(A"u) 2 }

where Ar;; is the difference, in the two structures, of the disteaze

between side-chain centroids (i andj). Energy minimisazum
from this starting conformation was then carried out to repro-
duce the stability of native PTL.

After 558 cycles a perfect minimum is reached at an enegs |

of —52.0 kcalorie mol ! and a r.m.s. deviation of only 3.37 &

from the simplified native conformation. Thermal randomss- |

tion about this minimum does not lead to further movernem
from the native molecule on subsequent minimisation. Ras

domly disturbing the initial best-fit angles (with a disturbemme |
between —15° and + 15°) has little effect on the conforma i |
obtained by subsequent minimisation. Figure 2 compares e

minimum energy and native chain folding in stereo. zmil
Figure 3 compares the contact maps. Because of a ger=al
twisting of the molecule, the comparison of the two structums

should be done in stereo. Because main-chain hydrogen bomnds |
have been omitted, the terminal helix becomes distorted zmi }
consequently packs too tightly against the B hairpin cer.z §

at residue 27.

Simulation of PTI folding

Having shown that so simple a model can represent the stztie

r.m.s. Deviation (A)

Energy (kcalorie mol ')
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T 10 slerec. tion was thermalised at the end of each minimisation except near cycles 490 and 730 when the energy rises slightly because the minimisation
¢ of a oo was restarted after rounding the torsion angles to one dcgree. In the first two thermalisations, each normal mode was perturbed in the plus

direction to raise the associated energy to R(n)kT/2 with T = 1,000 K. In the other three thermalisations, the perturbations were randomly
in the plus and minus directions but always such as to raise the energy by 47/2 with T = 300 K. (Because the random numbers are distri-
buted uniformly rather than exponentially, these temperatures do not correspond to the macroscopic temperature.) The 8 ribbon diagrams,
b which show the C® chain path, refer from left to right to the 8 conformations at the circled points on the r.m.s. deviation curve, respectively.
The last five conformations have progressively lower energies and are each a little closer to the native structure (E = —43.3, —45.7,
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arting conformations, one fully extended (all a = 180°), and
re extended apart from the C-terminal helix (o = 180°,
peept for residues 48 to 58 where o = 45°). Retaining the
erminal helix from the native structure is justified here as we
ge more concerned with the process of folding than with
ediction of the native conformation of an unknown protein.
p the latter case a statistical rule (see ref. 2) could be
scd to guess the position of the a helices in the starting con-
rmation. Figure 4 shows the iteration history of minimisation
rom the second of these starting points, which was the most
pecessful run of those obtained to date. Thermal randomisa-
ion about the first minimum, an irregular but extended con-
prmation, raises the energy and in this case causes the chain
p bend back on to itself decreasing the r.m.s. deviation. From
his point, minimisation first opens the molecule again, but
Ben reaches a new minimum where the chain now has kinks
hat could become the bends of B hairpins. After a second
kndomisation, minimisation rapidly folds the molecule bring-
pe the terminal helix close to the B hairpin centred on residue
. More minimisation and thermalisation first brings together
two top loops (near residues 15 and 40), and then brings
he N-terminal tail on to the rest of the molecule. The final
plded conformation of Fig. 4 is remarkably like the native
polecule (Figs 2 and 3). In both conformations the chain
nds back on itself near residues 14, 27, and 40. In both con-
prmations, the pairs of half-cystine residues that are experi-
pentally known to form S-S bridges, are close together
<10 A). 1t is interesting that the C-terminal helix is the part
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about 0.6 s on an IBM 370/165 computer.

of the native molecule reproduced least well even though these
residues had been set to a perfect helix in the starting con-
formation; this is due to the omission of peptide-peptide
hydrogen bonds which stabilise the helix and could now be
introduced.

Repeating the folding simulation from the fully extended
starting conformation also lead to a compact structure with
many of the features of native PTI, although after the same
number of cycles the r.m.s. fit was a little worse (7.7 A instead
of 6.5A) and the energy was higher (—27.7 kcalorie mol~*
instead of —44.9 kcalorie mol ). Almost all the differences in
conformation of these two folded structures involved the last
10 residues which remained extended if not pre-set to a helix
and consequently failed to pack against the rest of the molecule.

Variation of folding conditions

Changing either set of starting torsion angles by a random
value between — 15° and 15° had little effect on the final con-
formation. Folding at a lower initial temperature (7 = 300 K,
rather than 7 = 1,000 K) failed to reach a compact conforma-
tion, as the thermal disturbances were too small to get out of
the local minima corresponding to an extended chain.

Four additional runs of 600 cycles, under the same conditions
as those used in Fig. 4 but based on different sequences of
random numbers, gave rise to different folded shapes. In one
of these, the folded molecule was close to the native structure
(r.m.s. deviation of 6.3 A), although the P sheet was formed
between parallel rather than antiparallel chains (Fig. 3f). In
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two others, the antiparallel B sheet centred near residue 27
was formed, but this hairpin did not subsequently fold on to
itself to give a compact shape (Fig. 3d and ¢). Conformations
that deviated more from the native structure always had
higher energies, which gives an independent criterion for
choosing the best conformation and suggests that more passes
of thermalisation and minimisation lead to a conformation
closer to the native one. Of the five runs using different random
numbers for the thermalisation step, two succeeded in getting
to within 6.5 A of the simplified native structure in less than
600 cycles. That certain folding pathways are less successful is
consistent with the experimental results of Creighton'® who
has analysed the predominant kinetic intermediates present
at different times after starting PTI renaturation and found
several with the wrong tertiary fold.

General model for protein folding?

It seems remarkable that so simple a model based on time-
averaged forces can account for the stability and folding of a
molecule as complicated as a protein. Looking at known
protein conformations closely, one is struck by the precise
geometry of the interatomic contacts that stabilise the molecule:
all possible interior hydrogen bonds are well formed, and
many of the nonpolar side chains interlock to form a close-
packed interior. As the forces responsible for this precise
geometry fall off rapidly with distance and improper orienta-
tion, it would seem that folding must depend on a very rare
random fluctuation that happened to bring the right residues
close together with sufficient precision for the short-range
forces to take effect. It therefore seems unlikely that these
short-range forces could ‘direct’ the folding from an open dis-
ordered structure. In view of the present results, however, the
time average of these short-range forces may play an important
role in directing protein folding. These effective forces, which
are weak, fairly long range, and not too dependent on orienta-
tion, restrict the number of low energy conformations severely;
they cause the chain to fold into the approximate shape rapidly
and without having to pass through many local minima.
Because this approximately folded molecule corresponds to a
large region in the space of possible protein conformations,
folding would not be so rare an event.

As a general model for protein folding we propose that
initially, when the chain has a flexible open structure, the
effective time-averaged forces between the residues play a
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central role, folding the chain into a compact shape with mos: | ounts
groups close to their final positions (say within 5A). Oax JgFOMPAct ¢
the chain becomes compact with less freedom of movemer. 1) The n
the specific short-range interatomic forces become imporiat: B all (‘? s
they form a precise conformation provided that the resul:mg JEFOS¢ bina
gain in enthalpy overcomes the loss in entropy. The procsss fPecentricit
oduced

would be rather like crystallisation, with the atoms simm

falling into place from their nearby positions in the approximzme JlP 8¢ €ccel

folded conformation. i large ar

To simulate this second step one switches over to prz- gEPRIYCentre

gressively more detailed models gradually incorporating mome $E=C of ¢

atoms and ending with the all-atom structures considered m ! :ln%?lteg
e

earlier work!®1®. Although calculating the energy of the al-
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Two kinds of stellar collapse

Here I shall show that the events which produce compact
objects may be divided into at least two classes on the basis
of the impulse given to a binary system containing the collapsing
object. This impulse may be related to the amount and sym-
metry of mass loss resulting from the collapse event.

If one member of a binary system in circular orbit loses
mass in a spherically symmetric manner and on a time scale
much less than the orbital period, then the barycentre of the
remaining system acquires the velocity!

M M(1—¢q)
(My+ M) (gM -+ My)

oy

where S, is the initial relative orbital velocity of the two masses,

atom molecule wouid be time consuming, one would have S JlF Her |
great advantage of starting close to the right conforma: i JF20¢ It 2
and could minimise successive overlapping zones of z iow JF2NE of .
residues at a time without having to search through mam s func
local minima. | - off of
The general concept of using a simple model based om 2T for.m;
effective time-averaged forces when the detailed forces are <om JFOPUlRtION
complicated has many potential applications; for exarr-e, SERIIIMUM
the formation of protein quarternary structure and - S ple arg
enzyme complexes, virus assembly and so on. At each leve of S than
complexity, forces would be time averaged over those sub- locity) ¢
structures that are relatively fixed or seem to play a iS¢ valug
important role in the assembly. Such a hierarchical approadic ] oughr
might eventually lead to an understanding and simulatioz «ff" 3) T_he p1
very complicated biological assembly processes. pelocity ~
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M, and M, are the initial masses and ¢M, and M, are yr. The
final masses. If more than half of the total initial mass of pports il
binary is lost the system becomes unbound; if not, the o - er thar
becomes eccentric!. If the initial orbit is eccentric, the explosa i populs
is asymmetric, or the effects*? of the collision of the dehuiil§ pe of stz
with the companion star are included, then several m ared 107
parameters are needed to describe the event and to determmgiiiane), the
the new orbit. Conservation of momentum arguments indicag at it be t
that explosions producing loss of a few tenths pf the ,r globula
mass, or giving the compact remnant a recoil Yelocny pom the ¢
several tenths of S, will generally (except for fortuitous comm jsars.
binations of parameters) lead to orbits Qf subsl_al_ltial €CoeTHliiM No conc
city. If M,~M, then barycentre recoil velocities of a i ssive bil
tenths of S, w]l} alsq result. Slightly more violent eves e of S
produce hyperbolic orbits. polent exp)

1 first summarise the evidence for the expulsion of g X-ray sc




