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Abstract

Simple spin models are used to analyze the kinetic nature of lowest energy state formation of the spin systems as
models of protein folding kinetics. The models employed in the present paper are based on the spin systems as

wmodels of biopolymers previously proposed by the author for the analysis of the equilibrium nature of transitions T.
Ž . xKikuchi, Biophys. Chem. 65 1997 109 . In particular, the effect of frustrations on the kinetics is investigated with the

Monte Carlo simulations in this study. The results show that the kinetics of the present systems are characterized by
Ž .the ratio of foldables pathways on the energy landscape that to lead to the lowest energy state and the temperature

dependence of the mean first passage time of foldables. We also discuss the free energy profile of the present models
and the relation of the present results to the kinetics of actual proteins. Q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction

A protein folds to its native structure within a
rather short time compared to the estimation
from simple consideration as described in
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w xLevinthal’s paradox 1 . To understand the mech-
anism of the rapid protein folding is a substantial
problem in molecular biophysics. The funnel
model is an idea currently accepted for this prob-

w xlem 2,3 . That is, in the coarse-grained view of an
energy landscape of a protein, the fast folding
should be characterized by the folding funnel, on
which strong forces drive the structure to the
native conformation at a high rate. With this view
of protein folding, we have the further question:
how can some kinds of polymers such as proteins
produce a smooth energy landscape with a funnel
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in spite of the high degree of conformational
freedom? A clue to this question seems to be the
minimal frustration principle initially proposed by

w x w xBryngelson and Wolynes 4 and Go 5 , i.e. a
protein with minimal frustration might possess a
smooth downhill energy landscape. It is plausible
that protein sequences are designed through the
long evolutionary process to minimize their frus-
trations. Thus examination of the effects of frus-
trations is a significant problem for understanding
the mechanism of rapid protein folding. The ef-
fect of frustrations on energy landscapes of pro-
teins is mainly studied with mean field treatment

w xof proteins 6,7 , but it is rather difficult to esti-
mate the magnitude of frustrations in an actual
protein system, or even in a model protein. Hence,
the folding funnel, the energy landscape and the
minimal frustration principle are useful concepts
in the problem of protein folding, but we are still
far from the essential understanding of the pro-
tein folding mechanism.

Furthermore, it is significant to define ‘foldabil-
ity of a protein’ in relation to the concepts men-
tioned above; in other words, to elucidate how
proteins with high foldability are differentiated
quantitatively from other random hetero-
polymers. Several criteria of foldability have been

w xproposed in the literature 7]11 . Those ideas
might be practical and useful to specify the fold-
ability for each protein, but the physical basis of
the foldability is not entirely clear. We think that
the foldability should be understood and defined
based on the concept of the energy landscape,
frustrations and so on. More attention should be
paid to distinguish between the kinetic and equi-
librium properties. For example, it would be valu-
able to clarify how transition temperature, which
is clearly an equilibrium parameter, can be re-

Ž .lated to folding rate t , i.e. the free energy
barrier which is a characteristic parameter in
kinetics. Several good correlations between these

w xparameters have been published 9,10 .
Recently, to analyze the effect of frustrations in

w xdetail, we proposed 12 a simple model to simu-
late basic equilibrium folding properties of bio-
polymers including proteins and nucleic acids.
This model is constituted of a spin system with
energy parameters adjusted in several ways. The

energy parameters with no frustration give a
model showing a two-state transition in the van’t
Hoff plot between the lowest energy state and
disordered states as expected from the minimal
frustration principle in protein folding, when the
transition occurs between the randomly frozen
states and averaged disordered states in a model
system with randomly selected energy parameters.
When the frustrations are added gradually to the
no-frustration system, the transition property
gradually loses the two-state nature and exhibits
the random nature. This shift of the property of
the transition is characterized by the relative val-
ues of inflection points of coarse-grained energy
and entropy curves as functions of an order
parameter specifying a spin state, u , i.e. a systema

< <shows clearly two-state transition if u -u ,Er Sra a
< <where u and u are the values of inflectionEr Sra a

points of the energy and entropy curve, respec-
tively. This gives a kind of a criterion of the
‘foldability’ of a spin system in equilibrium. Thus,
by virtue of the simplicity of the model, we can
handle the effect of frustrations on the order]dis-
order transition, and the results serve to shed
light on the actual protein folding mechanism.
While we focused on the equilibrium transition of
the spin system in the previous paper, it is also
interesting to investigate the effect of frustrations
on the rate of formation of the lowest energy spin
state of the system, which corresponds to the
protein folding rate. Hence, the main topic of this
paper is the analysis of kinetics of our spin sys-
tem. In particular, we focus on the effects of
frustrations on kinetic behavior of lowest energy
structure formation which is a model of protein
folding, and analyze the main difference between

Ža ‘foldable’ system a system attaining to the
.lowest energy state and a random system. We

also discuss the relationship of our results to the
actual protein folding kinetics.

2. Method

2.1. Model

We use the same model spin system proposed
w xin the previous work 12 for the present problem.
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That is, N spins are connected as a one-dimen-
sional chain. The Hamiltonian of this system is

Ž .expressed in Eq. 1 .

N

Hs ah s qÝbJ s sÝ i i i j i j
i)j

Ny1 Nyaq1 iqay1
a Ž .q bK s 1Ý Ý Łi k

ksias3 is1

s denotes the usual spin taking q1 or y1. Thei
energy parameters are determined by random

w xnumbers generated in the interval of y1,1 . a
and b are adjustable coefficients with positive
values. The signs of energy parameters are taken
to avoid frustrations according to the method of

w xKikuchi 12 . An arbitrary amount of frustrations
can be incorporated into the no-frustration sys-
tem by inverting an arbitrary number of signs of

� 4 � a4energy parameters, J and K . Thus, we referi j i
to a random system as a system with randomly
selected energy parameters, a no-frustration sys-
tem as that with parameters adjusted to be no
frustration, and a partially frustrated system as
that with some frustrations incorporated into a
system with no frustration.

2.2. Numerical calculation

The lowest energy state was determined by the
w xmethod described by Kikuchi 12 . The simulation

was carried out by the Metropolis Monte Carlo
w xalgorithm 13 . A random spin state was gener-

ated at the beginning. As the definition of one
step of the simulation, a spin is flipped followed
by the Metropolis judgment based on the energy

Ž .function, Eq. 1 . This process was performed
from the first spin to the Nth spin on the chain.
In this paper, we also set Ns20 as in Kikuchi
w x12 . This routine was repeated a maximum of
1000 times. That is, the maximum number of the
spin flips was 20 000. When the spin state of the
system reached the lowest energy state, the simu-
lation was stopped. The number of the steps
required to reach the lowest energy state corre-

sponds to the folding time of a protein. We ran
100 simulations with this procedure and analyzed
the statistics of the results.

The simulations were carried out for a ran-
dom system, a no-frustration system, and two
partially frustrated systems. The numbers of in-
versions of signs in the energy parameters, i.e. the
amounts of frustrations, were 20 and 30, respec-
tively. We employed the same energy parameter

w xset used by Kikuchi 12 for the no-frustration
system.

3. Results

We first show the result of the simulation of
the no-frustration system at Ts4.5 as an exam-
ple. In this case, 97 of 100 trials reached the
lowest energy sate. In other words, only three
simulations could not attain the lowest energy
state within 20 000 MC steps. The number of the
Monte Carlo steps required to reach the lowest

Ž .energy state defines the first passage time FPT
to the state. We refer to the MC simulations that
reached the lowest energy state as ‘folded’ or
‘foldable’ by analogy to proteins. The average

Ž .FPT, i.e. the mean first passage time MFPT , of
folded simulations is 699.4, and the maximum
FPT is 7812. The histogram of the FPT of this
case is shown in Fig. 1. The majority of folded
simulations show the FPT was less than 200 steps.
The number of foldables may depend on the
maximum number of MC steps in a simulation.
For comparison, we performed the same simula-
tions for some unfolded results with 10 000 times
of the spin flips through the first to the Nth spins
instead of 1000; unfolded simulations were still
unfoldable. Thus, we could not find a simple
relationship between the number of foldables and
the number of the maximum MC steps, and the
existence of unfoldables suggests the existence of
unfoldable pathways or unfoldable regions on the
energy landscape. The number of foldables of this

Ž .system decreases at high and low temperature T
Žas shown in Fig. 2 the plot denoted by open

.rectangles . This result is interpreted to mean
that in the higher temperature region the kinetics
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Ž .Fig. 1. The histogram of the number of steps required to reach the lowest energy state FPT for the no-frustration system at a
simulation temperature 4.5. The total number of the simulations which attained the lowest energy state is 97 out of 100.

is described mainly by Levinthal entropy, whereas
in the low temperature region several pathways
are trapped in various non-lowest energy states.

In order to investigate the kinetics of the for-
mation of the lowest energy state of the no-
frustration system, we make a plot corresponding
to an Arrhenius plot, i.e. the 1rT dependence of
the logarithm of MFPT of foldables in Fig. 3
Ž .denoted by open circles . At high temperature,

Ži.e. the region where 1rT is less than 0.15 TP
. Ž .6.7 , the values of ln MFPT are staying at ap-

proximately 9.0. In the temperature region lower
Ž .than Ts6.7 1rTP0.15 , the plot shows Arrhe-

nius-like behavior as a plot of a protein folding
kinetics until 1rTs0.29. In the region between
1rTs0.29 and 0.47, the plot becomes parabolic.
This phenomenon also appears in the more real-

w xistic protein folding kinetics simulations 8,14
w xand folding experiments 15 , and is considered to

Žbe attributed to the Gaussian distribution ran-
.dom distribution of the energy states on the

wenergy landscape of a protein Random Energy
Ž .x w xModel REM 8 , or temperature dependence of

w xa hydrophobic interaction 14 between residues.
This result in our simulation should be inter-

preted as the effect of the large dispersion of the
energy states distribution as demonstrated in

Ž .Fig. 2. Temperature T dependence of the total number of
the simulations reaching the lowest energy state for the no-

Ž .frustration system I , for the frustrated system with ms20
Ž . Ž .l and for the frustrated system with ms30 ^ .
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Ž .Fig. 3. 1rT dependence of the ln MFPT for the no-frustra-
Ž . Ž .tion system ` , for the frustrated system with ms20 = ,

Ž .for the frustrated system with ms30 B , and for the ran-
Ž .dom system ^ .

Ž .REM theory. Above 1rTs0.47 below Ts2.13 ,
Ž .ln MFPT rapidly decreases again and shows an

almost constant value at approximately 4.0 ac-
companying the decrease of the number of fold-

Ž .ables. See also Fig. 2. This result suggests that
below Ts2.13 the system freezes into various
minima on the potential energy surface and only
initial states near the lowest energy state can
‘freeze’ into the lowest energy state with the
Ž .ln MFPT value of approximately 4.0. In other

words, the system cannot reach the self-averaged
state in this very low temperature region. Yet the
number of foldables is approximately 70]90 in
this temperature range of Fig. 2. On the other
hand, below 1rTs0.47, it is suggested from the
Arrhenius and REM behavior that the system is
self-averaged in the foldable regions on the en-
ergy landscape.

We next consider the effect of the frustrations.
As mentioned in the method section, we incor-
porate the frustrations ms20 and 30 in the

� 4no-frustrated sets of energy parameters, J andi j
� a4K . The temperature dependence of the num-i

Ž .ber of foldables and ln MFPT are represented in

Figs. 2 and 3, respectively. The overall trends of
those plots are almost the same as the no-frustra-
tion case. The interesting feature of the T depen-
dence of the number of foldables in Fig. 2 is that
the trend shifts from the high temperature region
to thre low temperature region as the frustrations
increase. That is, the lower frustrated system has
a high number of the foldables at higher tempera-
ture. The frustrations decrease the number of
foldables in the high temperature region, but
increase it at low temperature regions. Fig. 3 also

Ž .shows the 1rT dependence of ln MFPT of the
w Ž .frustrated systems plotted by crosses ms20

Ž . xand filled rectangles ms30 , respectively . At
Ž .high temperature regions, the value of ln MFPT

is approximately 9.0 in both systems. We already
showed in the case of the no-frustration system

Ž .that ln MFPT decreases at Ts6.7 and above
Ž . Ž .1rTs0.15 and below Fig. 3 and almost all
simulations starts to fold into the lowest energy

Ž .state at this temperature Fig. 2 . For frustrated
systems, the corresponding temperature is 4.5
Ž . Ž .1rTs0.22 in ms20, and 3.5 1rTs0.29 in
ms30. That is, the temperature at which the

Ž .decrease of ln MFPT occurs goes down as frus-
trations are added. Furthermore, the temperature
at which the REM phase appears also decreases
as the frustrations are incorporated, and the ef-
fect of REM itself becomes weak with the frustra-
tions as shown in Fig. 3. The temperature at
which freezing occurs is decreased by frustrations.

On the other hand, the T dependence of the
Ž .number of foldables of the random system Fig. 4

denotes that the plots are scattered especially at
Ž .T-5.0 1rT)0.2 suggesting the system is not

self-averaged at this temperature region. The plots
denoted by open triangles in Fig. 3, i.e. the 1rT

Ž .dependence of ln MFPT , also shows that the
Ž .ln MFPT value of the random system at 1rT-

Ž .0.22 T)4.5 are approximately 9.0, i.e. almost
the same as the values of simulations at the high

Ž .temperature. However, at 1rT)0.22 T-4.5 ,
Ž .ln MFPT shows scattered plots with a decreasing

trend. There is no Arrhenius region for the ran-
dom system. These results denote that the ran-
dom system at TR4.5]5.0 is self-averaged, but at
T-4.5, the system tends to be trapped in various
states.
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Ž .Fig. 4. Temperature T dependence of the total number of
the simulations reaching the lowest energy state for the ran-
dom system.

4. Discussion

From our results, it is concluded that the struc-
ture formation of the lowest energy state of the
present spin system with no and some

Ž .frustration s should be described by two factors:
Ž . Ž .i the ratio of the number of foldables; and ii
the rate of structure formation of the lowest
energy state of foldables. Similar to other studies
w x16]18 , in our systems an optimal temperature
region for foldables exists, i.e. the number of
foldables is maximized in this temperature region.
This suggests that many simulations at higher
temperature than this optimal temperature re-
gion were on unfoldable pathways with high en-
ergy on the energy landscape. In this case, the
rate of foldables shows almost the same value for
all simulations as shown in Fig. 3 disregarding the
degree of frustrations. This phenomenon denotes
the disappearance of the Arrhenius behavior indi-
cating that the effect of a barrier is negligible.
Thus, it is interpreted that the structure forma-

Ž .tion folding rate depends essentially on the
ŽLevinthal entropy of foldable pathways probably
.entropy around the lowest energy state , i.e. the

rate of the foldables is expressed as follows, where
S is the Levinthal entropy and k is the Boltz-0
mann constant.

S0 r k Ž .t ;e 2F

At very high temperature the thermally averaged
shapes of the free energy profile of no frustration,
frustrated and random systems are almost the
same thus making the effect of barrier height
disappear. The number of foldables tends to in-
crease with decreasing temperature until reaching
the optimal temperature region mentioned above.
This corresponds to the temperature region in

Ž .which ln MFPT of foldables exhibits the Arrhe-
nius behavior as indicated in Fig. 3, implying that
the folding rate of foldables is governed by a free
energy barrier. Fig. 3 demonstrates that with de-
creasing temperature this effect appears first for
the no-frustration case. That is, in the no-frustra-
tion system, the barrier is remarkable at relatively
high temperature. As frustrations increase, the
barrier effect appears distinctly in the lower tem-
perature region. In other words, the rate in the
no-frustration system becomes larger at relatively
high temperature compared with partially-
frustrated systems. At the temperature region
where the barrier effect becomes noticeable, a
very rapid decrease of t is observed in theseF
systems. Otherwise, the Levinthal entropy effect

Žis large, and the value of t remains large espe-F
.cially as seen in the random system .

On the other hand, in a very low temperature
region, many of the simulations fall into frozen
states and cannot reach the lowest energy state as
indicated in Fig. 2. Thus, the number of foldables
decreases and the REM effect become dominant,

Ž .i.e. the parabolic nature of ln MFPT becomes
distinct. The interesting point is that the REM
effect in the no-frustration system appears at
higher temperature than in partially frustrated

Ž .systems Fig. 3 . Furthermore, the effect becomes
Žweak the curvature of the parabolic part be-

.comes small as frustrations are added. The effect
Ž .2 w xof the ruggedness parameter D E in REM 8 is

remarkable especially for the no-frustration sys-
tem, where the dispersion of energy levels of the

w xsystems is large 8 . Our results demonstrate that
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the energy levels are dispersed around the lowest
energy state in the no-frustration system. Increas-
ing the amount of frustrations causes the REM
effect to become small. This effect also shows up
in the increased number of foldables in the lower
temperature region for the partially frustrated
systems as shown in Fig. 2, in which the energy
landscape becomes less rugged compared with
the case of no-frustration system. Therefore, in

Ž .the very low-temperature region, ln MFPT of the
no-frustration system is larger than that of a
frustrated system because of the parabolic nature

wof the REM effect compare the values of
Ž .ln MFPT of the no-frustration and the partially

frustrated system with ms20 at the temperature
xregion 0.4-1rT-0.5 in Fig. 3 .

Hence, the behavior of the rate of lowest en-
ergy state formation can be interpreted in the
model of the free energy property as a function of

Ž .the order parameter Fig. 5 . At higher tempera-
ture, the free energy profile is flat over order
parameter values. At decreasing temperatures the
free energy curve possesses a barrier between the
native and disordered states. In the very low
temperature region, ruggedness of the free en-
ergy profile becomes remarkable, and then the
REM property of the folding rate appears.

Thus, summarizing the present discussion, the
folding rate of the present systems should be
formally expressed as follows:

Ž . Ž . Ž .t;t T rP T 3F

Ž .Here t is an overall folding rate and t T de-F
notes the folding rate of foldables, i.e., MFPT.
Ž .P T denotes the ratio of foldables to total num-

ber of molecules. This result is derived from the
Ž .simulations of the spin system defined by Eq. 1 .

However, it is possible that a similar situation
occurs in actual protein folding kinetics. In an
actual protein, the folding rate with the form of

Ž .Eq. 2 , i.e. the rate controlled by the Levinthal
entropy, becomes too small to be observed for the

w xreason stated in the Levinthal paradox 1 , and
only the rate governed by the free energy barrier
is observed. The parabolic nature of folding rate
at the very low temperature was observed in
several kinetic experiments in relation to cold

w xdenaturation 19,20 , but the origin of this pheno-
menon is controversial. The folding simulations of
lattice protein models sometimes show this effect

w xwhich is interpreted by the REM model 8,16,21
as discussed in the present paper. On the other

w xhand, Chan and Dill 14 attributed this effect to
the specific temperature dependence of interac-
tion parameters because of hydrophobic interac-

w xtions 22,23 . As far as the present model is
concerned, the specific temperature dependence
in the interaction parameters is not taken into
account. It is natural to think that the cold denat-
uration phenomenon involves the solvation effect
including hydrophobic interactions, but it might
reflect the ruggedness of the potential energy
surface of a protein with water molecules. We
think that the temperature dependence of inter-

Fig. 5. Hypothetical free energy profile of the present spin
Ž .systems as functions of the order parameter at a high tem-

Ž . Ž .perature, b medium temperature, and c low temperature.
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action parameters will be interpreted by the the-
ory similar to REM.

The present spin model is very simple, and
therefore it is possible to analyze in detail the
effect of frustrations on the structure formation
of the lowest energy spin state which is a model
of the protein folding. Thus, even the analysis of
the Levinthal entropy control state is also possi-
ble. We found out within the present model that
at a certain temperature region the folding rate is
mainly governed by the free energy barrier espe-

Žcially in the no-frustration system because the
ratio of foldables is almost 1 at this temperature

.region and the folding time becomes very short.
Furthermore, the transition of Levinthal entropy
control to the barrier control occurs at relatively
high temperature in the no-frustration system.
This is a crucial difference of a rapidly foldable
system from a largely frustrated or random sys-
tem. We believe that the same situation appears
in actual protein folding.

We have a further question: how can a protein
system produce a free energy barrier at a certain
temperature region to exhibit the two-state tran-
sition, in other words, how can a denatured state

Ž .of a protein or a spin model can constitute an
equilibrium ensemble of many of states which are
convertible to the native state at a certain tem-
perature region? We are currently studying this
problem using the present spin systems in order
to obtain further insight into the protein folding
mechanism.
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