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diction rules so frequently applied to 
the prediction of helical regions could 
first be utilised in order to locate the 
a-helices. Nevertheless, the predictions 
would have to be particularly good 
because without the capacity for heli
cal hydrogen bonding, the backbone 
would presumably not be capable of 
realistically winding or unwinding to 
compensate for errors in the statistical 
predictions. 

These cautionary notes may well 
seem pessimistic in the light of future 
studies but the onus is on the authors 
io provide a more extensive body of 
evidence for the validity of their model, 
particularly evidence resulting from a 
much larger number of folding simula
tions. If the technique can be justi
fied it will undoubtedly prove of very 
great value for folding the non-helical 
regions of proteins and bringing preset 
helices together. 

The study of Levitt and Warshel re
flects the ingenuity and optimism to be 
found in a number of recent publica
,tions relating directly or indirectly to 
the folding of globular proteins. At 
meetings and in visits to other labora
tories, one can readily detect the under
lying tension and enthusiasm; ,there is 
an exciting smell of sulphur, carbon, 
nitrogen and oxygen in the air. 

Michael Levitt and Arieh Warshel reply
ROBSON sees our work as similar to 
that published by Ptitsyn and Rashin 
(Dok!. Akad. Nauk. SSSR , 213, 473 ; 
1973). Ptitsyn and Rashin have made a 
physical model of myoglobin out of 
nine preformed helical segments con
nected by pieces of flexible chain. They 
used regular plasticine cylinders for the 
helices (rather like the simplified 
models made by protein crystallo
graphers from low resolution elec,tron 
density maps), and manually searched 
possible types of packing after making 
some assumptions about the neighbour
ing helices along the chain coming 
together first. The interaotion energy 
of a pair of helices was obtained by 
counting which residues were taken out 
of water at the contact surface, hydro
phobic residues preferring to be buried 
and hydrophilic residues to be exposed. 
With this model they concluded that 
an arrangement of helices closely like 
native myoglobin had both the lowest 
energy and the most stable inter
mediates at each stage of the assembly. 
We find Ptitsyn and Rashin's work ex
citing •booause of ,its or-iginality and 
the unex,pectedly dear-cut ,picture of 
stable subassemblies when forming 
myoglobin from helices. It is surprising 
that their work is considered so similar 
to what we have done. Our work is a 
complete ab initio computer simula
tion of the folding of a whole protein 
chain based on realistic chain geome,try 

and interatomic forces derived from 
studies of small molecules, and inciud
ing both the dynamics of the chain and 
randomising effect of temperature. In 
our paper (Nature , 2S3, 694; 1975), we 
did not neglect the polypeptide back
bone but only omitted the hydrogen 
bonds between peptides which may be 
we,ak in ,the early ~tages of folding 
when the protein has a fairly open con
formation in an aqueous environment. 
We said they could be introduced later, 
along with other detailed interactions. 
It is certainly not true that we are 
" obliged to start wi-th the known a

helical region of trypsin inhibitor" (see 
page 697, column 2 of our article). We 
include the effect of the solvent using 
amino acid solubilities but only as part 
of a realistic energy function with con
tributions from van der Waals, electro
static, and torsional forces. 

We did, of course, refer to Flory's 
work on .the virtual bond approxima
tion, which was designed and used for 
calculating statistical properties of 
disordered random coil polymers. It 
was totally unexpected that ,this simpli
fication could also be used in a com
plete simulation of protein folding. It 
now seems that ,the protein chain can 
be simplified because the peptide group 
is planar and the two rotatable bonds 
almost co-linear. Each value of our 
single variable torsion angle a re
places a pair of the usual backbone 
torsion angles cp and 1/1, so that we can 
halve the number of variables and 
hardly affect the representation of the 
protein backbone. It is unfair to say 
,that we consider the protein as "side 
chains connected by virtual bonds". We 
connect adjacent c•s by a rotatable 
virtual bond and the side chains then 
stick out fmm this backbone (see Fig. 
1). Omitting the backbone and con
neoting adjacent side chains by a vir
tual bond would be •a very poor model 
indeed. 

We do not believe that the native 
conforma,tion of ,a iprotein necessarily 
has tihe lowest free energy, but try to 
simulate the actual folding process. 
For this onre must move smoothly over 
the energy surface down the energy 
gradient. The minimisation method we 
use, developed by the Numel"ical 
Analysis group at Harwell, has been 
proven ,to be very powerful for a wide 
class of ,problems; i-t follows the path 
down the gradiooit more efficiently than 
,any other meithod. We a-re well aware 
of the so-ca-lied "untraditional" non
gradient minimisation methods which 
oould conceivably avoid shallow 
minima, but these would require be
twe·en 50 to 100 ,tJimeis ,as many ene.rgy 
evaluat,ions to reach a minimum. What 
would be worse is that one would lose 
a,l,J physi-c,al -11eality and s:tiU have no 
gua.mn,te.e of crossing low energy bar
•rie,rs. Our normal mode thermalisation 
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technique uses information gathered at 
no extra cost while dropping into a 
minimum to get out again. In fact very 
few shallow minima are encountered 
(usually about I or 2, see Fig. 4) in 
folding from an open ,to compact con
formation . This is an expected result of 
averagi-ng ove,r less important detail, 
but may well represent, as we wrote, 
a real property of ,the first stage of the 
actual folding process. The conforma
tional energy surface ·of a protein 
seems ra,ther simple .to us, and the 
analogy of following a freewheeling 
locomotive is actually a close picture 
of wha.t we find . 

Until now nobody has even shown 
that accepted in,teratomic forces give 
rise to a true minimum (net couples 
less tJhan 10-• kcal mol- 1 rad- 1

) near 
the native conformation of a protein. 
Were we to have used ,the accepted 
all-atom representation of pancreatic 
trypsin inhibitor, our work would have 
cost more than NASA's Apollo pro
gramme, and the results would have 
been much harder to interpret because 
of the many shallow minima caused by 
the minor irregularities of the side 
chains. Throughout ,this project we 
have been very a:wa,re of the necessity 
of maki,ng the calculations as efficient 
as possible; we have managed to reduce 
the calculation time by a factor of 
about 1,000,000 by (I) considering the 
most effective variables, (2) averaging 
over side-chain conformations, (3) using 
a very efficient minimisation method, 
and (4) using normal modes in the 
thermalisation. 

Since last August ,when we obtained 
the results published in Nature , we 
have extended the work cons,iderably. 
We have simulated pancreatic trypsin 
inhibitor folding including the back
bone hydrogen bonds and get as good 
a fit to ,the native conformation. We 
have also tested different starting con
formations and sets of e,nergy para
meters, and still obtain a significant 
success rate. The same methods have 
been appHed to mbredoxin, another 
smaH protein, wi,th encouraging results. 
Tests on the "mainly he.ticaf' proteins 
myoglobin and myogen have shown 
that when peptide hydrogen bonds are 
included, helices are stable and capable 
of growth and that several heHces can 
come ,togetheT as in the native protein. 
Now that we have a new version of the 
program two and a half times faster 
(one cycle for PTI in 0.2 s) we will 
look at bigger proteins, like lysozyme, 
ribonuclease, and the antibody domains. 

For the first time it ~s possible to 
simul-ate protein folding by computer, 
study each step of the process in detail, 
and test which forces dominate and 
which parits fold first. A great deal still 
has to be done, but ,there is room for 
some optimism about a gene:ral solution 
to the problem of how proteins fold. 
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