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ABSTRACT: We have investigated the relaxational dynamics of a random heteropolymer after a
temperature quench using extensive molecular dynamics simulation. The interaction between all
monomers is taken to be a purely repulsive Lennard-Jones potential plus a random potential with a 1/r®
behavior. An equilibrium “phase diagram” is determined which allows us to find a characteristic
temperature Te which separates extended states from folded states of the heteropolymer. This
temperature is an increasing function of the random interaction strength, and it permits us to determine
appropriate initial and final temperatures for the quenches. Within the extended states the relaxation
is found to be a pure exponential. It is a stretched exponential when quenching across the characteristic
temperature. In particular, for long chains the relaxation is a two-stage process; both stages are of
stretched form with different stretched exponents which we determine numerically for various system
parameters. Our simulation clearly shows the nature of the relaxation process where a local folding
takes place first followed by a global folding of the local blobs leading to the two folding stages. The

results are discussed in relation to protein folding and to previous investigations.

I. Introduction

It is well-known that natural proteins fold into their
native structures remarkably easily in spite of the
enormous number of possible physical configurations.12
It is believed3~> that protein sequences are “optimized”
such that there is not only a stable unique structure
for the ground state but also a funnel-like energy
landscape which leads to efficient folding kinetics.36 A
principle of minimal frustration was proposed’ to en-
force a selection of the interactions between monomers
such that as few energetic conflicts as possible occur and
thus folding can take place efficiently. It has also been
suggested that such folding takes place as a two-step
process: a rapid folding to a “molten globule” intermedi-
ate configuration which is partially folded but more
expanded than the compact native configuration and
then a slow folding to the native configuration itself.8
Among other research work in this field, considerable
theoretical effort has been devoted to constructing
proper models for protein folding and investigating
various sequencings which lead to fast folding kinetics.
Due to the immense complexity of the problem, much
of our understanding and intuition have been obtained
from various computer simulations based on lattice
models.%10

On the other hand, although heteropolymers with
completely random monomer—monomer interactions
usually do not fold on a reasonable time scale,!! the
heteropolymer models themselves are interesting in
their own right as they may possess features similar to
those of proteins. Indeed, much intuition concerning
the equilibrium and kinetic properties of proteins has
been obtained by investigating heteropolymers. Fur-
thermore, from a polymer physics point of view, het-
eropolymers are interesting since they may behave
completely different from homopolymers. Heteropoly-
mers are also difficult to study due to the random
interactions between the monomers, and thus relatively
less is known about them.

In the following we present a numerical investigation
of the folding kinetics of random heteropolymers. This
is an important problem, and indeed several studies
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have appeared which examine various aspects of this
topic. Recently, lori et al.,’213 Struglia,'* and Fukugita
et al.! studied this problem as a model for protein
folding Kinetics using short random heteropolymers.
They pointed out that, while homopolymers exhibit a
coil and a collapsed or globule phase, random het-
eropolymers in analogy to proteins exhibit an additional
frozen or folded phase. They identified the folded phase
as a glassy state and found that its properties are
completely different from the globule phase resulting
from the homopolymer coil—globule transition. lori et
al.’2 further state that the globular phase of a ho-
mopolymer has no particular shape, whereas the frozen
phase of a random heteropolymer has a definite frozen
shape which is a “closed globule”. Hence, in this sense
the frozen phase is analogous to the unique native
conformation of proteins in that the number of corre-
sponding energy levels are few and have considerably
lower energy than the globular states. On the kinetic
studies, lori et al. investigated the folding kinetics using
Monte Carlo simulations of a heteropolymer model
composed of 15 monomers with a large degree of
quenched disorder. The internal energy of the system
as a function of Monte Carlo time was monitored when
the temperature is quenched from a high value to a
lower one. It was found that the time course of the
internal energy fits very well to a stretched exponential
form for quenches to a final temperature which is not
too low. The values of the stretched exponent, 3, were
found to be 8 = 0.54 and 0.38, respectively, for two sets
of the final temperature, with the smaller 3 correspond-
ing to the lower of the two final temperatures. The
same fitting procedure yielded a pure exponential
kinetic behavior for the equivalent homopolymer, i.e.,
B = 1 if there are no random interactions. lori et al.’3
also made a Langevin analysis for the relaxation to the
folded phase and again found a stretched exponential
behavior for the relaxation to the folded phase on short
time scales (compared to the experimental work on
proteins of Frauenfelder et al.,'® which predicts time
scales on the order of seconds).

While the previous calculations have enabled us to
obtain considerable intuition on the physics of the
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folding kinetics of heteropolymers, there are, neverthe-
less, many questions which remain unclear. Firstofall,
we expect (and indeed find, see below) that the folding
kinetics or relaxation of a heteropolymer with random
interactions between monomers should depend on the
final temperature which can be characterized in several
regimes. For a general homopolymer, a particularly
interesting temperature is the ® point, which separates
different scaling regimes. Below the © point the ho-
mopolymer is in a collapsed state. For a random
heteropolymer, on the other hand, the existence of a ©
point is less clear, but a similar behavior is obviously
expected; i.e., below some characteristic temperature Tg
the heteropolymer is folded in equilibrium. Thus, one
can easily imagine that quenching the temperature from
above Tg but remaining above, from above to below, and
from below to below should lead to different forms of
the relaxation. In our simulations we describe the
homopolymer in the absence of a random interaction by
a purely repulsive Lennard-Jones potential. Hence, the
© point in this limit is zero and the occurrence of a
characteristic temperature Tg plus the related folding
for the random heteropolymer will therefore be entirely
due to the random interaction. Second, from a statisti-
cal physics point of view, we believe that the useful
approach to understanding the Kkinetics of protein or
heteropolymer folding is based on the search for uni-
versal features in the folding process. Such universal
properties which are generally related to the scaling
regime do not depend on details of the chemical nature
of the individual monomer groups.”18 Indeed, we have
recently made a general study of such features as the
dependence of the folding time on the energy level
structure and the level spacing distributions for a simple
protein folding model.® For the present problem, it is
thus interesting to ask if the stretched exponential
relaxation behavior discovered by lori et al.1? is generic
and whether the exponent § is dependent on the
parameters of the particular system studied or whether
B is a universal number. Also what is its precise value?
The purpose of this work is to answer these generic
questions.

Since the problem of folding Kkinetics is extremely
complicated and analytical results are difficult to obtain,
we use a numerical simulation method for our investi-
gation. The application of numerical simulation tech-
niques to polymer science has led to a wealth of infor-
mation regarding both the kinetics of formation and the
equilibrium properties of synthetic and biological mac-
romolecules. These techniques include the Metropolis
Monte Carlo (MMC) simulations on self-avoiding walks
using a variety of algorithms such as the crankshaft
algorithm and the bond fluctuation algorithm; direct
MMC simulations using physically motivated Hamilto-
nians such as the Edwards—de Gennes Hamiltonian;20-22
and the Langevin dynamics and molecular dynamics
(MD) methods.23-2> The most interesting aspect for
physicists is the use of simple models in conjunction
with numerical methods for the understanding of the
universal behavior of polymer systems in the limit of N
— oo, where N is the number of effective monomers per
polymer.

In the following we examine in detail the kinetics of
formation of random heteropolymer conformations using
MD simulations. We use a Hamiltonian similar to that
of lori et al.,’213 which consists of (i) a harmonic term
between nearest-neighboring monomers of the het-
eropolymer, (ii) a purely repulsive Lennard-Jones po-
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tential between all monomers, and (iii) an additional
1/r® potential whose coupling constant is chosen from a
Gaussian distribution with width o, which represents
the degree of quenched random interactions between the
monomers. The description of the relaxation of random
heteropolymers into the frozen or folded state via a
stretched exponential is usually taken as an indication
that the folded state behaves like a glassy phase. To
investigate the folding Kinetics after a temperature
guench, we shall first make a systematic study of the
“phase diagram” of these systems as a function of the
temperature T and the degree of the random interaction
strength o.. Without this phase diagram, it is difficult
to know where to make the temperature quench. The
phase line between the extended state and the folded
state would then be described in terms of a character-
istic temperature, which will in this work be referred
to as the “© point”, Tg. Once the ® point is located, we
then perform systematic quenches in order to examine
the relaxation properties of the random heteropolymer.
The principal objectives of this paper are to examine
the detailed relaxation behavior from the extended state
to the folded state and to investigate the possible
universality of this behavior as a function of a.

The paper is organized as follows. The model and the
MD method are summarized in section Il. The equi-
librium results are presented in section I11. This section
contains a phase diagram for the collapsed versus the
extended phase of the random heteropolymer over a
broad range of temperature T and random interaction
strength, a. The folding kinetics is studied in section
IV which also gives details of the related conformations
of the random heteropolymer. This section reports the
results of quenches from the extended phase to the
folded phase for which two time relaxation regimes were
observed. Both relaxation processes were characterized
by stretched exponentials, one of which was found to
be generic. Section V contains a discussion and con-
cludes the paper.

Il. Model and Simulation Method

In our simulation, we use the model of lori, Marinari,
and Parisi,'2 for which the Hamiltonian can be written
as follows:

H = H. + Hj + Hgs 1)

Hnar is the Hamiltonian for the harmonic interaction
between neighboring monomers on the heteropolymer
chain and is given by

N-1
Hpar ZE (Fi = Tipg — Ro)2 2

where Ry is the length of the unstretched bond between
monomers and T; is the coordinate of the ith monomer
(i=1,2,..,N). HjjisalLennard—Jones (L—J) potential
between all pairs (ij) of monomers. It is given by

N ]

=0, rzxr, 3)

;or<r,

where rj; = [f; — Tjl, € is the coupling constant, and r. is
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the position of the minimum in the L-J potential given
by r. = 20, r. is also taken to be the cutoff for the L-J
potential used in the simulations. The L-J potential is
thus purely repulsive as is usually used for homopoly-
mers in a good solvent.2> The term Hgis represents a
random interaction between each pair of monomers,

Hyi, = — — (4)
e 2ij=%=j r.®

where 7;; is a Gaussian random number with ;0= 0
and

Wpiima= adid; )

Hence, the “strength” of the random interaction is
measured by the parameter o. lori et al.’? point out
that, for application to protein folding, #;; represents a
series of complex biological interactions such as the
interactions between different groups of amino acids and
the interactions of these groups with the solvent (e.g.,
an aqueous solution). Furthermore, Shakhnovich and
Gutin in their paper on the relation between random
heteropolymers and protein sequences!® point out that,
since there are 20 amino acids involved in protein
sequences, there are 210 pairwise interactions, which
gives a motivation for the use of a random distribution
of mutual interactions between monomers. Finally the
bonds between monomers should be regarded as a set
of amino acids making up a single Kuhn length. The
Kuhn length for the secondary sequences of proteins is
on the order of 1.8 nm, which corresponds to 5—7 links.?8

Both the equilibrium and relaxation data were ob-
tained by implementing a molecular dynamics (MD)
method described by Grest and Murat?® in which each
monomer is coupled to a heat bath via a friction
coefficient. The equations of motion for the monomers
which are assumed to have a mass m are basically
Newton’s equations plus a noise term, i.e.,

d°F; - dar, -
mF=Fi—mFE+Wi(t) (6)

Here Wj(t) is a white noise representing the random part
of the coupling of the monomer to the heat bath and its
satisfies the correlation:

[W;(t) W;(t) 0= 6kg TmL9;0(t — t) (7)

IEi is the force on the ith monomer and is obtained from
the Hamiltonian of (1):

F,=—-VH )

The MD simulation proceeds by integrating eq 6 using
a Verlet algorithm with an appropriate choice of the
time step At.

In this work we have monitored the following physical
gquantities:

(a) The temperature, T, as calculated from the equi-
partition theorem.

(b) The average bond length between monomers.
(c) The average radius of gyration:
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1N 12
Ry, = mﬁ_ (Fi — ?CM)Z)) D ©)

where Tcwm is the coordinate of the center of mass of the
polymer.
(d) The average end-to-end distance:

Re[= OFy — Ry|0 (10)

(e) The average kinetic energy, Ex.
(f) The average potential energy, U,y, found from egs
2—4, i.e.

Uav = |:IHIj + Hdis + HharD (11)
The total energy, Eay, is the sum of Ex and U,,.

I11. Equilibrium Properties

In this section we present results obtained from
equilibrium simulations for several values of o ranging
from O to 6. In particular we need to find a character-
istic temperature, called Tg, as a function of the random
interaction strength o. Because we are primarily
interested in the relaxational dynamics and the location
of Te is to give us an idea of where the temperature
guenches take place, we have only attempted to compute
a good enough Tg for our purposes. A precise determi-
nation of this quantity needs prohibitively large com-
puter effort and is beyond this work. For a homopoly-
mer, the © point can be located?® by studying the scaling
of the coil size as a function of the polymer length N:
Rgy ~ N*. Above Te, v = %/5; at Te, v = /5; while below
Te, v = 5. For the random heteropolymer we use the
same idea to locate a possible Te.

Throughout the calculations we have fixed At =
0.00570 and checked that this value is compatible with
the stability of the integration of the equations and with
regard to rounding errors. Here 7o = o(m/e)¥2. The
value of T was fixed at T = 0.5757%, and the unstretched
bond length was taken to be Rp = 1.50. We used units
for which m = 0 = 1 and measured all energies in units
of €. In these units, the value of the coupling constant,
k, for the harmonic interaction of eq 2 used in the
simulations is k = 30. The number of monomers in a
heteropolymer which we have used to study the equi-
librium conformations in order to approximately deter-
mine a phase diagram and to locate Te varied from N
= 30 to N = 200 for values of o ranging from 0 to 6. We
start from a self-avoiding random walk and add various
interactions as shown in eq 1. The random heteropoly-
mers were equilibrated using 3 x 10° time steps per
monomer for N > 100 down to 10% time steps per
monomer for N = 30. Several physical quantities were
then collected at equal time intervals for time-averaging
after the equilibration. Typically these quantities were
saved every 3000 time steps per monomer up to a total
of 1000 sets of data.

When a = 0, the Hamiltonian of eq 1 reduces to the
Hamiltonian for a homopolymer in a good solvent as
described by a repulsive L-J interaction. The © point
in this case is therefore zero. However, to verify that
our simulation method gives the correct scaling in the
homopolymer limit, we computed RgyOfor N = 30, 75,
100, 150, and 200 for oo = 0 and for two temperatures.
We found that (Rgy[~ aN” with v ~ 0.586 for T = 4 and
v ~ 0.607 for T = 0.1.

Since the © point is zero for a = 0, the appearance of
a “O-like” point for oo = 0 will be due entirely to the
random interaction. Figure 1 shows [Rg?UIN as a
function of N for oo = 3 and for four different values of
T. In this case values of N =50, 75, 100, 125, 150, 175,
and 200 were used. The figure shows that there should
be a © point near T = 2. Figure 2 shows the result for
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Figure 1. Average radius of gyration versus N for random
heteropolymers with a = 3 for N = 50 to 200 and for
temperatures T = 8 (*), 4 (0), 3 (¢),and 2 (O). T=8, 4, and
3 are above Te, where Rg [~ N” with v~ 0.59. T = 2 is lower
than Te. The O point lies between T = 2 and 3.
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Figure 2. Average radius of gyration versus N for random
heteropolymers with o = 6 for length N = 30—200 and for
temperatures T = 10 (0), 8 (O), 7 (¢), and 6 (). T=10is
above Te with Ry~ N” where v ~ 0.57. T =8 is close to Te
with v ~ 0.50. T =7 and 6 are below Tg.

o= 6. For this (and other) larger value of a, it is very
difficult to locate a precise value of Tg due to large
fluctuations in the data, but from the figure it is
reasonable to assume that it lies in the neighborhood
of T =8. For both a = 3 and 6 we found that [Rgy[~
oNY with v = 3/5 for temperatures above the © point and
that v = /3 for temperatures below it, provided that the
temperature is not too low (for which case the simula-
tion is hampered by metastable states). Near the ©
point, we roughly find that v = 1/,, as expected. The
notion of a ® point is also consistent with the behavior
of [RgyOas a function of temperature. We have con-
firmed that, near this temperature T, Rgy[Jchanges
from a small value below it to a much larger value above
it, indicating a conformation change of the heteropoly-
mer from a compact structure to an extended one.
Although it is almost impossible to determine a
precise value of Te, it is clear that the effective value of
Te as determined by our simulation procedure increases
considerably with increasing a. This is shown in the
inset of Figure 3, where [Rgy[is plotted as a function of
temperature for several values of a, fixing N = 100.
From this plot we have operationally taken Tg as the
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Figure 3. Te versus o for N = 100. The values of Tg were
measured at the points of inflection of the inset, and the error
bars were estimated by using Figures 1 and 2 and related
results for a = 1 and 5. This plot serves as an effective “phase
diagram”. The solid line is a guide to the eye. Inset: Average
radius of gyration as a function of temperature for N = 100
and o = 1 (»), 3 (d), 5 (¢), and 6 (*). The horizontal line at
[Rgy[= 6.0 corresponds to the point of inflection at which we
measured Tg for different values of o. The solid lines are
guides to the eye.

temperature at which [Rg[= 6.0, this being in the
middle of its values. Although somewhat arbitrary, this
procedure, nevertheless, gives a reasonable estimate of
the © point. The values of Te, as deduced this way from
the inset of Figure 3, are exhibited in Figure 3, which
effectively serves as a phase diagram for the heteropoly-
mer model studied here. The nature of the equilibrium
conformation can be directly examined by the final
structures of the heteropolymer, and we have confirmed
that these final structures are indeed consistent with
the phase diagram obtained. Finally, in order to test
the stability of our simulations, we calculated the
average bond length of the polymer as a function of
temperature, N and o.. We found that the bond length
increases with temperature in all cases but remains
bounded to below 2.00 up to T = 10. Hence, the average
bond length stays reasonably close to its initially chosen
value of 1.50 and does not exhibit any unusual behavior
throughout the entire simulation procedure.

In the next section we study the relaxational dynam-
ics of the heteropolymer after a quench of temperature
in various regions of the phase diagram of Figure 3.

1V. Kinetics of Relaxation

The relaxational dynamics is investigated by quench-
ing the temperature from an initial value T, to a final
one at Tg and monitoring the time evolution of the
relevant physical quantities. Our phase diagram al-
lowed us to examine the relaxation behavior by choosing
the temperatures T, and T for the related quenches
systematically. The quenches were performed by first
bringing the polymer to thermal equilibrium at T, and
then quenching to Tg. To study the relaxational dy-
namics after a temperature quench, for a given initial
equilibrium conformation, 10° time steps per monomer
were used and the relaxation process was monitored.
The results were then averaged over 100—500 indepen-
dent quench runs for the same initial condition. Finally,
up to 16 impurity averages (different realizations of {#;;}
for a given a) were performed for a given set of other
system parameters.
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Figure 4. Energy versus time for a random heteropolymer
after a temperature quench with parameters oo = 6, N = 30,
T, = 16, and T = 10. Both temperatures are above the ©
point. From the stretched exponential fit we find § ~ 1.01
and 7 ~ 1.63. Hence, this relaxation is a pure exponential.
The solid line is the fit to eq 15.

In the homopolymer case where o = 0, exponential
relaxation behavior was always observed, as expected.
For the random heteropolymer case a = 0, we examined
polymers of length N = 30 for a = 2, 3, 4, 5, and 6 and
N = 100 for o = 6. As mentioned previously, 100—500
independent quench runs were averaged for a given {#;;}
to reduce fluctuations in the data (the only difference
between each quench run is the thermal noise). The
total energy E(t) of the polymer was calculated as a
function of time t and was fitted to a stretched expo-
nential form given by

E(t)=ae " —a, (12)

Here time t was measured in units of 7o. One unit of
time is thus equivalent to 200 MD steps. The param-
eters ap, f, 7, and a; were obtained by using a 2 fit.
Furthermore, these values must be impurity averaged.?’
For N = 30 we performed impurity averages over 8
different realizations of the random interactions {#ij}
for a given o, whereas 16 such realizations were used
for N = 100. We found that these impurity averages
were vital in determining a reasonably accurate value
for the relaxational exponent S.

Exponential relaxation behavior (5 = 1) was always
observed when both T, and Tr were chosen to be in the
extended phase, i.e., above the © point. This is shown
in Figure 4 for N =30, a =6, T, = 16, and T = 10. The
values of f and t are tabulated in Table 1, and for
guenches above the ® point f is consistently close to
unity for all values of o used. We have confirmed that
the data for N = 100 and o = 6 were also well fitted to
a pure exponential above the © point. This behavior is
understandable since, above the © point, the het-
eropolymer in question is extended; thus, the random
interactions {#;/rij®} play little role because it decays
quickly for monomers far away in an extended confor-
mation. In this case the whole system should indeed
behave as that of a homopolymer indeed.

The quenches of interest for the problem of random
heteropolymer folding are those effected across the ©
point, i.e., from the extended to the folded states. For
this case T, was chosen to be well above Tg, while Te
was below. It turned out that, if Tg was chosen too low,
the simulations were hampered by metastable states
and the polymer could not relax to a well-folded equi-
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librium configuration. Hence, we have chosen the value
of Tk to be not too far below the ® point and always
checked the final configurations to make sure that the
system was not trapped in an extended metastable
state.

We have examined the relaxation to equilibrium for
qguenches across the © point for long polymers in order
to investigate the folding process in detail. In particu-
lar, we carefully considered the case of a random
heteropolymer of length N = 100 for oo = 6, T, = 16,
and Tg = 6. Again the energy E(t) was calculated as a
function of t and fitted to eq 12. The results are
summarized in Table 2. Out of the 16 realizations of
{mi}, we found that 15 sets of data exhibited two
relaxational time regimes: a fast relaxation from which
partial “folding” resulted, followed by a crossover to a
much slower regime in which the folding process was
completed. The relaxation behavior in both regimes
could be fitted to a stretched exponential of the form in
eq 12. In the first time regime, as shown in Table 2, a
stretched exponent g ~ 0.7 with time constant 7 ~ 1.2
was determined. These are completely consistent with
the values found for N = 30 and o = 0 to be reported
below. In the second relaxation regime  was found to
be approximately 0.2, a very small value indeed. Figure
5 gives relaxation data which shows the two regimes
for one simulation together with the fits using eq 12.

Why are there two relaxational time regions? To
answer this question, we plot typical conformations of
the polymer during the relaxation process at various
time intervals, as shown in Figure 6. At early times,
from t = 0 to t = 30, where the stretched exponent 3 ~
0.7, the conformations show that the folding is only
local, where the overall conformation is still extended
while locally the monomers fold into separate “blobs”.
In fact, if we compute Rgy[at t = 30, the value is still
close to that of an extended polymer. By examining all
15 simulations where there were two relaxation re-
gimes, we conclude that the first time regime was due
to the local folding. After the first time regime, the
folding process enters a crossover where the local blobs
get together to form larger blobs, corresponding to t =
75 in Figure 6. At this stage the polymer has not
completely folded but is certainly not extended, and from
the point of view of protein folding, this could perhaps
be regarded as a molten globule. Finally the folding
enters the second time regime which roughly covers
from t = 100 to the end of our simulation when the
polymer is completely folded, with an exponent § ~ 0.2.
We may now conclude that the second relaxation
regime, with a small stretched exponent 3 ~ 0.2, is due
to the folding of local blobs to the final folded equilib-
rium state. Clearly, because blobs are much more
difficult to move around, the folding of local blobs should
be much slower, which is reflected by the small j.
Finally the only one among the 16 simulations which
did not exhibit a second time regime seemed to be
trapped in the crossover stage. This could happen for
some special arrangements of the random interactions
{ni}. However, largely speaking, our simulations show
that the relaxation during a temperature quench from
an extended to a folded state is a two-stage process, both
characterized by a stretched exponent form.

How general is the value of the stretched exponent?
We have examined this question by performing tem-
perature quenches across the ® point for a number of
random interaction strengths a = 2—6. As the simula-
tions were very computationally intensive, we have used
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Table 1. [pOand F0OResulting from the Average over 8 Realizations of the Random Interaction {#;;} for N = 302

across the a=2,T =4, a=3,T =4, oa=4,T,=6, a=05,T; =10, a=6,T, =16,
“® point” Te=05 Te=1 Te=1 Te=4 T==6
pa 0.75 £ 0.03 0.70 + 0.02 0.65 + 0.04 0.68 + 0.05 0.62 + 0.06
z0 1.41 £ 0.04 1.54 £ 0.05 1.54 + 0.04 1.43 £ 0.06 1.0+0.2
within o=2,T =4, o=3, T =10, o=4,T, =6, o=5,T, =10, oa=6,T =16,
extended phase Te=2 Te=4 Te=4 Te=7 Te=10
Vi 0.97 £ 0.02 1.02 £ 0.02 0.88 + 0.08 0.9+0.2 1.01 +£0.05
=0 1.42 +0.02 1.51 + 0.02 1.6+0.1 1.5+0.1 1.59 + 0.05
within the a=2T =1, o=5T =4, a=6,T =6,
folded phase Te=05 Te=2 Te=4
Bo 0.38 &+ 0.05 0.49 + 0.07 0.32 +£0.06
20 3+6 7+1 4+1

a The first row consists of results from relaxations across the © point. The second row presents the relaxations within the extended
states. The third row results from quenches within the folded states. T, and T are the initial and final temperature, respectively.

Table 2. [pUand @UOResulting from the Average over
Several Realizations of the Random Interaction {5;;} for
N = 1002

across the a=6,T, =16, TE=6, oa=6,T, =16, TE=6,
“© point” t=0-30 t =100-500

po 0.69 + 0.02 0.19 £ 0.02

z0 1.17 +0.04 25+5

a All quenches were performed across the ® point. Timest=10
to t = 30 correspond to the first relaxation stage, and t = 100 to
t = 500 correspond to the second stage. [BCand Z0were averaged
over 16 realizations for the first relaxation stage and 15 realiza-
tions for the second stage.

shorter chains of N = 30. For these shorter heteropoly-
mers we did not always observe two regimes and some
relaxations took place in a single regime. Since the
chains are quite short, some of the chains manage to
avoid local folding by relaxing directly to their compact
configurations. The results for these simulations are
summarized in Table 1. Indeed, our results clearly
confirm that 8 ~ 0.7 for all values of a studied for the
first time regime. Typical relaxation data are shown
in Figure 7 which gives E(t) as a function of time for a
single simulation and three values of a. The three sets
of parameters wereo. =2, Ty =4, and T = 0.5; a = 4,
T, =6,and Te=1;and a =6, T, = 16, and Tg = 6.

Another question of interest is whether the relaxation
form, eq 12, and the stretched exponent 5 depend on
the simulation parameter I''! which gives the charac-
teristic time for coupling to the heat bath in the
simulation. Clearly this question is relevant for the first
relaxation regime. To investigate this point, we exam-
ined the quenches using N = 30 and o = 6 for several
values of T, i.e.,, ' = 0.87¢, 1.3370, 1.070, and 4.01g in
addition to 2.07g. For all the simulations we found the
stretched exponent g =~ 0.7, independent of I. Hence,
the stretched exponential relaxation has a generic
behavior as anticipated. On the other hand, we ex-
pected the time scale 7 of the first relaxation regime to
be affected by I': it was, in fact, found to be a linear
function of I'"1. Finally we found no detectable T
dependence for the results of the second relaxation
regime.

We have also examined the second time regime seen
in some of the relaxation curves for these short chains
with o = 6 for the simulation shown in Figure 7. In
this case we found that the relaxation could be charac-
terized by an effective stretched exponent g ~ 0.45, in
contrast to the case of N = 100 where  ~ 0.2. However,
we do not expect to determine the stretched exponent,
B, accurately for the second time regime for short chains,
because the second relaxation regime is due to the
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Figure 5. Energy as a function of time for a random
heteropolymer after a temperature quench with parameters
a =6, N =100, T, = 16 (above the © point), and T = 6 (below
the © point). Two relaxation regimes are found. (a) First time
regime, from t = 0 to 30. The stretched exponential fit gives
p~0.73and t ~ 1.19. The inset shows the complete relaxation
curve from t = 0 to 500. (b) Second time regime, from t = 100
until the end of the simulation. Fitting to eq 15 gives 3 ~
0.25 and 7 ~ 8.71 for this heteropolymer simulation in the
second regime. Solid lines are the fit to eq 15.

folding of local blobs as discussed above, and for short
chains there is a very small number of blobs to fold;
hence, an effectively faster relaxation (larger ) is indeed
expected. For long chains, however, it is possible that
the exponent of the second time regime will be deter-
mined by the motion of the blobs in a random environ-
ment, thus leading to a generic value of .

Finally, we comment that, for even shorter chains
such as N = 15, the second time regime is not revealed
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Figure 6. Configurations for a random heteropolymer (the same polymer as used in Figure 5) at various times after a temperature
guench, with parameters oo = 6, N = 1000, T, = 16, and T = 6. The first graph labeled R.W. represents the initial random walk
used to arrive at the equilibrium configuration at T, = 16, which serves as the t = 0 configuration just before the quench. Other
graphs represent configurations at different times during the relaxation process. Local folding is clearly seen before t = 75. The

polymer is essentially folded at t = 500.

as there is essentially no local folding and the entire
chain simply folds with only one stretched exponent; this
behavior was found in the work of lori et al.’2 To check
this point carefully, we performed MD simulations for
random heteropolymers of length N = 15 corresponding
to the case investigated in ref 12. Using oo = 6 and
averaging 100 quench runs, the data of E(t) was indeed
fitted well with a single stretched exponential in agree-
ment with the results of lori et al. The value of the
stretched exponent in this case was found to be consis-

tent with the value reported above for the first time
regime for N = 30, 100. Thus, as expected, the
relaxation to equilibrium was rapid and occurred over
30 time units for these very short chains.

To examine the relaxational dynamics further, we
performed temperature quenches entirely below the ©
point, i.e., with T}, Te < Tg, using heteropolymer chains
with N = 30 and a = 2, 5, 6. A typical relaxation
behavior of the energy is shown in Figure 8, for
parameters N =30, a =6, T = 6, and T = 4. In this
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Figure 7. Relaxation curves for quenches across the ® point
fitted with stretched exponentials for N = 30. Only the first
relaxation regime is shown. (a) Fora =2, T, =4, and Tr =
0.5, we get f ~ 0.69 and 7 ~ 1.26. (b) Fora =4, T, = 6, and
Te=1,wegetf~0.70 and 7 ~ 1.53. (c) For a =6, T, = 16,
and Tg = 6, we get f ~ 0.72 and 7 =~ 1.41. Each of these  and
7 is only one of the values used to do the averages in Table 1.
The solid lines are the fit to eq 15.

case there was only one relaxation regime, which is
understandable since the chain was only changing from
an already folded state to a more compactly folded state.
Again the data can be well fitted with the stretched
exponential form, and the results are summarized in
Table 1. For these below-to-below quenches, our data
gave f ~ 0.4 for all values of o used.

V. Discussion

In this work we first examined the phase diagram of
a single random heteropolymer in detail. As has been
clearly shown, a clear idea of the equilibrium is neces-
sary for investigating the relaxational dynamics after
a temperature quench since the dynamic behavior is
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Figure 8. Energy versus time for a random heteropolymer
after a temperature quench, with parameters oo = 6, N = 30,
T, = 6, and Tg = 4 (both below the ® point). The stretched
exponential fit gives § ~ 0.40 and t ~ 4.02 for this polymer.

different depending on the temperature ranges. Our
model of the polymer is composed of N monomers
connected by harmonic springs. The monomers mutu-
ally interact via a repulsive Lennard-Jones potential,
and the random interactions between the monomers
were included by means of a van der Waals interaction
whose coupling constants are chosen from a Gaussian
distribution of width a. The phase diagram was ob-
tained from MD simulations. Two states were identi-
fied: a high-temperature extended state where the
random heteropolymer is described in terms of a self-
avoiding random walk, and a low-temperature folded
state where the polymer takes up a closed compact
configuration. The two states are separated by a ©
point whose temperature increases with increasing o.

Knowledge of the phase diagram allowed us to
perform systematic studies of random heteropolymer
relaxation processes. Relaxation to equilibrium for
temperature quenches inside the extended “phase”
showed a pure exponential behavior, whereas relaxation
processes to the folded phase exhibited a stretched
exponential behavior. We have discovered that the
relaxation after a quench from above the ® point to
below can be characterized by a two-stage process. The
first time stage is characterized by a faster stretched
exponential relaxation process with exponent 5 ~ 0.7.
This value does not depend on the values of o and is
quite generic. In the first time stage, the chains locally
fold into separate blobs but the entire chain is still
rather extended. In the second time stage the local
blobs fold together to the final compact structure, with
another stretched exponential form and a smaller
exponent . For very short chains such as those
examined in ref 12, the second time regime is absent
as no local folding takes place. Finally for a quench
from below the © point to still below, the relaxation is
a one-stage process which is also well fitted with the
stretched exponential form.

Relaxation to equilibrium for quenches from the
extended to the folded phase is of most interest to us
due to its relation to protein folding. Figure 6 shows
that typical final polymer configurations for the first
time regime (up to t = 30) are extended with a few com-
pact blobs, particularly near the terminal monomers.
This finding is in agreement with the work of Ostrovski
and Bar-Yam.2® These authors show by computer
simulation based on cluster diffusion that the collapse
of long homopolymers and certain heteropolymers is
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dominated by the nucleation and growth of large clus-
ters at the ends of the polymer coupled with aggregation
of smaller clusters inside the polymer. In our case the
development of this growth and aggregation process
occurs during the crossover, as can be seen from the con-
figuration in Figure 6 near time t = 75. This configu-
ration shows that the polymer is now more compact but
with the blobs still connected by extended sections.

We believe that the relaxation data can be interpreted
in terms of the molten globule concept; i.e., we found a
faster relaxation to an intermediate conformation in the
first relaxation stage after an above-to-below tempera-
ture quench. This is the so-called “compact but ex-
tended” structure as discussed by Daggett and Levitt?®
for proteins. This relaxation stage is then followed by
a slower relaxation to a folded equilibrium configura-
tion.8 The behavior is quite similar to that discussed
in the literature for protein folding. Finally we note that
the relaxation process studied here is quite different
from that of the homopolymer collapse which proceeds
via a single exponential.

There are many other questions of interests concern-
ing the folding Kinetics. A particularly useful study
would be on the effects of solvents to the relaxation
process for both random heteropolymers and heteropoly-
mers with well-defined sequences mimicking proteins.
Pande et al.3® have recently shown that not all het-
eropolymers can be described in terms of the properties
of random heteropolymers. Clearly, it would also be
interesting to examine the Kinetics of “unfolding”, as
protein denaturation is of great interest indeed.2® We
wish to report these investigations in the near future.

Acknowledgment. The authors thank Maxim Sko-
robogatyy and Clauss Jeppersen for helpful discussions.
We gratefully acknowledge support by the Natural
Sciences and Engineering Research Council of Canada
and le Fonds FCAR du Québec.

References and Notes

(1) See, for example, articles in: Protein Folding; Creighton, T.
E., Ed.; W. H. Freeman and Company: New York, 1992.

(2) Leventhal, C. J. Chim. Phys. 1968, 65, 44.

(3) Go, N.; Abe, H. Biopolymers 1981, 20, 991.

(4) Shakhnovich, E. I.; Farztdinov, G.; Gutin, A. M.; Karplus,
M. Phys. Rev. Lett. 1991, 67, 1665. Sali, A.; Shakhnovich,
E. I.; Karplus, M. J. Mol. Biol. 1994, 235, 1614. Sali, A,;
Shakhnovich, E. I.; Karplus, M. Nature 1994, 359, 248.

(5) Wolynes, P. G.; Onuchic, J. N.; Thirumalai, D. Science 1995,
267, 1619.

(6) Sali, A.; Shakhnovich, E. I.; Karplus, M. Nature 1994, 359,
248. Wolynes, P. G.; Onuchic, J. N.; Karplus, M. Science
1994, 267, 248.

Macromolecules, Vol. 30, No. 10, 1997

(7) Bryngelson, J. D.; Wolynes, P. G. Proc. Natl. Acad. Sci. U.S.A.
1987, 84, 7524.

(8) For a discussion of the molten globule model, see the
contribution of: Baldwin, R. L. Pathways and Mechanisms
of Protein Folding. In Statistical Mechanics, Protein Struc-
ture and Protein Substrate Interactions; Doniach, S., Ed.;
NATO Advanced Study Institute Series; Plenum Press:
Heidelberg and London, 1994; pp 3 and 4.

(9) Honeycutt, J. D.; Thirumalai, D. Proc. Natl. Acad. Sci. U.S.A.
1990, 87, 3526; Biopolymers 1992, 32, 695. Guo, Z.; Thiru-
malai, D.; Honeycutt, J. D. J. Chem. Phys. 1992, 97, 525.

(10) Shakhnovich, E. I.; Gutin, A. M. Nature 1990, 346, 773.

(11) Bryngelson, J. D.; Wolynes, P. J. Phys. Chem. 1989, 93, 6902.

(12) lori, G.; Marinari, E.; Parisi, G. J. Phys. A 1991, 24, 5349.

(13) lori, G.; Marinari, E.; Parisi, G.; Struglia, M. V. Physica 1992,
185A, 98.

(14) Struglia, M. V. J. Phys. A 1995, 28, 1469.

(15) Fugugita, M.; Lancaster, D.; Mitchard, M. G. J. Phys. A 1992,
25, L121.

(16) Iben, I.; Brownstein, D.; Doster, W.; Frauenfelder, H.; Hong,
M. K.; Johnson, J. B.; Luck, S.; Ormos, P.; Schulte, A.;
Braunstein, D.; Xie, A. H.; Young, R. D. Phys. Rev. Lett. 1989,
62, 1916.

(17) de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cornell
University Press: Ithaca, NY, 1979.

(18) Zwanzig, R. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 9801.

(19) Skorbogatyy, M.; Guo, H.; Zuckermann, M. J. Phys. Rev. E,
in press.

(20) Laradji, M.; Guo, H.; Zuckermann, M. J. Phys. Rev. E 1994,
49, 3199.

(21) Soga, K. G.; Zuckermann, M. J.; Guo, H. Europhys. Lett. 1995,
29, 531. Soga, K. G.; Guo, H.; Zuckermann, M. J. Macro-
molecules 1996, 29, 1998.

(22) Miao, L.; Guo, H.; Zuckermann, M. J. Macromolecules 1996,
29, 2289—-2297.

(23) Baumgartner, A. Simulations in Polymer Physics. In Topics
in Current Physics: Applications of the Monte Carlo Method
in Statistical Physics; Binder, K., Ed.; Springer Verlag:
Heidelberg and London, 1987; pp 145—-180.

(24) Grest, G. S.; Murat, M. Computer Simulations of Tethered
Membranes. In Monte Carlo and Molecular Dynamics Simu-
lations in Polymer Science; Binder, K., Ed.; Oxford University
Press: Oxford, U.K., 1995.

(25) Grest, G. S.; Murat, M. Macromolecules 1993, 26, 3108.

(26) Grosberg, A. Y.; Khulkhov, A. R. Statistical Physics of
Macromolecules; AIP Series in Polymers and Complex Ma-
terials; AIP Press: New York, 1994; p 300, section 39.4.

(27) For a given set of random interactions {7;}, many quench
runs were performed in order to obtain the thermal average.
The relaxation of the energy E(t) was then averaged over
several independent sets {#;;}. Finally, we fitted the resulting
impurity averaged energy to the form of eq 12. We then
determined the fitted exponent, which is denoted by (B[] and
the fitted time scale, which is denoted by [7[]

(28) Ostrovski, B.; Bar-Yam, Y. Biophys. J. 1995, 68, 1694.

(29) Daggett, V.; Levitt, M. Proc. Natl. Acad. Sci. U.S.A. 1992,
89, 5142.

(30) Pande, V.S.; Grosberg, A. Y.; Joerg, C.; Tanaka, T. Phys. Rev.
Lett. 1996, 76, 3987.

MA961162B



