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How does a protein fold?
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THE number of all possible conformations of a polypeptide chain
is too large to be sampled exhaustively. Nevertheless, protein
sequences do fold into unique native states in seconds (the Levinthal
paradox). To determine how the Levinthal paradox is resolved, we
use a lattice Monte Carlo model in which the global minimum
(native state) is known. The necessary and sufficient condition for
folding in this model is that the native state be a pronounced global
minimum on the potential surface. This guarantees thermodynamic
stability of the native state at a temperature where the chain does
not get trapped in local minima. Folding starts by a rapid collapse
from a random-coil state to a random semi-compact globule. It
then proceeds by a slow, rate-determining search through the semi-
compact states to find a transition state from which the chain folds
rapidly to the native state. The elements of the folding mechanism
that lead to the resolution of the Levinthal paradox are the reduced
number of conformations that need to be searched in the semi-
compact globule (~10'® versus ~10'¢ for the random coil) and
the existence of many (~10%) transition states. The results have
evolutionary implications and suggest principles for the folding of
real proteins.

The mechanism of protein folding is not understood, despite
many studies devoted to this subject'. The essential question is

how a polypeptide chain is able to fold rapidly, in milliseconds
to seconds, to the native state, despite the very large number of
conformations that exist for the chain (Levinthal paradox)®. To
approach this problem, we used a simplified model that consists
of a 27-bead self-avoiding chain on a cubic lattice® (Fig. 1). The
native (lowest energy) state can be determined exactly® and a
survey of the folding behaviour of many sequences is possible®.
In addition, the full phase space density of the system can be
obtained and the thermodynamic properties can be calculated
as a function of the folding ‘reaction coordinate’. The model is
sufficiently complex that a resolution of the Levinthal paradox
is required for folding: some sequences find the native state in
only ~10” Monte Carlo steps even though there are ~10'® poss-
ible conformations (Fig. 35). Because the lattice model does not
include the amino-acid side chains, the process considered here
may correspond to the folding of real proteins to the moiten
globule state; that is, the molten globule, if it has a defined fold,
is the native state in the present model.

In the first part of the analysis, 200 sequences with random
interactions were generated and subjected to Monte Carlo fold-
ing simulations (Fig. 2)*. Of these, 30 chains found the known
native state in a short time. These chains correspond to actual
protein sequences in the sense that they fold on a reasonable
timescale; the remaining sequences do not represent protein
sequences because they do not fold rapidly enough, although
they do have a unique minimum. These sequences serve as con-
trols. The 30 folding sequences were analysed and compared
with the non-folding sequences. Several suggested mechanisms
for resolving the Levinthal paradox do not apply to the present
model as the features assumed to be responsible for rapid folding
are found to be the same for the folding and non-folding
sequences. These include a high number of short- versus long-
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FIG. 1 Lattice model of protein folding. a, An example of a compact
self-avoiding structure of a chain of 27 monomers (filled numbered
circles) with 28 contacts (dashed lines). The structure shown is the
native state of the folding random sequence 43 used as an example
in this paper. The total energy of a conformation is the sum of contact
energies: E=Zi<jA(ri, 1;)Bi;, where r; are the positions of monomers i,
B,; are the contact energies for pairs of monomers i, j, and A(r;, rj) is 1
if monomers i and j are in contact and is O otherwise; two monomers
are in contact if they are not successive in sequence and at unit
distance from each other. The values of the B;; are obtained from a
gaussian distribution with a mean B, and standard deviation . This
particular model for B;; corresponds to a heteropolymer with a random
sequence of monomers of many different types whose heterogeneity is
measured by o', The parameter B, is an overall attractive term that
emulates the hydrophobic effect observed in globular proteins. A
particular sequence is defined by the matrix of contact energies B;;.
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The Bjs correspond to the contact energies in real proteins®, such as
those described by Miyazawa and Jernigan®®. The native conformation
is the compact self-avoiding chain with the lowest energy. b, Typical
trajectory for a folding random sequence (T=1.3). Energy, ¢ (in units
of kgT where kg is the Boltzmann constant); the number of contacts,
N,; fraction of the number of contacts in common with the native state,
Qo. The instantaneous values of these quantities are plotted every 10
Monte Carlo (MC) steps in the first part of the trajectory (<£10,000 MC
steps) and every 20,000 steps in the subsequent part. The folding
trajectory starts with a random-coil conformation and consists of local
MC moves of one or two successive monomers that preserve bond
iengths and avoid multiple occupancy of the lattice sites*; one MC step
corresponds 1o a move and a test of its acceptance with the Metropolis
criterion®®. In the first part of the trajectory, ~50% of the MC moves
are accepted, whereas only 5-10% of the moves are successful in the
subsequent part of the simulation.
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range contacts in the native state®, a high content of secondary
structure in the native state’, a strong correlation between the
native contact map and the interaction parameters®, and the
existence of a high number of low-energy states with near-native
conformations®. Moreover, there is no repetitive trapping of the
non-folding sequences in the same local minimum, so that the
native state cannot be a metastable state’. The only significant
difference between folding and non-folding sequences is that the
native state is at a pronounced energy minimum (Fig. 2). This
is the necessary and sufficient condition for a sequence to fold
rapidly in the present model.

To explore the mechanism of folding, the density of states
was determined as a function of the energy and the reaction
coordinate (the number of native contacts) (Fig. 3); a related
reaction coordinate, the number of residues in the native confor-
mation, has been used in other models of folding'®. From the
density of states, the mean energy, entropy and free energy are
calculated (Fig. 4a—c). Above the critical temperature (T=1),
the energy and entropy decrease smoothly as the chain
approaches the native state. The free energy, by contrast, has a
maximum corresponding to the transition region that separates
the denatured and native states. This barrier, which makes the
reaction a cooperative transition, is dominated by the entropic
contribution, as can be seen from the temperature dependence
of the free energy. Below the critical temperature, the free-energy
reaction profile becomes rugged'®'' and folding is very slow
because the chain is likely to be trapped in one of the many
local minima.

The time history of the folding process (Fig. 15) shows that
there is a rapid collapse in about 10* Monte Carlo steps to a
semi-compact random globule; the number of contacts increases,
the energy decreases, whereas the fraction of native contacts
remains below 0.3. In this way, the total of ~10'® random-coil
conformations is reduced to ~10'® random semi-compact glob-
ule states. The fast collapse results from a large energy gradient
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FIG. 2 Energy spectra for 10 folding and non-folding
random sequences. The energies of the 400 lowest
compact self-avoiding conformations are shown. The
native state corresponds to the bottom bar. The num-
bers below the spectra show the folding tendencies of
the corresponding sequences; if no number is given,
folding tendency is 0. A sequence folds in a given MC
simulation if it finds the native conformation within
50x10°MC steps. Folding tendency of a given
sequence is defined as the fraction of 10 MC runs that
started with a random conformation and reached the
native conformation under a given set of conditions. A
sequence is a folding sequence if the native conforma-
tion is structurally unique and folding tendency is high
(>0.4) under conditions where the native structure is
thermodynamically stable. A sequence is a non-folding
sequence if the folding tendency is 0.0. There are 24
intermediate sequences that we do not consider here.
Optimal values for parameters Bo(—2) and og(1) were
determined by exhaustive sampling of folding tendency
as a function of these two parameters". Each sequence
is studied at a temperature where the native state has
a high probability to be reasonably thermodynamically
stable; the native state has a weight larger than 0.2
relative to other compact self-avoiding conformations®.

(Fig. 1b) and the presence of many empty lattice points. In the
second stage (Fig. 4d), which is rate-limiting, the chain searches
for one of the ~10? transition states. The transition region con-
sists of all states from which the chain folds rapidly to the native
state. The transition states are structurally similar to the native
state, with 23-26 (80-95%) of the native contacts. Generally,
the mean first passage time, 7, for finding any of the n states
among the total of N states by a random search which explores
r states per unit of time is N/(nxr). For the present model,
7~10"/(10° x 1) =107 (Fig. 3¢), identical to the observed time-
scale. This indicates that the rate-limiting stage in folding
consists of a random search for a transition state in the semi-
compact part of the phase space; a folding ‘pathway’ is not
involved in finding the native state. In the third stage, the chain
rapidly (within ~10° Monte Carlo steps) attains the native con-
formation from any one of the transition states.

The pronounced energy minimum is the necessary condition
for the folding of a 27-mer on a lattice because it guarantees
that the native state is stable above the critical temperature,
where the rearrangements with local unfolding required in the
rate-limiting stage are energetically possible. It is also a sufficient
condition because a random search of compact globules with
random structures can rapidly find a transition state that folds
to the stable native state in a short time. Although a non-folding
sequence may also fold slowly to its native state above the critical
temperature, it would not be stable at that temperature and
therefore could not correspond to a real protein.

The size of the search for the native state is greatly reduced
when the chain is semi-compact, as it is in real proteins'>. Never-
theless, in the 27-mer model, as in real proteins, a random search
of a collapsed globule cannot find the native state in the observed
time. It is the existence of a transition region, consisting of a
large number of states, that reduces the search time to realistic
values. Extrapolation of the folding time to real proteins suggests
that the three-stage random-search mechanism could be effective
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FIG. 3 Density of states for a folding random sequence, as obtained
from a long Monte Carlo simulation. a, The logarithm of the average
occupancy of the (Qq, &) bins, {(v(Qo, &)), at T=1.3. Each bin spans
1/28 Q, units and 1 energy unit. The occupancy of a bin is the number
of Monte Carlo steps that remain or result in any of the conformations
corresponding to the bin. The average is calculated from 20 indepen-
dent MC sampling simulations of 50 x 10° steps each (A.S, E.S. and
M.K., manuscript in preparation). The broken line indicates a typical
folding pathway. b, The logarithm of the density of states, w(Qo, ¢).
The density of states is calculated from <{v(Qo, £)> by the use of {v(Qy,
e/ {VQo=1, e=¢&0)y=w(Qo, &/w(Qo=1, e=¢0) exp[—sg/(ksT)l/
exp [—&o/(ksT)] where g, is the energy of the native state and kj is the
Boltzmann constant set to 1; because w(Qo =1, £= &) =1, the density
of states is w(Qo, £)=<Vv(Qo, &)>/{V{1, &o)) exp (—(&o— &)/(ksT )). The
calculation is accurate because thermodynamic equilibrium at the
present Qo, & resolution is achieved, as demonstrated by a small
fractional error in {(v(Qq, €)> (less than 10% in the populated parts of
the phase space). The summation of w(Qo, &) over all Q, and ¢ results

for small proteins (Fig. 4d). However, the mechanism breaks
down for long chains because the folding time increases expo-
nentially with chain length owing to the fact that the number
of semi-compact states increases faster than the number of the
transition states. Thus, a modification of the present mechanism
is required for larger proteins.

It is possible that proteins existing early in evolution were
small enough to fold according to the three-stage random-search
mechanism'®. Because the pre-biotic and early biotic environ-
ment was hot, unusually thermostable proteins were required,
such as those found in the most primitive bacteria that live at
temperatures at high as 105 °C'*. If so, the stability condition
required a native state that corresponded to a deep energy mini-
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in about 1.1 x 10" self-avoiding states; this is in good agreement with
the extrapolation of the exact enumerations for shorter chains: v-~*/
12=2.2 x 10" where L is the number of monomers, v=4.68 is the
average number of monomer states, and division by 12 corrects for
symmetry”*. Semi-compact states are defined as the states with energy
less than —45kgT, summation over the appropriate region of @w(Qo, €)
yields. ~10™° such states. The transition states correspond to all the
states with 0.8<Q,<1; there are ~10° such states. ¢, The average
occupancy of the bins at a low T(T=0.8) as calculated from ®(Qo, &).
The line shows the rapid collapse of a random coil chain into a random
semi-compact frozen conformation. d, The caiculated average
occupancy of the bins at a high T(T=2.0). The line shows a rapid
collapse of the random coil chain into a region consisting of many
interconverting semi-compact random states; the ground state is no
longer stable so the chain spends most of its time in the entropic-
ally favoured denatured states. In contrast, at T=1.0, the native
state occurs for ~40% of the time while still being kinetically
accessible.

mum for which the folding problem was solved simultaneously
according to the present mechanism. As evolution progressed,
longer proteins evolved. These proteins had to fold on the same
timescale. One way of achieving this is by evolving proteins with
sequences that have a larger difference between the native and
non-native contact energies than the random folding sequences
of the present model. Such sequences would have an even more
pronounced global minimum in their potential surfaces, in line
with the ‘consistency principle’*’ and the ‘principle of minimal
frustration’'®. It is also in accord with the existence of a nucleus
for folding®, or the early appearance of secondary structural
elements”'”, neither of which are found in the present model. As
a result, the collapse would not result in random semi-compact
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globules and the very favourable native contacts would lead
more directly to a native-like molten globule state; the folding
pathway in Fig. 3a would approximate a straight line from the
random-coil to the ‘native state’. Such a mechanism has been
observed in folding simulations of long chains with highly stable
native states'® (V. Abkevich, A. Gutin and E.S., unpublished
results; A. Dinner, A.S. and M.K., unpublished results). Actual
proteins could use an intermediate mechanism that might vary
with the external conditions.

The results of this study may have implications for the pre-
diction of the structure of a protein from its amino-acid
sequence. The success of the three-stage random search in finding
the pronounced global minimum on a potential surface suggests,
at least for small proteins, that the bottleneck in structure pre-
diction may be the derivation of a suitable potential function
rather than the design of folding algorithms. O
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FIG. 4 Reaction profiles as a function of the reaction coordinate for the
folding random sequence at 0.6 <T<1.5. a, Energy, E; b, entropy, S;
¢, free energy, F. The transition state lies between the two vertical lines
at 0.83 <Q,<0.96. Profiles are calculated in temperature intervals of
0.1, using the partition function Z(Qo, T)=3 ®(Qo, €) exp (—&/(ksT)).
d, Three-stage mechanism of folding for the present model (see text).
The numbers of the states were obtained from Fig. 3a. The relative
rates are obtained from 100 folding simulations (Fig. 1b). The empty
rectangle indicates the energy of the native state of a non-folding
sequence; in the non-folding sequence, the ground state would not be
populated at a temperature sufficiently high to avoid being trapped as
in Fig. 3c. The other states of a non-folding sequence appear at essen-
tially the same positions as the corresponding states of a folding
sequence. It can be estimated that a real protein of 80 residues has
2.57"°210% possible main-chain conformations of which 1.77°~10*®
are semi-compact*?. The number of the transition states can be extra-
polated from a 27-mer as follows. In a 27-mer, 10° out of the 10™°
semi-compact states are transition states; thus, in an 80-residue pro-
tein, about 10° out of the 10™® semi-compact states are likely to be
transition states. According to a molecular dynamics simulation of
native hydrated myoglobin at 300 K*?, there are 52 main chain dihedral
angle changes per 153 residues per 100 ps or 3 transitions per residue
in 1 ns; conformational transitions in the semi-compact state are likely
to be faster. Use of these numbers for an 80 residue protein that folds
by the three-stage mechanism yields a rate-determining step of 10
transitions which would correspond to a folding time to a molten giobule
state of about 3s. This is close to the timescale observed in real
proteins.
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