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Theoretical studies of protein folding and unfolding
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The mechanism of protein folding is being investigated theoretically by the
use of both simplified and all-atom models of the polypeptide chain. Lattice
heteropolymer simulations of the folding process have led to proposals for
the folding mechanism and for the resolution of the Levinthal paradox. Both
stability and rapid folding have been shown in model studies to result from the
presence of a pronounced global energy minimum corresponding to the native
state. Concomitantly, molecular dynamics simulations with detailed atomic
models have been used to analyze the initial stages of protein unfolding.
Results concerning possible folding intermediates and the role of water in
the unfolding process have been obtained. The two types of theoretical
approaches are providing information essential for an understanding of the
mechanism of protein folding and are useful for the design of experiments to
study the mechanism in different proteins.
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Introduction

A very large number of distinct conformations exist for
the polypeptide chain of which a protein molecule is
composed. The protein spends most of its time in the
native conformation, which spans only an infinitesimal
fraction of the entire configuration space. Thus, the
amino acid sequence of a protein must satisfy two re-
quirements, one thermodynamic and the other kinetic.
The thermodynamic requirement is that the sequence
must have a unique folded conformation, which is stable
under physiological conditions. The kinetic requirement
is that the denatured polypeptide chain can fold into
this conformation with reasonable speed. The dynam-
ics of protein folding is not understood, although there
have been many studies devoted to this subject [1-3].
A basic question concerns the mechanism by which
a polypeptide chain is able to fold rapidly (on a mil-
lisecond to second timescale) to the stable native state,
despite the very large number of conformations that
exist for the chain (Levinthal paradox [4]). Recently,
it was demonstrated that the protein folding problem
is NP-hard [5-8]. It was shown [5,6] that an essen-
tial element of the computational complexity of pro-
tein folding is the presence of long-range interactions,
which lead to the cooperative character of the folding
transition. This result made possible a reformulation of
the Levinthal paradox [6] that clarifies certain problems,
with the original statement [4] and with some claims for
the resolution of the Levinthal paradox [9].

During the past few years, there has been a great in-
crease in the level of interest in protein folding. This

is due in part to the challenge of the human genome
project and in part to the development of experimen-
tal methods that provide more details about the folding
process. Structural information concerning the folding
and unfolding reaction comes from stopped-flow kinet-
ics and NMR experiments [10-14], circular dichroism
[10,15], fluorescence life-time measurements [15], mass
spectrometry [16], and mutation studies [17,18]. Most
of the kinetic data have been limited to time periods of
milliseconds or longer, with earlier events in the ‘dead-
time’ of the experiment. One conclusion from the meas-
urements is that an essential part of the folding process,
the search for an ordered globule with many attributes
of the native structure, is completed within the deadtime
[13]. Thus, new methods for rapidly triggering the fold-
ing reactions are crucial for obtaining results concerning
the critical events that take place during the first mil-
lisecond ([19]; M Gruberle, personal communication).

There is renewed optimism that the protein folding
problem can be ‘solved’. Many people, including physi-
cists and mathematicians as well as chemists and biolo-
gists, are making contributions to the theory of protein
folding (recently reviewed in [1-3,20-31]). This has led
to the introduction of a wide range of theoretical ap-
proaches. The present limitations of computing power
require that simplified models be used for simulations of
the entire folding process, which starts with a random
coil configuration and ends in the native state. This is
to be contrasted with the studies of the native state
itself, which has relatively small (2A) and rapid (sub-
nanosecond) fluctuations. These small and rapid fluctua-
tions have been examined in great detail with molecular
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dynamics simulations that employ potentials with a full
atomic representation of the protein chain and the sol-
vent [32].

Much less is known about the features of the potential
surface governing the non-native portion of configura-
tion space involved in protein folding. This includes a
wide range of structures that may differ by tens of
angstroms and be separated by significant energy bar-
riers [3,33-35]. Thus, the times corresponding to the
motions in the full conformation space are typically
within the nanosecond to second range. The result-
ing separation of time and distance scales between fast
local motions and slow larger-scale motions makes it
possible to introduce two simplifying concepts that serve
as the basis of much of the theoretical work on protein
folding. The first is a temperature-dependent effective
potential, or potential of mean force, and the second is
a discretized description of the polypeptide chain. Both
of these concepts are based on the idea of ‘pre-averag-
ing’ the small-scale motions to obtain a ‘coarse-grained’
model that can treat a molecule on the time and dis-
tance scales on which protein folding occurs. This is the
rationale for protein models that include only a subset
of atoms [36] or describe the protein by its secondary
structure segments the dynamics of which are simulated
in continuous space [37-39]. The additional simplifica-
tion of discretizing the conformational space is achieved
by lattice models [98,139,142] that employ Monte Carlo
algorithms to simulate the kinetics. Because of the coarse
graining inherent in such models, the substates, which
have been shown to play an important role in native
state dynamics [20,32], are generally encompassed in a
single lattice conformer.

Because of the paucity of detailed experimental infor-
mation and the impossibility of complete atom-based
simulations of protein folding, speculations in this area
are widespread and often useful. Many models for fold-
ing have been proposed. They are based on theoretical
considerations [33,35], on phenomenological constructs
[31,40-42] and on computer simulations (e.g., [43—46];
see also several recent reviews [3,22,31]). The present re-
view is concerned with theories and simulations of the
process of protein folding and unfolding; it does not deal
directly with methods for predicting the native structure
(as presented in [28,37-39,47—-54], for example) nor with
the thermodynamics of protein stability [55-57]. We in-
dicate what mechanisms are being considered, how they
differ and how they are related, and what evidence sup-
ports one or another mechanism. Both simplified and
all-atom models are described as appropriate. We em-
phasize recent computer simulations, as theoretical stud-
ies were reviewed recently in [3] and phenomenological
models in [31].

Molecular dynamics simulations of protein
folding

Molecular dynamics simulations with an atomic model
and explicit representation of the solvent can be used for

studying unfolding from the native state. To reduce the
time scale of this reaction, which generally has a sig-
nificant activation barrier [16,58], to that accessible by
simulations, the studies have been performed at high
temperatures [59-63], at extreme pH (A Caflisch, M
Karplus, unpublished data), or with artificial energy
terms that force the unfolding (PH Hiinenberg, AE
Mark, WF Van Gunsteren, abstract, Summer School
on ‘Understanding Protein Motions’, Huddinge, August
1994; C Brooks III, personal communication).

Most simulations have used high temperatures to speed
up the unfolding reaction. Temperatures in the range of
400 to 600K have been employed. If the activation bar-
rier for unfolding is 20 kcal mol~! and the experimental
denaturation temperature is 325K, an Arrhenius model
calculation leads to an acceleration of the unfolding reac-
tion by about six orders of magnitude at 600K relative
to 325K. Although the Arrhenius equation is not ex-
pected to be valid for such a complex reaction (as there
may be, for instance, important frictional effects, and the
activation energy may be temperature dependent), this
suggests that the time for unfolding is reduced from the
experimentally observed millisecond range to nanosec-
onds, a time scale attainable in present day simulations.

Reviews of much of the published and some unpub-
lished all-atom simulations of the protein unfolding
process have appeared recently in this journal [21] and
elsewhere [22]. They include simulations of unfolding
of a-lactalbumin [59], lysozyme [60], bovine pancre-
atic trypsin inhibitor (BPTI [61,62]), barnase ([22,63];
A Caflisch, M Karplus, unpublished data), apomyoglobin
[64,65] and B-lactamase [66]. We do not review individ-
ual papers that were included in [21] but focus on cer-
tain points that can profit from discussion. Simulations
are of interest primarily because they offer the possibil-
ity of providing much more detailed information than is
available from experiment [32]. Because the simulations
are approximate, however, it is essential to validate them
by experiment. In contrast to comparisons of the native
structure and its fluctuations [32], such comparisons are
rather difficult for the unfolding reaction; for instance,
it is not clear how the series of events happening in a
nanosecond simulation are to be related to the structural
data for transition states and intermediates observed in
experiments on protein folding and unfolding. Thus, al-
though we agree with Daggett and Levitt [21] that the
time course of the structural changes observed in un-
folding simulations is of great interest, it appears to us
that the experimental evidence for their accuracy is still
rather limited.

The role of solvent in protein folding and unfolding
is one of the essential questions that can be exam-
ined by simulations. Such studies are of particular in-
terest because of the lack of experimental information.
Furthermore, as the solvent (consisting of the order of
10000 atoms) consumes most of the computer time in
any unfolding simulation (in barnase, for example, there
are only about 1000 protein atoms), it behoves the sim-
ulator to examine what the water is doing. In a series
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of simulations of the early stages of barnase unfolding
at high temperature [22,63], it was shown that solvent
plays a key role in the denaturation process. For the
main 0-helix in barnase, the role of the solvent is sim-
ilar to that observed in earlier unfolding simulations for
isolated helices [22,67-69]. The simulations show that
an important element of the helix-unfolding transition
is the replacement of an a-helical (i to i+4, where i is
an amino acid residue) hydrogen bond by water hydro-
gen bonds through an intermediate involving a 31 (i to
i+3), or reverse turn, hydrogen bond. The exact cou-
pling between helix unfolding and water insertion and its
dependence on temperature are not yet clear, however.

Denaturation of a B-sheet was described for the first time
in the barnase simulations [22,63]. Barnase has a central
five-stranded B-sheet; the three inner strands were found
to be more stable than the two outer strands. Solvation of
the outer strands was observed to start by the distortion
of the B-sheet hydrogen bonds, followed by the inser-
tion of hydrogen-bonding water molecules between the
strands. From analysis of a series of mutation experiments
[17], the central stabilizing element of barnase appears to
be a hydrophobic core between the B-sheet and the main
o-helix. The denaturation of this hydrophobic core was
studied in the simulations. It also involved significant sol-
vent participation. Water molecules initially entered by
binding to polar side chains. An increase in the acces-
sible surface area due to the movement of the o-he-
lix away from the B-sheet and water penetration were
nearly simultaneous. Ultimately, the hydrophobic side
chains in the center of the core became solvated. Solvat-
ing water molecules, some of which form cage structures
around hydrophobic groups, tended also to be involved
in hydrogen bonds to waters outside the core. An analy-
sis of the electrostatic and van der Waals energy showed
that more favorable protein—water interactions replaced
the internal protein interactions during the denaturation
process.

Because the temperatures used in such simulations are
unrealistic, there are concerns as to whether the ob-
served behavior corresponds to the actual denaturation
process. For example, the barnase simulation was done
at high temperature with the room temperature water
density. For water at such a high pressure and high
temperature, the diffusion constant is only slightly in-
creased relative to that at room temperature (A Caflisch,
M Karplus, unpublished data). However, it is possible
that the high pressure forces water into available cavi-
ties. To test the importance of this effect, a simulation
of the unfolding of barnase at low pH was performed
(A Caflisch, M Karplus, unpublished data). It is known
that low pH denatures barnase [70]; information about
the low pH denatured structure has been obtained from
NMR ‘studies [71]. In a 450ps simulation at 360K,
with all glutamate and aspartate residues and the C-
terminal carboxyl group neutralized and with histidine
doubly protonated, results very similar to those from the
high-temperature simulation were obtained for the role
of water in the denaturation process. Moreover, the over-
all structural changes in the two sets of simulations were

very similar, though the unfolding process was signifi-
cantly slower at the lower temperature. These results are
in accord with the results of Daggett and Levitt who have
varied the temperature in simulations of the unfolding of
several proteins (unpublished data reported in [21]).

One of the few other simulations where the role of
solvent is discussed, even if briefly, is a high-tempera-
ture study of the unfolding of BPTI ([61]; M Levitt,
personal communication). Water entered exposed re-
gions as the radius of gyration increased. This simulation
was performed using the low water density correspond-
ing to that of the high-temperature system. When the
temperature and water density were set equal to the
room-temperature values, rapid water penetration into
the expanded BPTI structure was observed. In a very
recent high-temperature simulation of the unfolding of
a stable truncated form of chymotrypsin inhibitor 2 [72],
the same methodology as in [61] was used. The solva-
tion process appeared to be similar to that described for
barnase [22,63], but details were not given. The transi-
tion state for unfolding was presumed to be populated
after 230 to 250ps of simulation time because more
rapid structural changes occurred following that period
and because the best agreement with mutation data on
the transition-state structural characteristics [73,74] was
obtained from that period; the difficulty of determining
the transition state in complex systems like proteins was
emphasized [72]. As found in experiments [17] and sim-
ulations [22,63] for barnase, disruption of the principal
hydrophobic core and portions of secondary structure
was also suggested as the essential step in unfolding of
chymotrypsin inhibitor 2 [72].

It is not known from experiment when water penetrates
the protein interior in the denaturation process, because
direct measurements are difficult. It has been inferred
that water enters rather late [75], though it has also been
suggested that it is present in the molten globule [76].
Possible approaches to determining the interactions of
water with protein residues during denaturation include
photochemically induced nuclear polarization [77], nu-
clear Overhauser effect of water interactions with spe-
cific residues (78], chemical markers [79], and NMR of
[19F]-substituted amino acids [80].

In evaluating unfolding simulations, it is important to
have some checks that the protein is stable under physi-
ological conditions with the potential functions that are
used in the simulation [21]. For barnase, for example,
such stability was demonstrated by a 300 ps simulation
at room temperature [22,63]. Of importance also is the
fact that four buried water molecules, which had been
omitted from the original structure, reached their cor-
rect position and that no other waters penetrated to the
interior of the molecule.

Lattice models of proteins

Because of the lack of knowledge concerning the de-
tails of the mechanism by which a polypeptide chain
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solves the Levinthal paradox, many different proposals
have been made. Some of these have been examined
by computer simulations. The most useful simulations
employ highly simplified models of the lattice-bead type
described briefly in the introduction. Their simplicity
makes it possible to explore the accessible configura-
tion space of the ‘polypeptide’ chain within a reasonable
amount of computer time. It is necessary to ask, how-
ever, what such simple models can tell us about protein
folding, as none of them represent proteins with suffi-
cient accuracy to prove that a given folding mechanism
is correct. Instead, they suggest possible mechanisms that
can serve to resolve the Levinthal paradox in systems
where long-range interactions are important [6]. The
hope is that the conceptual results will stimulate ex-
perimentalists to think about the problem in new ways
[81] and will aid in the design of experiments to test the
proposed mechanisms [73,74,82].

In the lattice models, the protein chain is represented
as a string of beads on a two-dimensional square lat-
tice [83,84] or a three-dimensional cubic lattice [85].
The interactions between monomers, which provide
the energy function for the Monte Carlo simulations,
have been obtained from the random energy model
[86,87], from the binary hydrophobic/polar model [84],
or from statistical analysis of residue interactions in pro-
teins [45,88]. In most of these models, the purpose is
not to examine the folding of a particular amino acid
sequence. Instead, the idea is to include the most es-
sential features of proteins and to use the simulations
to explore the general characteristics of possible fold-
ing mechanisms. Two essential features of proteins are
the heterogeneous nature of the interactions, which
arises from the presence of different amino acids, and
the long-range nature of the interactions, which is due
to the possibility that amino acids are close in space
even though they are distant along the polymer chain.
These two features, which can be included in lattice
heteropolymer models, can lead to a unique ground
state and a cooperative folding transition, two funda-
mental properties of real proteins that are required for
their biological function [3].

As the model does not include side chains, the ‘native’
state is a compact globule with the native fold. Such
structured globules may correspond to the experimen-
tally observed molten globules, which are somewhat ex-
panded relative to the native state, but preserve much of
the backbone structure, and have side chains that un-
dergo dihedral angle transitions [89-91]. Molten glob-
ules appear to be a late stage in the folding of some
proteins and their formation involves resolution of the
Levinthal paradox [89-91]. Thus, explorations with this
type of model can give useful information concerning
the folding mechanism. The final stages of the folding
process, in which the system goes from a low-reso-
lution structure to the true native state with tightly
packed side chains, can be studied, in principle, by
all-atom models of the type described in the previ-
ous section [49,92-94]. The suitability of lattice models
for describing real proteins and the use of the Monte

Carlo algorithms for studying the folding dynamics are
discussed in [87,95,96].

To focus the discussion of lattice models, we first de-
scribe some recent results obtained for a 27-mer het-
eropolymer chain on an infinite cubic lattice [44,81,87].
We then compare the 27-mer results with those from
other models based on statistical mechanics and on lat-
tice simulations, This comparison does not show that
one or another model is correct or incorrect; rather,
it makes clear that there are significant differences in
the mechanisms that have been proposed for protein
folding, although there is some commonality in most of
them. More experimental data are needed to determine
which of the proposals, if any, are valid for proteins.

There are two distinctive aspects of the 27-mer study
[44,87]. The first is that the lowest energy state (the
native state of the “toy protein”) for each sequence
was known, so that one could determine whether a
given Monte Carlo folding simulation actually found
the native state. Most other simulations, with the ex-
ception of those based on shorter chains and restricted
to two dimensions (for instance, [46,84]), did not de-
termine the actual lowest energy state (see, for exam-
ple, [97]). The second aspect of this study is that it is a
real computer ‘experiment’. Many people refer to com-
puter simulations as ‘experiments’, even though they are
not. They are based on a theoretical model, and the only
difference from an analytic theory is that the equations
involved are solved on a computer. In the 27-mer ex-
periment, 200 random sequences were generated. A se-
quence is characterized by the interaction matrix for all
pairs of beads with matrix elements chosen from a Gaus-
sian distribution [34]. Each was subjected to ten folding
simulations of up to 5X 107 Monte Carlo steps. Thirty
of the 200 sequences found the known native state in
four or more of the 10 simulations (strongly folding se-
quences), whereas 146 sequences never found the na-
tive state (non-folding sequences); the others found the
native state in one to three simulations. By examining
the two limiting sets of sequences, strongly folding and
non-folding, it was possible to determine the essential as-
pects that differentiated them. Somewhat to our surprise,

no structural features distinguished the strongly folding

sequences. Furthermore, the results did not support sev-
eral models [40,41,43,86,98] that had been proposed for
solving the Levinthal paradox in proteins. Instead, the
only special attribute of the strongly folding sequences
was the presence of a large energy gap between the
native and the excited states; the non-folding sequences
had no such energy gap. The presence of a large energy
gap was shown to be a necessary and sufficient condi-
tion for folding in the 27-mer model. It was shown to be
necessary because no sequence without such a minimum
folds to the native state, and to be sufficient because all
sequences wih such a minimum do fold. In the detailed
calculations, the energy gaps from the enumerable states
of a 3X3X3 cube were used; comparison with an anal-
ysis of the entire conformational space based on Monte
Carlo sampling [87] gave corresponding results. Further,
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there were 11 out of the 200 sequences that have their
minimum outside the fully compact set. None of these
satisfied the energy condition nor did they fold repeat-
edly to either the lower fully compact state or the lowest
energy state found from Monte Carlo simulations. Thus,
these sequences confirmed and generalized the folding
criterion based on the fully compact states.

The importance of an energy gap gains some support
from off-lattice Cy and Cp bead models with statisti-
cal effective potentials used to study the inverse folding
problem [99-101]. It has been found that the correct
structure for a given sequence is significantly lower
in energy than the distribution of energies obtained
from threading the sequence through a ‘superprotein’
constructed from known protein structures. Further-
more, the superprotein-derived structures tend to have
a Gaussian distribution of energies, in accord with the
energy spectrum of the 27-mer model and random-
energy heteropolymers [33,34]. Energy level diagrams
for lattice proteins, which compare the characteristics of
systems with and without energy gaps and were first de-
scribed in [85] and subsequently employed in [44,87], are
now being widely used for discussions of protein stabil-
ity and folding [29,102,103]. An interesting application
of the energy gap concept focuses on small fragments and
correlates the energy gap between the lowest and higher
energy conformations of these fragments with their role
as early folding units [153].

A reason for the correlation between folding and sta-
bility is that significant portions of the potential energy
surface of the model system are ‘rugged’. In particular,
the random collapsed state that is sampled in the three-
stage random search (3SRS) mechanism (see below) is
a multiminimum surface on which the search for the
native state requires surmounting many intervening bar-
riers. This can be done on a reasonable time scale only
if the folding temperature is sufficiently high for there to
be a significant probability of overcoming such barriers.
However, at a high temperature, the majority of the ran-
dom sequences have a ground state that is not stable; i.e.
the Boltzmann probability of being in an excited state is
too large unless a sizeable energy gap separates the native
state from the excited states. As the temperature at which
the folding simulations are done is near the midpoint
of the thermodynamic transition temperature between
the native and denatured states, the simulation temper-
ature is high enough to overcome the barriers only for
the strongly folding sequences with a particularly stable
ground state. The transition temperature for the non-
folding sequences is so low that the 27-mer gets trapped
in a metastable well. This qualitative argument explains
only why the pronounced energy minimum is necessary
for folding. The explanation for why it is also sufficient
is provided by the 3SRS mechanism discussed below. It
is likely that the necessity of the energy gap condition is
general for reasonable lattice models and for real proteins;
its sufficiency may be of more limited applicability.

Each simulation for a given non-folding sequence ended
in a different state. This negates the suggestion that the

native state is likely to be a metastable state, as it would
require that a given sequence always folded to the same
metastable state in this model. Honeycutt and Thiru-
malai [104], amongst others, have suggested that the
native states of proteins are metastable states, although
their off-lattice results [104], like those from the 27-mer
lattice simulations [87], do not support this hypothesis.
Experiments indicate that d-lytic protease and serpins
can exist in different but similar conformations, which
are of comparable stability under the same conditions
[105-107]; in the case of a-lytic protease, a molten
globule like state appears to be the trapped configura-
tion. This opens the possibility of kinetic control of the
folding reaction for some proteins. Also of interest is the
suggestion that prions may function by having more than
one state with similar energies [108].

The importance of temperature in the protein folding re-
action and the relation between an energy gap and fold-
ing, which are clearly demonstrated in the 27-mer simu-
lations [44,87], have been discussed previously. Based on
insightful statistical mechanical arguments and spin glass
theory, Bryngelson and Wolynes [33,35] suggested that
two temperatures need to be considered in determining
the folding properties of a sequence. One is the folding
temperature, which corresponds to the midpoint of the
thermodynamic transition between the native and de-
natured states, and the other is the glass transition tem-
perature, which corresponds to the temperature below
which the chain is frozen into a random low-energy
conformation because it does not have enough energy
to overcome the barriers separating such conformations.
Thus, the temperature at which the sequence folds must
be higher than the glass transition temperature. Further-
more, they showed that random sequences do not satisfy
this condition and so would be likely to be trapped in
metastable states [33,35]. Bryngelson and Wolynes intro-
duced specific biases toward the native state to make
folding possible. The existence of such biases on the
entire potential surface corresponds to the principle of
“minimum frustration” [33,35], which is closely related
to the “consistency” or “harmony” principle proposed
by Go and Abe [98]. One way of introducing the neces-
sary bias is by the use of associative-memory Hamiltoni-
ans [109-113], which have been employed successfully
in a variety of applications; e.g. Goldstein ef al. [109]
showed that the ratio between the folding and glass tran-
sition temperatures, the maximization of which was as-
sumed to lead to faster folding, is proportional to the ra-
tio of the energetic separation of the native state from the
denatured states and the range of energies correspond-
ing to the denatured states. Bryngelson and Wolynes also
suggested [114] that there is a large degree of overlap be-
tween the structures of the transition state and the native
state. It is clear from this paragraph that the theoretical
studies of Wolynes and coworkers presaged a number of
the results of the 27-mer simulations [44,87]. What is
important about the 27-mer study is that it provided the
first demonstration that the energy gap condition and a
detailed mechanism for folding could be found a posteri-
ori in a computer experiment, rather than having to be






