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Certain concepts and misconceptions in the field of protein folding are discussed from the viewpoint of a thcorctical physicist. It is argued that 
there can be no protein folding code and that perceived correlations between sequence or composition and three-dimensional structure are more 
likely to be an artefact of a limited datahase than a real result. Attempts at using molecular dynamics algorithms arc also likely to produce aaefactual 
results because results depend critically on the unknown hamiltonian energy function. Correct calculations of configurational entropy are thought 

to be the most likely uext step in undcrslanding how and why proteins fold. 
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1. SOLVING THE PROTEIN FOLDING 
PROBLEM 

In the strict sense of being the successful prediction 
of the three-dimensional structure of a protein from its 
amino-acid sequence, the ‘Protein Folding Problem’ is 
as much a problem for theoretical physicists as for mo- 
lecular biologists. Theoretical physics is not, however, 
a particularly approachable field. The aim of this mini- 
review is, therefore, to try to familiarize the more bio- 
logically oriented reader wit11 some of the concepts 
dominant in a physicist’s view of protein folding. This 
is important not just as a matter of general interest, but 
because resolving the protein folding problem will de- 
mand extensive collaboration and understanding be- 
tween scientists as disparate as physicists, biologists, 
chemists and mathematicians. 

2. PROTEIN FOLDS ARE NOT CODED 

The genesis of the protein folding problem can be 
traced to early observations of the reversibility of the 
denaturation of proteins [l-3], though it could not be 
cast into its presently understood form before the dis- 
covery that proteins have a definite sequence ‘coding 
for’ a more or less well-defined three-dimensional struc- 
ture. Much of the modern literature makes an unsup 
ported conceptual jump from these observations and 
from the existence of a genetic code to the idea that 
there exists a ‘Protein Folding Code’. But ‘code’ is a 

term with a simple and specific meaning. It would imply 
that local sequences would specify local structures sim- 
ply and uniquely. This is in clear disagreement with 
observation. It would bc equally wrong to infer, instead, 
the existence in the sequence of ‘encrypted’ data deter- 
mining the fold, for much the same reason of implying 
too high a degree of determinacy and the corollary of 
well-defined ‘decryption’ machinery. There is little sense 
in such a concept, since a protein molecule capable of 
unaided folding must be its own decryption machine, 
and every case becomes special. The view must be more 
that the sequence holds data describing the fold in nei- 
ther a coded nor an encrypted form, but more simply 
that evolutionary pressure selects sequences which, fol- 
lowing normal physical laws, fold into something use- 
ful. This is opportunism, not information-based deter- 
minism, and the real problem in protein folding must be 
unravelling the complexities of the physics. The solution 
itself, though based on diverse physical theories and 
much experimental evidence, must take the form of an 
algorithm. 

3. INTERACTlONS AND STRUCTURAL 
TENDENCIES 

Corrcsporrd~tm addwsx European Molecular Biology Luboratory. 
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Arguments that single amino acids have varying ten- 
dencies to form the extended or the helical conforma- 
tion, and even that interactions between residues are 
unimportant, have been overstated in the literature [a] 
and have led to much misunderstanding. At first sight, 
this error appears to arise from underestimating the 
difference between the amorphous, relatively open 
structure of ‘ordinary’ high-polymers, where side-chain 
interactions are relatively non-specific, and the dense 
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well-packed and ordered structure of folded proteins, 
where side-chain interactions can be highly specific. Ac- 
ceptance of this simplifying error and a vague sense of 
the sequence coding the structure have led to numerous 
data-based attempts on the protein folding problem [S- 
81, even though a straightforward statistical attempt to 
determine a relationship between sequence and second- 
ary structure shows it to be indeterminate for lack of 
data in the forseeable future [g]. A knowledge of se- 
quence variability alleviates this problem only partially 
[IO]. The present author’s (unpublished) work in this 
area shows explicity the degree to which the secondary 
structure is determined by physical interactions between 
pairs, triplets and higher multiplcts of residues. As a 
rule, the result can be summarized by saying that higher 
multiplets have an extra effect which cannot be pre- 
dicted from those of the underlying lower multiplets, 
but generally does not outweigh them, at least for the 
proteins in the database [I 11. This observation accords 
well with physical intuition. The same analysis shows 
that some sequences have strong structural preferences, 
whilst others clearly do not, which facts are well known 
to aficionados of the tield. Irritatingly, but perhaps in- 
evitably, the portions of the sequence for which too few 
data exist to make a good prediction concentrate in the 
very regions that give proteins their specific characteris- 
tics. 

4. THE CONSEQUENCES OF ENERGIES BEING 
1NCALCULABLE 

It is commonly asserted that the failure of algorithms 
to predict secondary structure is obvious because the 
folding of the backbone is ‘context dependent’, where 
context is taken to mean ‘local spatial environment’. 
Unfortunately, an acknowledgement of this weakness is 
not the same as knowing how to do better. A recent 
paper aimed directly at molecular biologists [12] de- 
scribes a relatively new and interesting attempt to 
broach this impasse. Apparently, it ties together ap- 
proximated but respectable physics and database analy- 
sis using a I;:chnique known as “associative memory 
Hamiltonians” identifying tertiary as well as secondary 
strusture. An earlier paper aimed at physicists presented 
the argument clearly [13], saying that the method is to 
“use the spatial statistics of a database of known struc- 
tures to determine an energy function”, i.e. the associa- 
tive memory Hamiltonian. The consequences of this 
deduced energy function are then explored using a mo- 
lecular dynamics (MD) algorithm. The real point here 
is that the true Hamiltonian ; .a, ,:rgy) of a protein is so 
unimaginably cc,:rplicated that we have neither means 
nor hope of determining it properly. Accurate knowl- 
edge of it is, however, an absolute requirement for cred- 
ible simulations of molecular dynamics. This popular 
technique has found many applications, and when con- 
strained by structural data from X-ray or nuclear mag- 

netic resonances (NMR) studies can be very useful, if 
unnecessarily expensive, since welldesigned Monte 
Carlo (random trial) algorithms can achieve compara- 
ble results much more efficiently without giving the false 
impression that the dynamics of the molecule are under- 
stood [l4]. It is now known that all MD algorithms 
could be seriously flawed for subtle but basic computa- 
tional reasons even if the energy function were known 
exactly [IS]. Not all of the reasons for the failings of 
present-day calculations of molecular dynamics are 
clear, however, though certain approximations likely to 
lead to problems, for example the neglect of electro- 
static interactions beyond a certain distance, are being 
avoided in newer implementations running on mas- 
sively parallel computers [16]. There seems to be no 
hope that three- and higher-body interactions can ever 
be accommodated, and the well-known argument that 
correct or even approximate calculations of molecular 
dynamics will always be too expensive to solve the pro- 
tein folding problem still seems irrefutable. 

5. STATISTICAL MECHANICS GIVES A CLEAR 
PICTURE 

A bizarre feature of the literature is a recurrent depre- 
cation of the obvious fallacy that a protein molecule 
achieves its final fold by performing an exhaustive 
search of all possible conformations. This is opposed by 
an even less helpful concentration on experimental 
‘proof that proteins fold via a well-defined pathway 
instead, though this is a dangerously naive interpreta- 
tion of macroscopic observations. Both of these extreme 
viewpoints are based on an inadequate appreciation of 
statistical physics 1171. In that lang>~nge, a classical sys- 
tern in equilibrium must explore all possible states with 
probability dictated by the Boltzmann distribution, 
which decays exponentially fast with increasing energy. 
One molecule might take an infinitely long time to do 
this, and an artifice to achieve the same mathematical 
results is to average an infinite number of molecules for 
an infinitesimal time instead. But protein molecules are 
not in equilibrium anyway, so for them a finite time 
sufflces to perform the necessary sampling ofconfigura- 
tions; also, the vast majority of configurations are either 
inaccessible from the starting state or are energetically 
so unfavourable that they can be ne&cted. This leaves 
only accessible, dominantly low-energy conformations. 
Some of these conformations will lie in densely repre- 
stinted local minima of energy and would consequently 
bc observable experimentally as kinetic traps. However, 
the presence of interconvertible (i.e. topologically mutu- 
ally accessible) kinetic traps will lead to exactly the type 
of multiply connected routes of folding that have been 
observed [IS]. This complicated interconverting maze is 
not described appropriately as a pathway in the bio- 
chemical sense, and attempting to redefine ‘pathway’ 
(like *code’) is to obfuscate. 
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6. EXPERIMENTS IN UNFOLDING 
CONDITIONS 

Experimentally, protein folding is often studied in the 
reversed sense of unfolding native proteins. Objections 
have been raised to this [19], because it cannot be as- 
sumed without proof that the denaturation of a protein 
in strongly unfolding conditions proceeds by the same 
route at the microscopic level as folding in more normal 
conditions. Some authors claim that no problem exists, 
but cite as proof a dubious invocation of a principle of 
microscopic reversibility and experiments which, 
though novel, are incapable of resolving this question 
[20,21]. 

7. A LABILE STATE CAN STILL HAVE STRONG 
TENDENCIES TO THE NATIVE STATE 

The chains of unfolded proteins are nowhere near as 
straight and open as is commonly imagined or illus- 
trated [4,22,23], but claims that they follow a path typ- 
ical of a random walk are also overstated, denying the 
so-called ‘excluded volume’ effects of chainutcr-chain 
collisions. Ordinary high polymers can be observed in 
special conditions (called the theta-point) where the ef- 
fects of these interactions cancel to a large degree, as far 
as some macroscopically observable properties are con- 
cerned, but a true theta-point is impossible for a protein 
because it would need different conditions at each point 
in the sequence. This means that partially unfolded pro- 
teins in the so-called ‘molten-globule state’ still display 
structural tendencies clearly related to their native 
structures, and it is unlikely that these tendencies ever 
vanish completely, even under strongly unfolding con- 
ditions. Molten globules themselves have become a dan- 
gerous concept lately (simply because they are far too 
popular), and there is a risk of not distinguishing clearly 
enough between true molten globules and more general 
lability, which may often be functional in normal phys- 
iological conditions, 

8. THE MOST ADVANCED POLYMER PHYSICS 
HAS ITS LIMITATIONS 

The polymer chain analogy has been studied inten- 
sively, often using the most advanced available mathe- 
matical models, like dimensional regularization and 
renormalisation group theory [23-271. Dimensional reg- 
ularization is a trick to extrapolate results evaluated in, 
say, four dimensions back to the everyday three dimen- 
sions where they are otherwi.se incalculable. It is a tech- 
niqlue used widely throughout physics but a proof of its 
validity cannot bc found f28]; the author believes this to 
be a strong indication that it violates the symmetry of 
nature. An absolute proof of its impossibility, on the 
other hand, would imply that there is an error in estab- 
lished physics, which is quite likely given the current 
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plethora of insoluble problems. Renormalisation group 
theory is more complicated, but also more rigorous, and 
involves establishing relationships which remain valid 
if certain parameters (e.g. length scale) change. Calcula- 
tions using these methods suggest that the transition 
from a collapsed globule to a so-called unfolded state 
may be thermally equivalent to a liquid-gas phase tran- 
sition, but is of first order (i.e. with a latent heat) only 
for chains of infinite length [29]. For chains of finite 
length the calculated order is indeterminate between 
first and second (i.e. without a latent heat), which may 
be relevant to observations of the lack of a discernible 
activation barrier between the compact intermediate 
and the unfolded state. It has also been shown recently, 
using a functional integral approach (which approxi- 
mates a finite random chain by an infinitely more de- 
tailed random curve), that in a presumably well- 
solvated high polymer the formation of any looped re- 
gion tends to favour the formation of the next in a 
nearby location [30]. However, all of these advanced 
mathematical methods of polymer physics make ap- 
proximations which arc inappropriate in the special 
case of proteins, clearly limiting their applicability. 

9. MELTING WITHOUT GETTING WET 

The molten globule-to-native fold transition in pro- 
teins is generally held to be analogous to a (first order) 
liquid-solid phase transition, but what characterizes it 
most strongly is a large change in the specific heat ca, 
pacity [31], which is directly proportional to the change 
in exposed apolar surface area [32], at least for soluble 
globular protein:;. The volume of the molecule increases 
by ca. 15% going from the native fold to the molten 
globule. This increase in volume can be explained even 
in the absence of any extra interior water, being typical 
of a normal solid-liquid transition in which dense or- 
dered packing gives way to dense disordered packing 
[33]. 

10. A ROLE FOR ENTROPY 

There is a consensus growing that the molten globule 
is a general precursor [34], or even that the native fold 
might be a relic of the molten globule [35], but either 
way it is necessary to avoid creating a vitalistic view 
whereby the fold is deemed to be determined by highly 
specific inter-residue interactions at a time before they 
could possibly act. We are thus forced to conclude that 
whereas the fine details of the native fold may depend 
on such specific interactions, the fold at a more general 
level must be determined by something less specific. 
This means that a so-called ‘coarse-grained’ (i.e. lower 
resolution) picture is sought, which usually takes the 
form of a mean-field formalism [7,17,36-383, and pref- 
erably a self-consistent one [26]. Attempts to determine 
mean fields (which yield a sort of averaged force field) 
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typically produce the well-worn result for soluble glob- 
ular proteins that hydrophobicity is the dominant force 
involved [39]. However, hydrophobicity is not a true 
force, and if we know anything about it, it is that it 
cannot be defined precisely [40]. Similarly, attempts to 
determine which forces are dominant in protein folding 
seem misguided [41], since most of the well-defined dis- 
tinguishable contributions are of roughly the same 
strength. Folding is held to be a stochastic (i.e. random) 
process within the guiding mean-field, and as such must 
be subject to strong entropic effects. Configurational 
entropy must have an important effect, but we do not 
have a formula for it. Arguments about entropic loop 
tensions are only a very early step along this path [42]. 

11. THERE IS ONLY ONE WAY FORWARD 

If the following sounds like a jest, forgive me: an 
irrefutable logician would say that the fact that we (who 
are made of proteins) exist proves that an algorithmic 
solution of finite complexity must exist because it is 
found easily enough by a Anitely connected set of brain- 
less particles. I agree, but first find your irrefutable 
logician! More seriously, we really should think very 
hard about the entropy of molecular systems. It is our 
only hope. 
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