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Abstract

New models are proposed for describing various properties of biopolymers, especially those of proteins and nucleic acids.
Each model is constituted of a set of spins arranged on a chain, and each pair of spins produces an interaction. We examine
the transitions of these spin systems between the ground state and the disordered state. It is found that the transitions of the
present spin systems demonstrate various properties in response to values of the so-called interaction energy. If we define
interaction energy parameters with no so-called frustration, the system exhibits two-state transitions, similar to the
folding—unfolding transition of small proteins. The addition of frustrations to the model produces effects similar to those of
mutations in proteins. On the other hand, if the interactions between two spins attenuate as a function of their separation
along the chain, the transition of the system has characteristics similar to those of nucleic acids. Thus, the present spin
systems can offer a unified view of the folding—unfolding transition of biopolymers in terms of differences in the pairwise
interactions between spins. Based on our models, we propose a condition for two-state transition behavior for proteins. ©

1997 Elsevier Science B.V.
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1. Introduction

Numerous functions in biological organisms are
ultimately attributed to the behavior of two kinds of
biopolymers, namely proteins and nucleic acids. For
the expression of biological functions of these
biopolymers, their tertiary structures and dynamics
are quite significant. Above all, the remarkable char-
acteristics of the proteins are the uniqueness of their
tertiary structures and the approximate two-state
folding—unfolding transition under biological condi-
tions [1-3]. On the other hand, most nucleic acids
show a rather loose folding—unfolding transition [4],
although tRNA folds into its unique native structure
under biological conditions [5]. Thus, forming a

unique tertiary structure is not limited to proteins.
However, ordinary polymers would fold into com-
pact random structures under poor solvent condi-
tions. The question is asked as to what factors ac-
count for these differences among polymers.

Much work has been carried out on the theoretical
elucidation of the behavior of proteins [6,7]. Some
models based on polymers in a lattice succeed in
reproducing the basic properties of protein folding
[8—18]. Early work on a lattice model of proteins by
Go and co-workers [18] has already revealed that the
two-state transition is driven by long- range interac-
tions between residues. It was recently demonstrated
by means of a lattice model that the uniqueness of
the native structures and the short folding time of the
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proteins are guaranteed by a sufficiently low energy
of the ground state compared with the first confor-
mational excited state [16,17]. Various models of the
two-state behavior of proteins were also proposed.
Shakhnovich and Finkelstein [19,20] proposed that
the two-state transition be ascribed to entropy change
by side-chain motion. Hao and Scheraga [21,22] also
constructed a lattice model which exhibits two-state
coil-globule transitions. However, as Lattman and
Rose [23] recently pointed out, even if the native
state of a protein is energetically destabilized by the
mutations of the residues to a fair degree, the two-
state folding—unfolding transition is still maintained,
and the essential part of the original native structure
is conserved. They emphasized that the crucial factor
for the protein properties is not only structural stabil-
ity, but also the specificity of internal interactions.
Nishikawa [24] also pointed out that the tertiary
structure of a protein does not drastically change by
mutation of the residues. A theory to describe the
behavior of proteins should explain this property.
Recently, an analogy of the property of proteins
to that of a spin glass attracted the attention of many
research workers. Stein [25] derived a state density
function of a protein by the application of a random
energy model to the protein problem. He compared
the results of the calculations with his formula for a
hemoglobin—CO recombination curve, which seems
to reflect the distribution of the conformational sub-
states of a protein, and found good coincidence
between them. Bryngelson and Wolynes [26] also
assumed random energy distribution in a protein,
proposed a phase diagram for an internal interaction
parameter and transition temperature, and estimated
the average first passage time of protein folding [27].
Recently, Wolynes and co-workers [38,39] analyzed
the energy landscape of protein folding using a
lattice model based on the random energy model.
Shakhnovich and Gutin [28] considered a wide inter-
nal interaction distribution as a condition for folding
into a unique (or small number of) structure(s) based
on the analogy between protein properties and Parisi’s
solution in spin glass theory. Moreover, they pro-
posed conditions for the folding—unfolding transition
of proteins [29,30]. In these theories, the main inter-
est was in the folding of a protein into a unique
structure within a reasonable time, but they did not
pay sufficient attention to the two-state behavior of

the transition. However, it is a quite interesting fact
that the behavior of spin systems resembles that of
proteins.

On the other hand, the loose melting of nucleic
acids can be described basically by the one-dimen-
sional Ising model [31,32]. In the same way, the
thermal transition of homopolypeptides can be treated
by the one-dimensional Ising model [33,34], i.e. the
actions of biopolymers can be modeled well by spin
systems.

We propose four models, constituted of spin sys-
tems, that can reproduce the basic properties of
biopolymers. An advantage of using such simple
models is that we can take a broad view of the
actions of the biomolecules. The present study fo-
cuses mainly on the condition for the two-state tran-
sition. We propose spin systems as models of the
biopolymers and analyze the overall characteristics
of the systems in Section 2. The method used for the
numerical calculations is described in Section 3, and
these results are presented in Section 4. Finally, we
discuss the properties of our models in regard to the
folding—unfolding nature of real biopolymers in Sec-
tion 5.

2. Models

We consider a system consisting of N particles
arranged in a linear array. Each particle models each
monomer in a biopolymer and can take two spin
states. The Hamiltonian of the system is defined as
follows

N
E= Z n;,0; + Z-Iij"'io}'

i=1 i>j
N—1N-a+1 ita-1

+2X X kIl « (1)
a=3 =1 k=i

Each o; implies the spin state of the ith particle and
takes a value of either +1 or —1 as the usual Ising
model. The o; can be regarded as a simplified
expression of a conformation of the ith monomer of
a polymer. The values of 7;, J;; and K are energy
parameters which, in principle, can take arbitrary
values. The second term of Eq. (1) contains the
coupling of every pair of particles. Therefore, the
first and second terms of Eq. (1) do not denote
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one-dimensionality of this system. The third term
contains every possible correlation between the con-
secutive particles. The a represents the number of
consecutive particles. Only the correlation of the
spins of the particles along the chain are taken into
account among all the more than three body correla-
tions. One-dimensionality is brought into this system
by the third term. In a polymer system, the interac-
tion between or proximity of two monomers is
strongly affected by the conformations of the inter-
vening part between these sites. The third term in
Eq. (1) corresponds to this effect.

According to the methods of selection of the
values of 7, J,-j, and K7, we define the following
models.

2.1. Random system

Here n; = an,, J;;=bJ;; and K*= bK Y, where
My, J;y and K are taken as homogeneous random
numbers in the interval {— 1,1}, and a and b are

arbitrary positive coefficients.
2.2. No-frustration system

The values of 7), are basically taken in the same
way as those of the random system. However, for the
values of J;; and K[, the absolute values of the
parameters, |J; j,I and |K ,-‘"I, are randomly determined
within the interval {0,1}. To avoid a frustration in the
system, the signs of J;; and K & are determined as

follows.

Sgn(‘]ij') = Sgn () Sgn(nj’)
i+a—-1

Sgn(K{) = IT sen(n.) (2)

The no-frustration system corresponds to the prin-
ciple of the consistency of protein structures pro-
posed by Go [6] and to the minimum frustration
model of proteins of Bryngelson and Wolynes [26].

2.3. Partly frustrated system

Frustrations are introduced into the no-frustration
system, i.e. an arbitrary number of signs of the (})
interactions of {J, j'} and {K i“'} in the no-frustration
system are inverted. The subsets of {J, j,} and {K ,-‘"},

the signs of which are inverted, are randomly se-
lected. As a result, frustrations are produced by
degrees in the no-frustration system.

2.4. Exponentially attenuated interaction system

In this system, the interactions J;; and K have
the following dependence on the separation, |i — ji,
along a chain

— —Ali—j
J;= bl e i
K®=bKe Bli~J (3)

That is, the magnitude of an interaction is exponen-
tially attenuated as the distance along a chain be-
tween tl}e interacting two sites is increased. Here, J; y
and K are homogeneous random numbers sampled
within the interval {—1,1}, and A and B are arbi-
trary positive coefficients. If we take very large
values for A and B, then this model is essentially the
same as the one-dimensional Ising model.

Next, we consider the general behavior of the
systems. Let an order parameter of a system be 0,
and the free energy be a function of 8, F(8). The
value of € is defined by conformations in the case of
a polymer, e.g. 8 measures the degree of formation
of the native conformation of a polymer. Then

F(6)=E(6) - T5(9) 4)
where E(0) and S(8) are the energy and entropy of
the system considered. In the case of a protein, we

define 8, as the value of the order parameter of the
native state and 6, as the value for the unfolding

E,S

TS
0
on Su
Folded Unfolded
(Native)

Fig. 1. Hypothetical dependence of E and S on an order parame-
ter 6.
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Fig. 2. (a) Schematic drawing of the free energy profile F(6)
(shown by a thick line) when the inflection point of the E curve
(thin line) is on the left-hand side of the S curve (thin line). The
F(6) curve should have a barrier. (b) Schematic drawing of the
free energy profile F(#) (shown by a thick line) when the
inflection point of the E curve (thin line) is on the right-hand side
of the S curve (thin line).

state. It is natural to assume that £ and S increase as
6 deviates from 6, and that E and S take minimum
values at ¢, and maximum values at 6,, the overall
dependence of F and § on 6 is approximately
sigmoidal, as depicted in Fig. 1. When the inflection
point of the S curve is on the right-hand side of that
of the E curve, the F(8) curve has a barrier between
6, and 6,, as shown in Fig. 2(a). Conversely, when
the inflection point of the E curve is on the right-hand
side of that of the § curve, the states 6, and 6, are
unstable with regard to free energy, and the system
tends to be an intermediate state 6, , as presented in
Fig. 2(b). Thus, when a system shows the two-state
folding—unfolding transition, the F(&) curve should
have a barrier; in other words, the inflection point of

the E curve should be on the left-hand side of that of
the S curve.

We mention the relationship of our system to the
convexity of the S—E curve proposed by Go [35] as a
condition of the two-state transition. Let g, and
6k be the inflection points of the S and E curves,
respectively. Then, at 8|s, and 6|g,

(PE/30%) g, =0

and

(2%5/26%) 45, =0 (5)
If Ols,> 6lg, (Fig. 1), then 3’E/90% <0 and

325/082 > 0 within the interval {6g, 0ls..}. We
note then the following relationships

(85/96)
(35 /9E) = GE/8)
(9*S/0E?) = Gy [(92S/06%)(0E/96)
—(0S/00)(9*E/36%)] (6)

In Fig. 1, (3E/36) > 0 and (35/30) > 0 always.
Therefore

(9°S/20)(3E/80) > O
—(3S/80)(°E/36%) > 0 (7)

in this interval. Thus, (32S/9E?) > 0. This denotes
the convexity of the S—FE curve. Hence, the case of
fls, > O|g, is consistent with Go’s model within the
interval {0|g;,0|s.}.

3. Procedure for the numerical calculation
3.1. Order parameter

The order parameter of an arbitrary spin configu-
ration state is defined by the following equation
when the spin set of the ground state is denoted as

(U[g}

1 N
0= —— — ot 8
3w Lo ol (8)
The value of @ of the spin configuration of a com-
pletely disordered state should be fairly close to 0.5.
If a system exhibits a perfect two-state transition, the
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system would take either a value of 8 of 0.0 or of
0.5. In this case, an ensemble average value of 8, i.e.
6,, should be related to the population ratio of the
ground state in the ensemble. When this population
ratio is denoted by C,, the following relationships

should hold
0a=0><Cg+(1 —Cg)XO.S
l —2(93=Cg (9)

The equilibrium constant K between the ground and
the disordered states is then expressed as

k=% 10
-— (10)

g

The van’t Hoff plot, i.e. the In K vs. 1 /T plot of
this system, should be a straight line with a slope
proportional to AE if it follows a perfect two-state
transition, namely, the transition behaves like a nor-
mal molecular reaction. In other words, the deviation
of a van’t Hoff plot of a system from a straight line
denotes the degree of deviation of the behavior of
the system from the two-state approximation.

3.2. Monte Carlo calculation

The Metropolis Monte Carlo (MC) method [36]
was employed for numerical calculations. In the
present MC calculation, each of the N spins was
inverted one by one, and the energy of the system
was calculated according to Eq. (1), followed by the
Metropolis judgment in each time. We started the
simulation at temperature 7"+ 3. The previously de-
scribed procedure was then iterated 500 times while
decreasing the temperature to T exponentially for
equilibration. An additional 1000 MC iterations were
carried out at T, and we finally obtained a result of a
simulation at 7. We performed 50 runs of the whole
procedure and took average values of several proper-
ties of the system.

To identify the spin configuration of the ground
state and to evaluate its energy, the following calcu-
lations were also carried out. The same MC proce-
dure was iterated 500 times while decreasing T from
3 to 0.01. Twenty runs using this procedure were
performed, and the lowest energy state among these
20 states was regarded as the ground state.

4. Results

In the present study, we consider a spin system
with 20 particles. As described in Section 2, the
values of n,,, J;; and K & were chosen as random
numbers. The values of a and b were determined so
that the ground-state energy falls roughly between
—40 and —50.

4.1. Random system

We set parameters a = 1.4 and b = 1.0. The set
of spins of the ground state of this system was
identified as follows

(o} =(-11,1,1,1,1,-1,- 1,1,— 1,1,1,1,
-1,1,-1,-1,1,— 1,— 1)

with energy —53.0.
The temperature dependence of the heat capacity

(E?) —(E)
C=—"F— (11)

is shown in Fig. 3(a). In the above equation, { A)
denotes an average value of A. The dependence of
E on the average order parameter, 6,, is presented in
Fig. 3(b) and the van’t Hoff plot in Fig. 3(c). The
plot in Fig. 3(c) shows a relatively sharp straight line
with a certain slope at 7< 3.5 (1/7> 0.29), then
changing discretely to show almost constant values
(In K= —0.5)at T> 3.5 (1 /T > 0.29). The implica-
tion is that this system tends to freeze into various
states whose average value of In K is —0.5, not a
unique state, in this temperature region. Thus, this
system does not have a stable ground state. In the
MC simulation at 7 = 0.5, only 9 out of the 50 runs
fell into the ground state. These facts suggest the
existence of many states near the ground state.

The E-#6, plot shown in Fig. 3(b) can be fitted by
the following formula in the range 0.2 < 6, < 0.4.

E=187.7—1940.16, + 9794.862 — 2.02 X 10%}
+ 1.48 x 10%, (12)

The inflection point of Eq. (12), 6,lg,, is determined
to be 0.264.
Here, we use the following relationship

C
S=[ZdT (13)
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Fig. 3. Properties of the random system. (a) Temperature (7') dependence of C calculated using Eq. (11). (b) The 6, dependence of E. The
solid line denotes the curve fitted by Eq. (12). (c¢) Van’t Hoff plot. (d). Temperature (T') dependence of 6,. The solid line denotes the curve

fitted by Eq. (16). (e). Plot of (C/TXdT/d8,) vs. 6,.
Eq. (13) is rewritten formally as

S=[£ —Tdea (14)

a

Therefore, at 6,|s,
REKY d [C dT 15
" \Tag )" (13)

Namely, the inflection point of S can be given by the
peak of the curve defined by (C/TXdT/d#,).

We can also approximate the 6,—T plot shown in
Fig. 3(d) using Eq. (16) in the range 2.0 < T < 8.0.

6, = 0.319 — 0.174T + 007617 * — 0.009927"
+ 0.0004241* (16)

The corresponding range of 6, is [0.2,0.44]. Thus,
the profile of (C/TXdT/d#,) can be obtained from
Eq. (16), as shown in Fig. 3(e). The highest peak in
this plot is located at 6, =0.287. This point corre-
sponds to the inflection point of the S curve, 6,]s,.
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The positions of 6,|g and 6,|s. are not much differ-
ent. Based on the discussion in Section 2, this result
suggests that a clear two-state transition in this sys-
tem cannot be expected, and the behavior of the plot
in Fig. 3(c) attests to this expectation.

Fig. 4 shows the change in profile of the popula-
tion of spin states by temperature. We classified the
population of final spin configuration states (denoted
by 6) obtained in the 50 simulations. The profile of
the population is essentially the same between T =
0.5 and T=3.5, as seen in Fig. 4(a) and 4(b). The
states are distributed in several spin configuration
states in this temperature range. In other words, each

Occurrence

20

Occurrence 10

Occurrence

Fig. 4. The temperature dependence of the population of spin
configuration states () of the random system. (a) 7 =0.5. (b)
T=35()T=50.

simulation freezes into one of several glassy states
below the transition temperature (7 = 3.5). It is ob-
served that the states are further randomized broadly
at 7> 5.0, higher than the transition temperature.

4.2. No-frustration system

The values of parameters for this system were
taken as a=0.56 and b= 04. The ground state
energy of the system was —48.1 with the following
spin set

{c}=(.1,-1,-11,1,1,—1,-1,— 1,1,1,1,1,1,
—1.-1,1,-1,—-1)

This ground state is quite stable, and all 50 runs fell
into this state in the simulation at 7 <0.8. The
properties of this system corresponding to Fig. 3(a)-
3(e) in the case of the random system are presented
in Fig. 5(a)-5(e). The E-6, profile (Fig. 5(b)) can
be approximated by Eq. (17) in the region 0 < 6, <
0.3.

E = —49.57 + 125.536, + 436.9262 — 370139
+6257.46; (17)

The inflection point of Eq. (17), ,lg, is located at
0.0466. The 6,—-T plot in Fig. 5(d) can be fitted by
the following formula within 1.5 <7< 6.0

6, = 0.535 — 0.698T + 0.305T* — 0.0486T°

+0.002807* (18)

The location of the highest peak in (C/TXdT/d#,)
calculated from Eq. (18) is at 6, = 0.162, as shown
in Fig. 5(e). That is, the inflection point 6|5 is
clearly on the right-hand side of ,|g. Thus, this
system is expected to show a clear two-state transi-
tion. Corresponding to this analysis, the van’t Hoff
plot presented in Fig. 5(c) exhibits remarkable linear-
ity, especially at 0.2 < 1/7<0.6 (1.67 < T < 5.0).
We would like to comment on the heat capacity
of the system at low temperature. As previously
mentioned, the random system fell into one of sev-
eral states with various values of the heat capacity
below the transition temperature. In the no-frustrated
system, all 50 runs freeze into the lowest energy
state below T = 0.5 showing a 0 heat capacity value
after the equilibration process described in Section 3
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Fig. 5. Properties of the no-frustration system. (a) Temperature (T) dependence of C calculated using Eq. (11). (b) The 6, dependence of E.
The solid line denotes the curve fitted by Eq. (17). (c) Van’t Hoff plot. (d). Temperature (T') dependence of 6,. The solid line denotes the

fitted curve by Eq. (18). (¢). (C/TXdT/d6,) vs. 6, plot.

(i.e. no thermal fluctuation). At T = 1.0, 17 of the 50
runs fall into the same state. The other 33 runs show
thermal fluctuation with the heat capacity value
0.940. This demonstrates that the 33 simulations
reached the same thermal fluctuation state.

The relationship between the population of spin
states and the temperature is presented in Fig. 6. At
T = 0.5, all states are in the lowest energy state (i.e.
0=0.0). As T is increased, denatured states are

gradually accumulated, while the lowest energy state
is still highly populated. At T = 3.5, i.e. around the
transition temperature estimated from the heat capac-
ity plot in Fig. 5(a), the number of states with
0.0 < 6, <0.05 is 26 out of 50, and other states are
broadly distributed with a peak between 0.1 and
0.15. At T=15.0, the system is completely random-
ized, as shown in Fig. 6(c). This property also
indicates the two-state nature of the transition.
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Fig. 6. The temperature dependence of the population of spin
configuration states (8) of the no-frustration system. (a) T = 0.5.
(b) T=3.5.(c) T=5.0.

4.3. Partially frustrated systems

According to the method described in Section 2.3,
we introduce frustrations gradually into the no-frus-
tration system previously defined. We inverted the
signs of m arbitrary interactions of {J, j} and {K/}.
We tried the cases of m =5, 10, 15, 20, and 25. Fig.
7(a) shows the van’t Hoff plots of the frustrated
systems, the random system, and the no-frustration
system. In general, as the number of frustrations
increases, the van’t Hoff plot deviates from linearity
and comes close to the profile of the random system.
The same spin configuration of the ground state of

the no-frustration system is also the lowest energy
state in each case for m = 5-20. In the system with
m =25, one spin in the lowest state is inverted
compared with the ground state of the no-frustration
system, but these two states have similar energy
values (—39.8 and — 38.3, respectively).

Fig. 7(b) summarizes the location of the 6,/ and
6,ls, in each case. The distance between 6,lg; and
03|Sr tends to be smaller as m increases, in general.
That is, the partially frustrated systems come close to
the random system for increasing m.

These results suggest that the lowest energy state
becomes unstable, gradually keeping its two-state
nature by the stepwise introduction of frustrations,
and finally the unique lowest energy state disappears
and many alternative low-energy states appear. We
think that this property of our systems corresponds to
the mutational properties of proteins discussed by
Lattman and Rose [23] and Nishikawa [24].
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090 &
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eaIEr ——-c-——-"'"""-_—'
10 20 30
m

Fig. 7. (a) Van’t Hoff plot of (M) the random system, (@) the
no-frustration system, and the partially frustrated systems: (O)
m=5,()m=10,(a) m=15, (FO) m=20, and (a) m=25.
(b) Plots of (O) 6|5, and (M) 6|, vs. the number of frustrations
(m).
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Fig. 8. Properties of the exponentially attenuated interaction system. (a) Temperature (7') dependence of C calculated using Eq. (11). (b)
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4.4. Exponentially attenuated interaction system

We took the parameters in Eq. (4) as a=5.0,
b=25and A=B=20. The energy of the ground
state of this system was —49.5. The following spin
set was obtained as the ground state
{o}=(11,-1,-1,,1,1,- 1,- [,- 1,LLLLL1,

—1,-1,.1,—1,— 1)

All states in the simulations at 7 = 0.01 fell into the
ground state. In this sense, this system has a unique
stable state. However, in the simulations at T= 0.1,
only 20 states out of 50 runs converged to the
ground state. It is suggested that this ground state is
stable but easily disturbed by heating.

Fig. 8(a)-8(¢) represent the properties of this
system. Both the E-6, and 6,-T plots in Fig. 8(b)
and 8(d) seem to be rather smooth. The E-6, plot
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can be fitted within the interval 0.05 < 6, < 0.35 if
the following formula is used for the approximation

E= —49.29 + 6.2516, + 167.66,7 + 1057.66.
—2694.26; (19)

The inflection point of Eq. (19), 6|k, is 0.24. We
can also approximate the plot of 6,—~T in Fig. 8(d)
within the interval 0.1 < T < 7.0 by Eq. (20)

6, = 0.0174 + 0.0668T + 0.00784T*
—0.00296T° — 0.000199T* (20)

This temperature range corresponds to the interval
0.001 < 6, <0.3.
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Fig. 9. The temperature dependence of the population of spin
configuration states (8) of the exponentially attenuated interaction
system. (@) T=0.5. (b)) T=25. (c) T=45.

The T dependence of C (Fig. 8(a)) is fairly
complicated compared with the random and no-frus-
tration systems. There are several distinct peaks. The
corresponding (C/TXdT/d6,) vs. 6, plot shown in
Fig. 8(e) also has several peaks. However, two dis-
tinct peaks can be recognized at 0.034 and 0.083.
These peaks are both clearly on the left-hand side of
6.l = 0.24. This situation corresponds to the case
described with Fig. 2(b) in Section 2. That is, it is
suggested that this system shows a smooth transition
at least in the range 0 < 6, <0.24. Actually, the
linearity of the van’t Hoff piot of this system is not
so remarkable when compared with the no-frustra-
tion system, as seen in Fig. 8(c).

The temperature dependence of the population of
the spin states is shown in Fig. 9. All simulations
converge to states with 0.0 < § < 0.05 at T=0.5. As
the temperature is increased from 7= 0.5 to T = 4.5,
the peak of the histogram of the distribution shifts
continuously from 6 = 0.12 to 6 = 0.37, as presented
in Fig. 9(a)-9(c). The location of the peak moves to
higher 6 values as the temperature increases. This
behavior indicates the characteristics of a loose tran-
sition.

5. Discussion

As observed in the comparison between the no-
frustration and the random systems in Section 4,
when 6| < 0,]s,, a two-state transition of the no-
frustration system is clearly detectable. The condi-
tion for the two-state transition proposed in Section 2
is held in the present spin systems.

The no-frustration system shows the basic proper-
ties that a protein possesses. We confirmed the
uniqueness of the ground state, namely, one of the
characteristics of proteins, by simulations below T =
0.8 where each simulation converged to the ground-
state spin configuration. The most important property
is the two-state transition of the system. This behav-
ior of the system was observed as the linearity of the
van’t Hoff plot, especially at 1/7< 0.5 (see Fig.
5(c)). It should be noted that we do not treat the
so-called cold denaturation of proteins in this work.
We confirmed that a system with a different energy
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parameter set without frustration exhibits the prop-
erty of the two-state transition. That is, this property
is attributed essentially to its no-frustration character.

It was also observed in our simulations that these
properties are preserved in the partially frustrated
systems to a certain degree, but the systems are
generally close to the random system, depending on
the degree of frustration. It seems that this behavior
of frustrated systems corresponds to that of mutated
proteins. As Lattman and Rose [23] indicated, the
extremely low energy of the native structure com-
pared with other states is not the only factor which
determines the native conformation of a protein. On
the contrary, a certain degree of destabilization of the
native structure by mutations does not significantly
affect the two-state transition between the native and
the unfolded states. They also pointed out that the
structure of the native state is never changed to
another completely different stable structure, for ex-
ample from lysozyme to RNase A. The sufficiently
low energy of the native state from the first excited
state is not enough to explain this property of pro-
teins, although this condition is one of the important
factors for protein folding [16,17].

The two-state behavior and mutational properties
of real proteins may be interpreted based on our
model as follows. Assume that there is a protein
sequence whose tertiary structure has no frustration.
The native structure of this sequence would be quite
stable. The relationship between the inflection points,
6,lg < 0,|s;, should hold in this ideal state. The
stability of this native structure would decrease by
mutations with the addition of frustrations. Finally,
the native state and states conformationally near the
native state become energetically almost degenerate
after the introduction of sufficient numbers of muta-
tions. That is, the addition of frustrations decreases
the relative distance between 8,|g and 6,ls,, and
finally the positions of these two inflection points
overlap. The protein finally cannot fold into a unique
structure but behaves as a random polypeptide. In
this sense, the no-frustration state can be regarded as
an ideal state of a protein, as pointed out by Go [6]
and Bryngelson and Wolynes [26]. In this connec-
tion, it should be noted that many different se-
quences of proteins fold into essentially the same
structure. These sequences would also satisfy the
condition 6, < 6,ls;.

An exponentially attenuating interaction system
also possesses a stable ground state, but this is easily
disordered by an increase in the temperature. Both
the E-6, plot (Fig. 8(b)) and the thermal transition
profile (Fig. 8(d)) show relatively loose curves. Thus,
the two-state transition is not distinct in this system.
Several peaks in the C-T plot or the
(C/TXdT/d8,)-6, plot (Fig. 8(a) and 8(e)) suggest
that the melting process contains several transitions.
These properties are similar to those of nucleic acids
[4], i.e. this system also provides a simple view of
the behavior of nucleic acids in terms of the transi-
tion between the unique native structure and the
denatured structure. As seen in the (C/TXdT/d6,)-
8, plot in Section 4.4, the two distinct peaks are
clearly on the left of the position of 6,lg, ie.
0, ls: < 8,5 Although we think that the loose transi-
tion of this system reflects this fact, in other words,
the condition of a loose transition proposed in Sec-
tion 2 is satisfied by this system, the situation seems
to be more complicated than the model described
with Fig. 2(b) in Section 2. The two-state transition
requires long-range interactions between two sites, as
many authors have pointed out [9,18,37]. This state-
ment is consistent with the present results of the
no-frustrated system and the exponentially attenuated
interaction system. Thus, the present spin systems,
which are expressed by the same Hamiltonian, Eq.
(1), show the properties both of proteins and of
nucleic acids. That is, the difference in the interac-
tions between two sites accounts for the difference
between the properties of proteins and nucleic acids.
We consider that the system described by Eq. (1)
offers a unified view of biopolymers.

To perform a calculation such as those presented
in this paper for real proteins, we must explicitly
define an order parameter. The most plausible candi-
dates for an order parameter seem to be the radius of
gyration or the overlap function used in the replica
approach of protein folding by Shakhnovich and
Gutin [29]. However, in a practical sense, further
development of a technique for efficient conforma-
tional sampling on a potential surface is required in
order to complete the calculation for a real protein.
Although it seems to be very difficult (there have
been some new attempts to solve this problem —
see, for example, Refs. [21] and [40]), we are plan-
ning to apply the present analysis to small proteins.
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