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SYNOPSIS

We suggest, using dynamical simulations of a simple heteropolymer modelling the a-carbon
sequence in a protein, that generically the folded states of globular proteins correspond to
statistically well-defined metastable states. This hypothesis, called the metastability hy-
pothesis, states that there are several free energy minima separated by barriers of various
heights such that the folded conformations of a polypeptide chain in each of the minima
have similar structural characteristics but have different energies from one another. The
calculated structural characteristics, such as bond angle and dihedral angle distribution
functions, are assumed to arise from only those configurations belonging to a given minimum.
The validity of this hypothésis is illustrated by simulations of a continuum model of a
heteropolymer whose low temperature state is a well-defined -barrel structure. The sim-
ulations were done using a molecular dynamics algorithm (referred to as the “noisy” mo-
lecular dynamics method) containing both friction and noise terms. It is shown that for
this model there are several distinct metastable minima in which the structural features
are similar.

Several new methods of analyzing fluctuations in structures belonging to two distinct
minima are introduced. The most notable one is a dynamic measure of compactness that
can in principle provide the time required for maximal compactness to be achieved. The
analysis shows that for a given metastable state in which the protein has a well-defined
folded structure the transition to a state of higher compactness occurs very slowly, lending
credence to the notion that the system encounters a late barrier in the process of folding
to the most compact structure. The examination of the fluctuations in the structures near
the unfolding — folding transition temperature indicates that the transition state for the

unfolding to folding process occurs closer to the folded state.

INTRODUCTION

It is well known that in order for a protein molecule
to carry out a specific biological function, it has to
adopt a well-defined three-dimensional structure.'”
The mechanism of formation of the three-dimen-
sional structure of a protein from a given sequence
of amino acids remains one of the most important
unsolved problems in molecular biology, and is
sometimes referred to as the “second half” of the
genetic code.? In the process of synthesis of a protein
using the genetic machinery, it is believed that only
a linear sequence of connected amino acids emerges.
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The formation of a well-defined three-dimensional
structure, i.e., the cotranslational events that lead
to the formation of a biologically active globular
protein, is known as the “protein folding problem.”*
It has been shown that in some cases the folding
process in the living cell may involve catalysts and
other special enzymes.>® Two specific examples are
the formation of a triple helix in collagen and the
folding of insulin. However, moderately sized pro-
teins can spontaneously form folded structures in
vitro,” and hence the understanding of the folding
process in these systems can in principle be obtained
using the laws of physical chemistry ( Refs. 7-12; see
also, for example, Ref. 13). The studies of Anfinsen
and co-workers laid the foundation for the ther-
modynamic hypothesis of protein folding. Although
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the absence of chaperon molecules and other cellular
components makes in vitro studies of the folding
process a better defined problem than the in vivo
process of protein folding, the major difficulty in
understanding the protein folding problem arises
because of the diverse number of conformational
states that are likely to occur. The characterization
of these states and their associated stability makes
this a formidable problem.

Although the thermodynamic hypothesis was ac-
cepted as the basis of interpreting the folding of
globular proteins, its validity was seriously ques-
tioned by Levinthal.’* The Levinthal argument be-
came the basis of the kinetic control hypothesis for
protein folding.!**® This hypothesis suggests that
energy barriers or bottlenecks in phase space hinder
the protein from forming the state with the lowest
free energy, thus trapping it in a metastable state.
The kinetic control hypothesis has led to several
mechanistic proposals for the formation of the folded
state of globular proteins.'®!?

In this article we elaborate on a hypothesis sug-
gested recently by us,!® which is a generalization of
the kinetic control process, and is referred to as the
metastability hypothesis. This hypothesis appears
to be in accord with a few experiments. However,
we wish to caution the reader that the conclusions
we have reached are based solely on computer sim-
ulations on a highly simplified model of a protein
molecule. There is strong evidence that these sim-
plified models are very useful even in portraying the
characteristics seen in real protein molecules.’®2?
Nevertheless, the true test of the conclusions
reached here should come from in vitro experiments
and ultimately from in vivo studies.

The rest of this paper is organized as follows. In
the next section we present and further clarify the
metastability hypothesis. The third section is de-
voted to the detailed methodology used to obtain
the results presented in the sections following it. The
experimental consequences of our hypothesis are
surveyed in the fourth section, and the penultimate
section is concerned with the possible experimental
evidence supporting our theoretical findings. This
paper is concluded in the sixth section with addi-
tional remarks.

METASTABILITY HYPOTHESIS

The metastability hypothesis,!® is based on the no-
tion that the folding of a polypeptide chain is ki-
netically controlled. Our hypothesis, which can be
thought of as a generalization of the kinetic control

hypothesis, can be stated as follows: Several forms
of folded conformations of a polypeptide chain exist,
all of which exhibit very similar structural charac-
teristics but differ in energies from one another. It
is posited that almost all of these folded states are
metastable, and the particular state into which the
protein folds depends on the initial conditions. The
content of this hypothesis is illustrated in Figure 1,
in which a schematic sketch of the rough free energy
landscape for a polypeptide chain is presented. No-
tice that for the purpose of illustrating the metast-
ability hypothesis, roughness that typically is ex-
hibited in the free energy landscape on small length
scales has been suppressed in Figure 1. According
to our hypothesis the various (folded) minima, la-
beled by numbers in Figure 1, differ in energy and
are separated by barriers that are hard to overcome
in typical time scales involved in the folding process.
This time is usually on the order of a few seconds
for the biological synthesis of a protein molecule.?
The metastability hypothesis states that the struc-
tural characteristics measured (or calculated) cor-
respond to statistical properties obtained by re-
stricting the configurations to a given minimum.
Furthermore, these structural properties are ex-
pected to be fairly similar among the different
minima.

The second important aspect of the metastability
hypothesis is the role of the initial folding conditions
in directing the denatured chain into one of the
minima corresponding to the folded states. These
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Figure 1. Schematic sketch of the free energy (or en-
ergy) profile corresponding to the folded region in the
conformational space of a protein molecule. The sketch
is used to illustrate the content of the metastability hy-
pothesis. The various minima are separated by bottlenecks
of differing amplitude such that the transition from one
to another is unlikely to occur on the time scale of the
folding process. The typical time scale for the folding pro-
cess ranges from milliseconds to seconds. The particular
minimum into which the protein falls depends on the ini-
tial condition. For example, in this figure the initial con-
figurations of the protein marked by { xxx } map onto the
minimum labeled 6.



initial configurations may be determined by the
thermodynamic conditions, pH, and ionic strength,
a group of amino acid residues directing the folding
process, as well as the presence of other coenzymes
or chaperon molecules if they are needed. It follows
that the set of configurations that map onto a given
minimum (for example, the configurations given by
xxx map onto the folded minimum labeled 6 in Fig-
ure 1) is far less than the total set of allowed con-
figurations. Thus the Levinthal argument is cir-
cumvented in our scenario.

A rough free energy landscape with certain com-
mon characteristics is thought to exist in a variety
of physical systems (for a recent review, see Ref. 24;
see also Refs. 25 and 26).* Most notably, in the
context of protein folding, Wolynes and co-workers
have suggested that concepts from spin glass theory
may be used to understand certain global aspects of
protein folding.?®** In various models of spin glasses
the existence of many metastable states that can
only interconvert on long time scales emerges from
very simple Hamiltonians in which some sort of
random interactions are assumed to exist.?® Re-
cently, several experimental studies have suggested
that the dynamical aspects observed in proteins have
much in common with what is seen in glassy sys-
tems.?®* We should emphasize, however, that the
demonstration of the validity of the metastability
hypothesis is a little more exacting. In order to val-
idate our hypothesis we have to show that these
multiple metastable folded states should emerge
from Hamiltonians that are potentially capable of
mimicking interactions in real proteins (without
having to introduce randomness arbitrarily). Fur-
thermore, the structural characteristics in each of
the low-lying minima have to be similar. The notion
of “glassy” behavior in our model emerges from the
model naturally, and lends support to the conjecture
that concepts developed to understand frustrated
systems such as spin glasses and structural glasses
may be useful in understanding certain kinetic as-
pects of protein folding.3"

METHODOLOGY

The approach we have taken is to construct a model
for the polypeptide chain using simple representa-
tions of the interaction potentials between the var-
ious residues. Then simulation techniques are used

* In the context of structural glasses, various ideas regarding
the free energy landscape have been formulated. See, for example,
Ref. 27.
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to investigate the dynamic nature of the unfolding
to folding transition. These methods are based on a
combination of molecular dynamics and quench
techniques. In this section, a detailed presentation
of the numerical methodology used in this paper is
provided.

Construction of the Model

In order to illustrate the metastability hypothesis
suggested in the preceding section, we have con-
structed a set of “minimal’” models, whose low tem-
perature states are of the 3-barrel form. By “mini-
mal” we mean the simplest model capable of cap-
turing the essential features of the physical system.
These minimal models contain some, but not all, of
the features that play a role in imparting stability
to real globular proteins. For example, our model
for the heteropolymer does not contain side groups,
which are known to be responsible for intramolec-
ular hydrogen bonding.! The role of the solvent
(usually water) is treated in a very simplified fash-
ion." The model is aimed at testing the metastability
hypothesis, and therefore only certain salient fea-
tures of a real polypeptide chain are retained in our
simulations. Despite these limitations, it has become
clear that models of the sort studied here and
elsewhere'®?® provide insight into crucial forces
needed for the folding of a polypeptide chain. Fur-
thermore, it is hoped that a detailed study of sim-
plified models may prove useful in elucidating the
pathways involved in the transition from the de-
natured state to the folded state. If these lessons are
useful in interpreting in vitro experiments, then one
can directly study the effects of mutations on protein
stability using these simple dynamical models.?®
The most significant criterion we have adopted
in constructing a model Hamiltonian for the model
polypeptide chain is that each individual term in
the potential function should in principle be com-
putable either using ab initio quantum mechanical
methods or be calculable as a potential of mean force
using statistical mechanics. We feel the main phys-
ical properties observed in proteins should be a con-
sequence of such first-principle “minimal’ (Ref. 36;
for a review, see Ref. 37) models. Most notably, any
“cooperativity”’ found in the protein folding process
must result as a specific consequence of a given
thermodynamic condition and the interplay among

t It has been recently argued by Levitt and Sharon® that
molecular dynamics simulations that explicitly include the solvent
molecules provide a more realistic description of dynamics in
proteins.
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the various (calculable) forces involved. In our
models we do not include cooperativity effects in an
ad hoc fashion. Since our objective is to study in
detail the dynamics of folding of a model hetero-
polymer and to map out the various free energy
minima, no attempt has been made to make the po-
tential parameters compatible with those found in
real proteins. The proposed model is partly inspired
by a series of recent papers by Skolnick et al.'*?.
These authors were attempting to obtain a model
of a heteropolymer on a diamond lattice, whose low
temperature phase is a unique {3-barrel structure.
One of our goals has been to study the kinetics of
the folding (and unfolding) process. Accordingly,
we have devised a continuum model satisfying the
major criteria outlined above and used the noisy
molecular dynamics technique to follow the kinetics
of the folding—unfolding transition.

The studies by Skolnick et al. have already illus-
trated the basic ingredients needed to obtain a (-
barrel structure.'®?! The potential energy functions
we have developed, which are very different from
that used by Skolnick et al.'*?! in their on-lattice
simulation studies, also yield the 3-barrel structure
as the minimum energy (not necessarily unique)
conformer. Our model incorporates the following
types of forces: (a) Long-range forces such as the
hydrophobic interaction (for a review of the impor-
tance of hydrophobic effects in protein folding, see
Ref. 38). Here “long range” refers to the interactions
between hydrophobic residues that may be separated
by long distance in sequence space as measured by
the length along the backbone of the chains. The
actual range of the potential in coordinate space is
relatively short and is typically of the order of a few
molecular diameters. We have chosen a simple
functional form to mimic these forces. (b) Simple
bond angle potential between two successive bonds.
(c¢) Dihedral angle potential due to the rotation
about the peptide bond. The bonds are constrained
to be of fixed length. Our model protein contains
three different types of “residues” in the backbone
of the chains, namely hydrophobic (B), hydrophilic
(L), and neutral (N). The meaning of these terms
in terms of the potential function is described
shortly. For the moment, it is only necessary to note
that B residues attract other B residues. The specific
sequence we have used for our 46-member chains is
the same as that given by Skolnick et al., namely

ByN3(LB)4N;3;BsN3(LB)sL (1a)

In addition, we have also considered the dynamics

of folding of a chain with n = 58 whose sequence is
given by

BgN3(LB)N3ByN3(LB);N3Byo (1b)

In Eqgs. (1), LB indicates that an L-type bead is
bonded to a B-type bead. We have done most of our
simulation work on the n = 46 model and have stud-
ied the n = 58 case less extensively. In both cases
we have established that the low temperature form
indeed has a well-defined B-barrel structure. The
time required for the atoms in the folded §-barrel
states to achieve registry is quite long. It is for this
reason that the mapping of the various metastable
minima for the n = 58 has not been thoroughly done.
However, the robustness of our model in yielding 8-
barrels for a larger value of n has been established.
The majority of the results presented in the fourth
section are for the n = 46 case. The symmetry of
the above sequence has been constructed so that if
one has a folded structure, a three- or fourfold bend
would emerge as long as n is greater than a certain
minimum value. From simple energy considerations
the minimum value of n turns out to be approxi-
mately 30. The neutral residues appear in regions
where bends are desired for the native low temper-
ature structure. These residues interact with each
other only through a short-range repulsion. In real
globular proteins these segments can be thought to
be responsible for loops and turns. The dihedral
angle forces are assumed to be weaker for the bonds
involving the neutral residues so that the bend for-
mation is enhanced. This constraint proves to be
extremely important and is further discussed in the
final section. The Hamiltonian describing the model
heteropolymer is given by the sum of the three
forces. The functional form for each is described
below.

Long-Range Potential. The hydrophobic attraction,
which occurs only between residues both of which
are of type B, has the form

Vee(r) = 46,[(a/r)"* — (a/1)¢) (2)

where r is the distance between the specified resi-
dues. For simplicity, ¢ is chosen equal to the bond
length between two successive residues along the
backbone and ¢, defines the energy scale. All energies
are presented in terms of ¢,, and all lengths are given
terms of ¢. Thus ¢, = ¢ = 1 in reduced units. The
interactions between L-L pairs or L-B pairs are
governed by the following potential



Vidr) = 4e[(c/r)2+ (6/r)%] a=LorB (3)

where ¢, = }¢,. Note that the above form is purely
repulsive. The repulsive potential has a range that
is somewhat longer than a pure soft sphere r % re-
pulsion. The interaction between the N residues and

L, B, or N residues takes the form
Vna(7) = 46,(a/r)® a=N,L,orB (4)

Bond Angle Potential. The bond angles formed be-
tween three successive residues (k, k+ 1, k + 2) are
constrained by a simple harmonic potential,

R,
140) =—22(0—00>2 (5)

where ky, = 20¢,/(rad)? and 8, = 105° (= 1.8326
radians). The bond angle forces do not appear to
play a major role in the folding and unfolding of the
protein. Notice that the spring constant is relatively
high and therefore the deviation of the bond angles
from @, is not expected to be large. In view of this,
it would have been reasonable to have simply en-
forced the constraint that all bond angles are equal
to 8,. However, it has been shown that for molecular
dynamics that enforce bond angle constraints it is
numerically more efficient to use a potential term
to describe the constraint.*® The spring constant k&,
used in Eq. (5) adequately satisfies this criterion.

Dihedral Angle Potential. The general form of the
potential for the dihedral angle ¢ describing the ro-
tation of three successive bonds involving four con-
nected beads is well known. The potential is con-
veniently represented as

V(@) = A(1+ cos @) + B(1+ cos(39)) (13)

The above potential has three minima, oneat ¢ = 0
corresponding to the trans configuration, and two
slightly higher minima at ¢ = +cos '[(3B — A/
12B)'/?] corresponding to the two gauche states.
For all the residues except those in the bend regions,
A = B = 1.2¢,. For this choice of parameters the
difference between the energies of the trans and
gauche states is 1.75¢,. For the residues in the bend
region we choose A = 0 and B = 0.2¢,. The residues
involved in the weaker dihedral angle potential (i.e.,
A =0, B = 0.2¢,) are identified in Figure 2. It is
clear that the bonds in the bends must adopt the
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INTERACTION TYPE FUNCTIONAL FORM

i N Vyp(r)= 4¢,[(c/r)12-(6/)®]
Vi ()= ¢, [(c/1)124+(a/r)C]
L € =23¢g, (0=LorB)

Vio(r)= 48, (0/r)12

Long Range Interaction

(i) .%/O

Bond Angle Potential

V(8)=1/2kg (0-8,)%

kg= 208,/ (rady; 0,= 105°

G4,j, k&# N)
(iii)
V($)=A (1+cos ¢) + B (1+cos 3¢)

A= B= 1.2g,
G4,j=N
k, L#N)
V($)= B (1+cos 3¢)
B= 0.2€h

(4,3, k=N)

Dihedral Angle Potential

Figure 2. A sketch of the various interactions that are
allowed in our model. The associated functional form of
the potential and the parameters are also provided.

gauche (or approximately gauche) conformations.
Our choice of the parameter values in the bend re-
gions (mostly involving the neutral residues)
achieves this objective by having two major effects.
First, it makes all the three minima shallower than
when A # 0 and B is larger. This enhances the ki-
netics of bend formation by reducing the barrier be-
tween the various states. In addition setting A = 0
makes the trans and gauche states of equal depth,
thereby enhancing the thermodynamics of bend
formation. Since the major objective of our inves-
tigation is to study the nature of various low tem-
perature minima, we have used the simplest physi-
cally plausible potentials to ensure that the chain
folds into well-defined 8-barrel structures. In Figure
2 we provide a summary of the allowed interactions
in our model as well as the parameters of the po-
tentials.

The lowest energy structures that emerge using
the model described above have the desired shape
of a B-barrel. A proper balance between the short-
range repulsive forces and the relatively long-range
(hydrophobic) attractive forces is necessary to ini-
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tiate folding into a desired conformer. This implies
that a balance between the dihedral angle potential,
which tends to stretch out the molecule into a state
in which all bonds have the trans configuration, and
the attractive hydrophobic potential is crucial to in-
duce folding into a 3-barrel like structure upon cool-
ing to low temperatures. If the attraction is too weak,
the molecule remains in a more or less elongated
state with the bonds in nearly all trans configuration,
even at low temperatures. If the attractive forces are
too strong, we find that the chains fold into a dense
globule-like structure (for a description of the re-
lationship between the dihedral angle potential and
the collapsed states, see Ref. 40).

It is interesting to contrast our model to that used
by Skolnick et al. in their Monte Carlo simulation
studies of the equilibrium folding to unique §-barrel
structures.'®? The energy of a given configuration
of the heteropolymer chain was taken to be a sum
of three terms: (a) For a given sequence of n beads
occupying the various sites of the diamond lattice,
each of the n — 3 interior bonds was allowed to have
one of three rotational states. This term is a discrete
version of our continuous dihedral angle potential
with the three conformations corresponding to the
trans and two gauche states, respectively. (b) Also
included were interactions between pairs of non-
bonded nearest neighbor residues to mimic the hy-
drophobic and hydrophilic interactions. This
roughly corresponds to the long-range forces used
in our model. (¢) A crucial element in the model of
Skolnick et al. is the “cooperativity” term, which
allows for conformational coupling between non-
bonded but near conformational states. They found
in one particular example that folding of the poly-
peptide chain does take place even in the absence
of this term, but most of their study corresponds to
the nonzero value of the cooperativity term. As we
stated earlier, the origin of this term is hard to jus-
tify. In addition to the fact that our model is a con-
tinuum model, which has very interesting physical
consequences (such as the emergence of metastable
minima) that are discussed below, the absence of a
complicated cooperativity term clearly distinguishes
our model from the interesting but distinct one con-
sidered by Skolnick et al.’®*

Simulation Methods

It is well known that one encounters the ubiquitous
problem of multiple minima in the simulation of the
folding of a protein from the denatured state to the
folded state (for a review of the multiple minima
problem in the context of protein folding, see Ref.

41). Several different algorithms, most of which are
based on the Monte Carlo technique, have been used
to overcome this problem.*?** One of the aspects of
interest to us is the dynamics of the folding (and
unfolding) process. Consequently, the simulation
technique we have used is a modified molecular dy-
namics method based on the velocity form of the
Verlet algorithm.** We have also used a damping
term with an appropriately chosen friction coeffi-
cient. To compensate for energy loss due to friction,
the beads in the backbone is allowed to experience
a Gaussian random force. The resulting algorithm
is generally referred to as “noisy molecular dynam-
ics” or a type of “stochastic dynamics.” There are
several reasons for the use of the friction in the mo-
lecular dynamics algorithm: (a) In the conventional
constant temperature MD method the rescaling (or
reassignment ) of the velocities greatly perturbs the
trajectory. While this is not a serious problem when
the free energy profile does not exhibit a multivalley
structure, this is not the case in the simulation of
the folding process. (b) The atoms in a protein are
embedded in a solvent, and consequently the ap-
propriate reduced dynamics is stochastic rather than
ballistic. (¢) Most importantly, the use of the friction
and stochastic terms enhances the rate of explora-
tion of configuration space. This aspect is not as
relevant when the polypeptide chain is in the de-
natured state, but once the protein is in any one of”
the many metastable conformations the relaxation
within that valley is expected to be enhanced with
the algorithm we have used. The main purpose of
the random force is to control the temperature of
the system in the most physically reasonable way.

The algorithm used in our simulations is derived
for the low friction case. Recall that there are con-
straints in the model of the polypeptide chain used
in our simulation. For example, the bond length be-
tween the primary C, skeleton is fixed. This con-
straint is incorporated into the equations of motion
using the RATTLE algorithm.*®

For simplicity, we describe the algorithm for one
cartesian component of the position and velocity of
a single residue. The mass m of the particle and the
Boltzmann constant kg are both set to unity. For a
single particle the equation of motion is

F=F,+T—{r=F 1)

where F, is the configurational force, given by the
negative gradient of the potential energy with re-
spect to the position of the particle, I is the random
force with white noise spectrum, and (is the friction
coefficient. The above equation is numerically in-



tegrated using the velocity form of the Verlet algo-
rithm.*® In this algorithm with time step h, the po-
sition and velocity at time ¢ + h given those at time
t are expressed through second order in h as

r(t+ h) =r(t) + hr(t) + $h*F(t) (8)
and
r'(t+h)=f(t)+g[F(t)+F(t+h)] (9)

For the standard energy conserving molecular dy-
namics, F (¢ + h) is a function of the positions alone
and is independent of the velocities at time ¢ + h.
Thus, once r(t + h) is calculated all the quantities
on the right-hand side of Eq. (9) for #(t + h) are
known. However, when friction is included, i.e., { #
0, F(t + h) depends on r(t + h), and the equation
for r(t + h) must be solved self-consistently. The
result through second order in h is

Flt+h) =Ft) |1 —%+i(h§)2

+ih[F.(t) + F.(t+h)+T(t+h)] (10)

Equation (10) is valid only in the limit A{ is small.
As usual, the strength of the random force T is
related to { by the fluctuation-dissipation theorem

(T(OT(E) )y =2¢To(t — t') (11)

where T is the temperature of the medium or the
bath. In the simulation one uses the discrete version
of the equation of motion, and thus a coarse-grained
random force, as opposed to the impulsive force
given by the above expression, must be used. The
coarse grained random force is defined as

1 t+1/2h

||

T'(s)ds (12)

" h t—1/2h

It is easy to show that the statistics of I'(¢t) are given
by

(T.)=0 (13)
<F,Ft,> = %1 Oy (14)

where 6, is the Kronecker delta. This results in the
distribution for the random force at a given time
step having the Gaussian form

P(T) = (h/4TIIT )Y/ 2e~hI*/4T% (15)
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The value of the random force at a given step for a
specified value of h and T'is sampled from the above
distribution using the standard Box-Miiller algo-
rithm. The noisy molecular dynamics method offers
dynamical information, thus allowing us to monitor
the actual kinetics of the folding process. Most im-
portantly, the possibility of exploring long-lived
metastable minima, which is at the heart of this
study, is hard to achieve using the Monte Carlo
method on lattice models with discrete states. Thus
we believe that the relaxation behavior of the het-
eropolymer obtained by the ‘“noisy” molecular dy-
namics should mimic the kinetics of in vitro folding.

RESULTS AND DISCUSSION

High Temperature Structures

The molecular dynamics algorithm described in the
previous section was used to equilibrate a polypep-
tide chain at an elevated temperature. Analysis of
the structure shows that the chain is a disordered
random coil and remains in an unfolded state. At
these temperatures the entropy gain in the unfolded
state is greater than the energy gain due to favorable
contacts between the hydrophobic residues in the
folded state. A snapshot of the chain at high tem-
perature is given in Fig. 1 of our previous paper.'®
We find that there is no element of the secondary
structure present and in fact the chain undergoes
large-scale conformational fluctuations inconsistent
with any long-lived secondary structure. One of the
advantages of molecular dynamics simulation over
real experiments is that one can arrange the ther-
modynamic conditions such that the chain config-
urations are truly random. This problem is often
delicate in various in vitro experiments in which
denaturation is often achieved by using an appro-
priate reducing agent. Some of the denaturation
procedures can lead to aggregation of protein mol-
ecules (see, for example, Ref. 46).

Low Temperature Structures

In order to follow the dynamics of the folding pro-
cess, we generated the low temperature structures
by three different quench techniques. In our simu-
lations, the control parameter that determines the
state of the folded chain is the temperature. The
transition from the unfolded to folded state was in-
duced by changing the temperature. The resultant
low temperature structures obtained by the different
quench techniques are discussed below.
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Quench from a High Temperature. In this process
the high temperature denatured state is directly
quenched to T = 0 K instantaneously. After the
sudden quench, in which the kinetic energy is re-
moved, the energy of the heteropolymer chain is
minimized so that a local energy minimum is ob-
tained. The structures obtained by the direct quench
usually had no resemblance to the 3-barrel struc-
tures. In analogy with similar quench experiments
on liquids, these low temperature states can be
characterized as defective “glassy” proteins.83!2

Structures from Slow Cooling. In order to obtain
ordered low temperature structures and to follow
the kinetics of the folding process, we also performed
several simulations for various initial conditions by
“slowly” (on a simulation time scale) lowering the
temperature starting from a typical denatured state.
If the metastability hypothesis is valid, one would
expect to obtain several different minima in which
the structures would resemble a 3-barrel with the
three bends in the desired locations. It should be
emphasized that cooling rates obtained in computer
simulations are much higher than those found in
typical temperature jump experiments. It is also
clear that the precise structures that are formed will
depend on the rate of cooling, and consequently the
structures obtained by fast quench and adiabatic
cooling will be different. The objective of this ex-
ercise to ensure that upon slow cooling the hetero-
polymer chain does indeed fold into a (3-barrel
structure.

The process of slow cooling was achieved by lin-
early decreasing the bath temperature with time,
starting from a value well above the approximate
temperature Ty (see following section on the un-
folding-folding transition), at which the chain un-
dergoes a transition from the unfolded state to a
folded state. The temperature was decreased from
the high temperature value (typically 1.2-2.0 in re-
duced units) to zero in a time period ranging from
500 to 2500 7. The time dependence of temperature
1s given by T'(t) = Ty — Rt, where R is the cooling
rate. In this process we have obtained structures
ranging from the desired B-barrel to other “mis-
folded” structures.® A typical snapshot of a 8-barrel

* These misfolded structures are to be contrasted with the
incorrectly folded structures that were examined in the context
of a hypothesis concerning the structure of proteins having se-
quence homology by co-workers.*”*® In these studies the side
chains of two protein molecules were interchanged and the energy
was minimized. They found that the two incorrectly folded pro-
teins have more nonpolar groups exposed to the solvent. The
misfolded states in our simulations typically have folds in the
“wrong” place and in some instances the hydrophobic residues
were found on the outside.

O hydrophilic
® hydrophobic
O neutral

Figure 3. Typical 8-barrel structure of the chain below
the unfolding—folding transition temperature. The con-
figurations were obtained by a process of slow cooling.
The nature of the various residues for this chain consisting
of 46 beads is shown by the various symbols.

structure obtained by slow cooling is given in Figure
3. We analyzed the nature of the 8-barrel structures
formed using a crude distance matrix analysis, the
elements of which are distances between a pair of
residues.*” The folded 8-barrel structures had ele-
ments of both parallel and antiparallel strands. This
is found to be the case for the sequence with n = 58
as well. Such structures do occur in real proteins in
which the direction of adjoining strands is deter-
mined by the degree of overall hydrophobicity of
each of the strands.’®®! An example of a “misfolded”
structure is one that resembles a §-barrel with one
of its four strands unfolded. It should be noted that
a few of the non-B-barrel structures obtained using
the slow cooling method have energies less than
those of some of the higher energy $-barrel struc-
tures. The precise structure and the associated en-
ergy seem to depend on initial conditions. In par-
ticular, we have found that identical cooling sched-
ules from different initial conditions can result in
distinct low temperature structures.

Structures Obtained by Simulated Annealing. 1t is
clear from the structures obtained by the slow cool-
ing method that the chain, for the set of parameters
chosen, could adopt a well-defined 3-barrel structure
depending on the initial conditions. In order to probe
other possible minima in which the heteropolymer
chain folds into a 8-barrel-like structure, we used a
combination of simulated annealing and steepest
descent quench methods®®* to enhance the sam-
pling of conformation space. A trial 8-barrel struc-
ture was constructed “manually” such that all bond



angles away from the bend regions were set at the
equilibrium minimum values and all the bonds away
from the bends were made to be in the trans config-
uration. For convenience, each of the hairpin turns
was made planar, resulting in initially strained bond
angles in the bend region. The energy of this struc-
ture was minimized by performing “dynamics’ with
the velocity of all the residues being set to zero after
each time step. This is equivalent to the steepest
descent quench because the system traverses the
path in the free energy landscape to minimize the
gradient.’®® The structure that resulted from this
had the desired folded conformation, which we de-
note as 31. To test the metastability hypothesis fur-
ther, we searched for other 3-barrel-like structures
with energies less than that of the 81 structure.
Starting from the 81 structure, the temperature of
the system was raised, keeping it well below the un-
folding transition temperature as determined from
the slow cooling runs. The system was then repeat-
edly annealed for lengths of time which varied from
1007 to 3007. Subsequently, the system was
quenched to a local minimum, and the structural
and energetic aspects of the minima were deter-
mined. This method of searching for the local min-
ima is similar to the simulated annealing Monte
Carlo technique.® This procedure was repeated sev-
eral times. The initial structure for a given run was
taken to be the previous minimum conformation
explored by the chain. In this process we obtained
eight B-barrel structures. The various structural
characteristics, namely the gross appearance and the
radius of gyration, of these eight minima were almost
identical. However, they differed in their energies,
implying that almost all these are truly distinct
metastable minima. It should be emphasized that
we did not by any means exhaust all the minima
that can be obtained using this procedure. However,
the number of minima corresponding to the folded
structure is not expected to scale exponentially with
the number of residues. We also wish to stress that
we have by no means shown that the simulated (-
barrel structure with the lowest energy (—49.57 ¢,)
corresponds to a global minimum. The main point
of our hypothesis is sufficiently illustrated by the
two methods of locating several metastable folded
structures.

The discovery that there could exist a collection
of minima in inhomogeneous systems is not new.
They have been found experimentally®® as well as
in molecular dynamics simulation studies probing
the conformational substates in myoglobin.?®% In
the latter studies®®® the conformational substates
were found to differ in relative orientation of the
helices coupled with side-chain rotations in such a
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manner that preserved the close packing of the pro-
tein interior. Qur simulation studies show that many
metastable minima, which are not merely confor-
mational substates, exist when our mode] chain folds
into ordered structures. In fact, we argue (in the
fifth section) that these minima correspond to tier
O of the classification of states suggested by
Frauenfelder et al.*° The important aspect for pro-
tein folding is that the ordered structures of the
backbone of the chain (secondary structure) in ail
the minima may be indistinguishable. Thus, insofar
as the enzymatic activity of a protein is essentially
determined by the conformation, any one of the
folded structure might be efficient. The catalytic ef-
ficiency may depend on the precise structure in a
given minimum.*®

The energetics of the various structures obtained
by the different techniques described above can be
further characterized by the “inherent structure”
method.’*% In this method, the system is described
by the structure and energy it attains after the ther-
mal energy is removed by a steepest descent quench.
The energies of the various structures obtained by
the different quench techniques described above
form a “spectrum” that can be plotted and ana-
lyzed.®” A summary of these computations is shown
in Figure 4 in which we present the energy spectrum
of the various inherent structures obtained in our
simulations. The three columns represent the
quenched §-barrel structures, the quenched struc-
tures that are obtained from slow cooling, and the
minima that result from a direct quench from the
denatured state. It is clear that the polypeptide chain
can adopt conformations that do not have the de-
sired folded structure but have lower energies than

20 —————

Simulated Annealing Slowly Cooled Quench from high T

Figure 4. Spectrum of energies of the various quench
structures obtained using several simulation techniques.
The explanation of the three columns is given in the text.
T is the temperature.
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certain higher energy (-barrel structures. These are
defective folded structures that can presumably ac-
quire the desired 3-barrel conformation if annealed
for a long time. It should be emphasized that in no
instance was a non-3-barrel structure found that was
lower in energy than the lowest energy S-barrel
structure. However, some of the energies in the sec-
ond column correspond to structures indistinguish-
able from @-barrels, demonstrating that our model
does indeed fold into an ordered structure under
adiabatic cooling conditions. If the initial conditions,
which are determined by the environment, are such
that the conformation of the chain maps into one
of the “defective” minima, one would not obtain the
required folded structure. The time for escape out
of such a free energy valley would depend on the
barrier height separating the minima and the folded
state, and could greatly exceed the biological time
for the folding process. It is tempting to speculate
that the “wrong’’ choice of initial condition in a real
protein could lead to the formation of defective
folded states—an example being the formation of
kinks along the backbone. It is also interesting to
compute the rms fluctuations in the energy of the
low energy f-barrel structures.’ This was computed
using the energies of the 8-barrels obtained by sim-
ulated annealing. We find that o = V(¢*) — {¢)* for

these low energy structures is found to be 3.3 ¢,.

Unfolding-Folding Transition

The transition from the unfolded state of a protein
to the folded state is often described as a phase tran-
sition in a finite system. In the description of the
collapse transition in synthetic systems, the “order
parameter” that typifies this transition is usually
the mean square end-to-end distance or the radius
of gyration (see, for example, Ref. 58). The radius
of gyration (R;) exhibits different behavior de-
pending on the temperature or, equivalently, the
nature of the solvent. Following the usual charac-
terization of synthetic polymers, we have used the
temperature dependence of ( R} ) as well as the av-
erage energy of the peptide chain to monitor the
thermodynamics of the folding transition. In Figure
5, a plot of the radius of gyration of the chain

(R =532 2 (rh) (16)

§ We are grateful to Prof. M. Karplus for suggesting that we
compute the rms fluctuations in the low energy 3-barrel structures.

25
20
A\ ]
Np:w 15 I
o i
i
10 _
i
]
5 1l | 1 1
0 0.5 1.0 1.5

T

Figure 5. A plot of the radius of gyration (R}) as a
function of temperature for the n = 46 case. The solid line
is drawn by smoothly connecting all the points. The tran-
sition from an extended to a compact structure is at Ty
~ 0.65.

as a function of temperature is exhibited. It is clear
that at high temperatures the chain is in an unfolded
state, yielding a large value for (R}). For temper-
atures less than about 0.65 ¢,/ ky the chain size is
relatively small, corresponding to a more compact
structure. From Figure 5 the transition from an ex-
tended (denatured) state to a compact (folded ) state
takes place around Ty =~ 0.65 ¢,/ kg. A further con-
firmation of this transition temperature can be ob-
tained from a plot of the internal energy E (shown
in Figure 6) and specific heat C (shown in Figure
7) as a function of temperature. It is clear from Fig-
ure 6 that energy is a continuous function of tem-
perature, implying that the folding transition in this
model is an “effective” higher order transition that
is characteristic of small systems. The specific heat
plot shown in Figure 7 is not meant to be quanti-
tative. The transition temperature at 7'~ TF should
be taken as a transition midpoint because since we
have a finite system the transition should occur over
a range of temperatures. Figure 7 is meant to give
a rough idea that even in this finite system one does
have a transition from an extended state to a more
compact state. The specific heat clearly has a
rounded peak at T' = Ty ~ 0.65 €,/ kg, which rep-
resents a transition from an unfolded state to one
of several folded structures. For 7' > Ty the chain
is disordered.
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Figure 6. Energy E as a function of temperature for
the chain with n = 46. This function is a continuous func-
tion of temperature. As a guide to the eye the data points
have been connected by a smooth line. The continuity of
the energy curve implies that the transition from an un-
folded structure to a folded one corresponds to an effective
higher order transition characteristic of small systems.

Fluctuations in the 8-Barrel Minima

In this section we introduce various measures to
probe the relative fluctuations in various 8-barrel
structures. The various measures we have utilized
to differentiate between two distinct structures are
insensitive to certain basic symmetry operations
such as considering a structure and its mirror image.
Since the Hamiltonian is symmetric under the op-
eration r; = —r; for all i’s we expect that the energies
of a given structure and the mirror image of that
structure to be identical. To analyze the nature of

ll]llil—lil T 7 T T
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2.0
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0 0.5 1.0 1.5

Figure 7. A rough estimate of the specific heat C = dE/
dT as a function of temperature. It has been obtained by
numerically differentiating the energy vs T curve. The
solid line is drawn by connecting the points. The peak at
Ty = 0.65 ¢,/ kg indicates the transition temperature.
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Figure 8. Decomposition of the fluctuation in the total
dihedral angle into the contribution from various dihedral
angle numbers. The temperature is fixed at T = 0.4¢,/ kg,
which is below the transition temperature Tg. The equa-
tion is Ag; (T') = ((¢; — ¢?)*>V/?, where i is the dihedral
angle number. The fluctuations are measured with respect
to the ideal zero temperature $8-barrel structure.

the fluctuations in the various low energy minimum
structures, we have calculated the mean deviations
in dihedral angle from the “idealized” B-barrel
structure. This structure corresponds to the 8-barrel
structure with the lowest energy (cf. Figure 3). It
would be more instructive to use the structure cor-
responding to the global minimum (for methods of
finding global minima specifically for proteins, see
Refs. 42 and 59), if this were known, as the appro-
priate reference structure. Starting from this initial
structure at T' = 0, we slowly heated the system,
allowed it to equilibrate, and computed the quantity

AQ(T) = (1/N. 2 (@(T) — 9)*H*  (17)

where @7 is the value of the dihedral angle in the
ideal zero temperature 3-barrel structure and ¢.(T')
is the corresponding value at the temperature T.
The summation is over the N.(=(n — 3)) dihedral
angles in the system and the angle brackets denote
a statistical mechanical average. A plot of A@(T)
as a function of temperature displayed elsewhere!®
shows that A@ can be as large as 25° even below T.
Above Ty these fluctuations are even larger, and
indicate that compared to the more compact folded
form at T = 0, the high temperature structure is
random and open.

It is possible to decompose A@(T') into contri-
butions from the various dihedral angles. For ex-
ample, one can write
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1
AQ(T) = 1 % Agi(T)

1 _ 09)2\1/2
NC§<(¢I 07> (18)

where the summation denotes the contribution from
the dihedral angle i, which involves the residues ¢
—1,i,t+ 1, and i + 2. The value of the dihedral
angle found in the idealized 8-barrel structure at T’
= O is denoted by @7 . The results of the computation
of A, (T') as a function of the dihedral angle number
at T = 0.4 is exhibited in Figure 8. The largest fluc-
tuations occur for residues involved in the dihedral
angle numbers (7, 9, 10, 11, 20, 21, 22, 30, 31, 32,
33, 34) involving residues that make up the loop.
On the other hand, the dihedral angles involving
residues in the interior of the heteropolymer, which
is largely made up of hydrophobic species, show
much smaller fluctuations.

Another measure of fluctuations in various min-
ima is the relative compactness in the different min-
ima. If one assumes that the lowest energy “ideal-
ized” (3-barrel structure represented in Figure 4 is
maximally compact (which is often taken to be the
case with native forms of proteins), then 1t is de-
sirable to predict the dynamics of approach to the
compact structure. For example, if the protein is
trapped in one of the several metastable minima the
time scale needed for achieving maximal compact-
ness is an interesting issue. We have used the dy-
namic generalization of the quantity measuring
static fluctuations introduced earlier,'® namely

A.(¢)

1 n 1/4
={—*Z [(Xi-’(t))z—(X?(t))Z]Z] (19)
n—17

as a possible way of assessing the dynamics of ap-
proach of the coordinates in the ath structure to an
idealized reference structure. In Eq. (19), X 2(¢) is
the ith residue in the ath S-barrel structure and
X 92(t) is the corresponding value in the idealized
B-barrel structure. Notice if @ # 0 and if there is no
transition from the minimum labeled « to the ideal-
ized structure during the observational time, then
the long time limit of A.(t) is expected to be nonzero.
In Figure 9 a plot of A,(t) as a function of time for
three temperatures is given. It is clear that A,(¢) for
T = 0.4 has not decayed to zero on the time scale of
our simulation. Since the long time limit of A,(t) is
nonzero, this implies that « and 0 are truly distinct
minima. Even at T = 1.5 ¢,/kg and T = 2.0 ¢,/ kg,
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Figure 9. The measure of compactness A,(t) given by
Eq. (20) as a function of ¢ at different temperatures. The
numbers adjacent to each curve indicate the temperature
in reduced units €,/ kg. Two lowest energy 8-barrel struc-
tures generated by the simulated annealing method (see
Figure 5) were used to calculate A,(t). The approximate
scaling A, ~ 1/k.t, where k., is the rate at which maximal
compactness is obtained, is evident. The rate constant k,
is dependent on temperature and decreases as the tem-
perature is lowered.

the transition from one minimum to another is quite
slow. The approximate time scale for achieving
compactness comparable to that in the idealized
structure appears to be very slow. After an initially
fast decay in t ~ (50-75) 7 (which corresponds to a
rapid collapse to the structure similar to that found
in the idealized (3-barrel structure) the system ap-
parently encounters a barrier that has to be over-
come to achieve a greater compactness. Based on
an analogy with our previous findings in structural
glasses, "5 we suggest that the decay of the measure
for achieving maximal compactness should be de-
scribed by the relation

A(t) ~ 1. /t. (20)

for t greater than a transient time (~757). In Eq.
(21), 7. is the rate at which maximal compactness
is achieved.

Experimental Evidence

There are some experimental results that are con-
sistent with our findings. (a) The earliest indication



of the existence of metastable states was found in
the protein ovalbumin. In a series of experiments,
Smith and Back found that when ovalbumin was
warmed under alkaline conditions a conformational
change to a more stable form, identified as S-Oval-
bumin, occurred.®*® This more stable form exhib-
ited very similar structural characteristics to those
of ovalbumin. The percentage of S-Ovalbumin de-
pended largely on the method of preparation; the
initial conditions determine the kinetics of forma-
tion of the more stable form. In the language of the
present paper, we conclude that ovalbumin is in a
distinct metastable state that undergoes a transfor-
mation to another minimum (S-ovalbumin) with
very little structural change. The rate of binding of
the two minima to metal anion is found to vary in
accord with our assertions.®® (b) In a series of ex-
periments, Frauenfelder et al. have been studying
the kinetics of binding of O, and CO to myoglobin
(Mb).?® The results have been convincingly inter-
preted in terms of conformational substates. Ac-
cording to this picture, the conformational states of
Mb and MbCO are arranged in a heirarchical fash-
ion. The states are arranged into various tiers, with
states (three in number) in tier 0 having the largest
barrier between them. The states in 0 furcate into
another manifold of states and so on. These authors
also assert that the structural features of the three
states in tier O are similar and they bind to CO with
different rates. In terms of the hypothesis in our
paper, the three substates found in tier 0 in MbCO
correspond to the three distinct metastable minima.
Since detailed kinetic studies of folding of proteins
are just becoming available, the generality of these
results have not yet been established.

SUMMARY AND CONCLUSIONS

In this paper we have discussed in detail the pos-
sibility that globular protein molecules in nature are
generically in one of the many possible metastable
states. We have shown using computer simulations
on a highly simplified representation of a protein
that one can indeed have many minima with differ-
ing energies in which the protein acquires very sim-
ilar structural characteristics. It would be desirable
to obtain further experimental data on hen egg
ovalbumin that clearly seems to be an ideal candi-
date for testing in detail certain of the ideas pre-
sented here.

Many experiments, as well as some simulation
studies, have described the protein folding process
as being highly cooperative and hence describable
in terms of an all-or-none picture. Our studies sug-
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gest that a hierarchical structure with intermediates
for the folding process is also a likely possibility (for
a further discussion of this point, see Ref. 67). Both
of these pictures have received experimental support.
In our studies we have shown that the polypeptide
chain undergoes large structural fluctuations when
T = T¥. These structural fluctuations, which can
persist for a sufficiently long time, can be thought
of as intermediates. However, these fluctuating
structures are highly unstable, and hence experi-
mental characterization of these intermediates may
be difficult. If the lifetimes of these fluctuating
structures are too small to be experimentally deter-
mined, then the folding of a protein will appear to
be an all-or-none process. Since the concentration
of intermediates is almost always small, it is likely
that experiments that probe the dynamics of the
folding process can often be explained in terms of
an all-or-none process. It is very difficult to obtain
evidence for long lived metastable states in discrete
lattice Monte Carlo simulations®. If the picture we
have described here is indeed correct, then both
cooperativity (leading to an all-or-none picture) and
hierarchical organization can occur in the folding
process of a complex enough protein. In our simu-
lation studies we have seen that below T% the chain
spontaneously folds into a $-barrel structure even
though there is no evidence of any structural rem-
nant at T =~ Ty. It therefore follows that the rate-
determining process for the formation of a folded
structure occurs late in the folding process. The
conformation of the chain at the transition state
would have much of the structure found in the folded
state of the protein. These observations are in rough
accord with the detailed kinetic studies of the folding
of bovine pancreatic trypsin inhibitor.

The scenario of a late transition state in the fold-
ing process and the formation of fluctuating struc-
tures at T ~ TF suggests the following dynamics.
For time scales less than that defined by the rate-
determining step, the kinetics can be nonexponen-
tial, which is a reflection of the several fluctuating
intermediate structures. At longer times, the kinetics
should be exponential. If the lifetime of the inter-
mediates is too small to be detectable, then the ki-
netics will almost always appear to be exponential.
This appears to be the case in certain experimental
studies where the folding process is essentially all
or none.

* By construction in discrete state lattice Monte Carlo sim-
ulations, there is little possibility of observing any long-lived
metastable intermediates. It is for this reason Skolnick and co-
workers (see Refs. 19-23) always observe an all-or-none process
in their simulation studies.
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In this article, we have also introduced a measure
to describe the rate at which a folded structure
achieves maximum compactness. Chan and Dill
have argued that the origin of internal architecture
in proteins is a natural consequence of compactness
in these molecules.®® Our analysis here suggests that
after a fast initial decay the rate of approach to a
maximally compact structure can be extremely slow.
This again suggests that a simple all-or-none picture
may not always be adequate. The time dependence
of the measure of compactness suggested here is in
principle testable by monitoring the time evolution
of radius of gyration, which can be obtained from
the dynamic structure factor of the protein.
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experimental ways of measuring the time required for
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