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The conformational changes of polypeptides which are capable of forming the a-helix. B-structure and random coil (or the
unordered) conformations are discussed. The kinetics of this system are studied as the time evolution of the probabilities
describing the conformational states of the system. The time behavior of the average numbers of the a-helix and the S-structure
reveals the existence of intermediate states which are not found and not stable at equilibrium. These intermediates make the
kinetics of this system more complex. Such situations can occur in protein folding and unfolding processes in such a way that a
conformation absent in the tertiary structure appears in the intermediate stages and disappears finally, and the time courss of
the reaction is described by the sum of two or more exponential terms. in other words. the protein folding and unfolding
processes display muliiphasic kinetics. These intermediates, which are formed by short-range interactions. may usually be
destroyed but sometimes can be stabilized by medium- and long-range interactions and remain stable for a fairly long time in

the process of renaturation in real proteins.

1. Introduction

The first step in the folding process of a protein
is considered as the formation of secondary struc-
tures such as a-helices and B-structures. Therefore,
the helix—coil and S-structure—coil transitions are
acceptable as simple models for understanding
protein folding and unfolding processes. In addi-
tion to this property, there is experimental evi-
dence suggesting that a local structure absent in
the native state appears sometimes in the inter-
mediate stage of protein folding and disappears
finally [1]. “The existence of these local structures
will influence the kinetic properties of protein
folding.

The phenomena described above cannot be ex-
plained by usually investigated conformational
transition models, which regard the ordered states
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always as those found in the native state. We have
to consider a model which has two or more kinds
of ordered states; one is the same as the native
state and the others are different. We present here
a simple model which undergoes a "a-helix—p-
structure—random coil transition and can exhibit
an intermediate local structure which disappears at
the final stage of the renaturation process. The
treatment for the equilibrium state has been dis-
cussed in ref. 2. In the present paper, we present
kinetic studies of this model by treating the con-
formational transitions in terms of the time evolu-
tion of the conformational probability distribu-
tions of the states for a finite perturbation of the
environmental conditions (a preliminary repori has
been published recently {3]). The kinetic method
adopted here is the same as that used by Kanchisa
and Tsong [4,5] in their cluster model.
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2. Method

Consider a one-dimensional array of N sites.
Each site i1s assumed to take one of the three
states, i.e., a-helix, B-structure in antiparallel
pleated sheet and random coil. The two ordered
regions of the a-helix and B-structure are assumed
not to be in direct contact with each other, a
random coil region being located between them.
As mentioned in the previous paper [2], we assume
the statistical weights of these three states as fol-
lows. The statistical weight of the a-helical region
consisting of m sites is v for m = 1 and v*w™ 2 for
m = 2, which is the same definition as that in the
usually investigated helix—coil transition [6]. The
statistical weight of antiparallel B-structure region
consisting of m sites is aw™ A" as assigned by
Kand [7]. This statistical weight expresses the ex-
istence of the long-range interaction, which is
characteristic of the B-structure, and gives rise to
cooperativity in this system. In the transition re-
gion there exist approximately two free energy
minima, each of which is therrnodynamically sta-
ble on one side of the transition region and meta-
stable on the other. In the case of an infinitely
long chain system, there occurs a first-order transi-
tion mentioned in the previous paper. The statisti-
cal weight of a random coil region is «™, but this
can be set to unity without loss of generality.

Now we consider the time evolution of the
conformational change from the initial equilibrium
conformation to a final one for a finite perturba-
tion of the environmental conditions. It is assumed
that one step of the conformational change is a
single flip between the ordered state (a-helix or
B-structured and the random coil state. Thus, the
conformational change is assumed to be described
by the following master equation, the solution of
which gives the time-dependent behavior cf the
conformational probability distribution of the sys-
tem:

OPp(m14.mp.1)
——a
- X
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ordmg= %1

W(m,— Am,.mg— Amg:Am,, . Amg)
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where P, (m,, mg, t) is the conformational proba-
bility of all conformations with 72, a-helical sites
and mg B-structure sites, regardless of the number
of these islands included and their locations. Here,
W(m,, mg; Am,_, Amp) is the transition probabil-
ity from the (m,, mp) state to the (m_,+ Am,,
mg+ Amg) state, and (m,, mg) represents the
conformational state with m_ a-helical sites and
mp B-structure sites. The transition probability 1/
is assumed to be independent of time irrespective
of the environmental condition. At equilibrium,
the transition probability W must satisfy the de-
tailed balance condition:

l‘V(nza.mp;Ama,Amp)Pﬁq(ma.mp)
=W(m,+ Am .mg+ Amg:— Am_.— Amg)

XP,Eﬂ(rnﬂ+Arna.rnB+Anlp). )

where Py% is the conformational probability at
equilibrium, which is determined by the final en-
vironmental condition and has been calculated
already in the preceding paper {2} in terms of the
statistical weights mentioned above. There is some
uncertainty in determining the transition probabil-
ity from the detailed balance condition. For sim-
plicity we take

PE(m, + Am mg+ Amp)

PE(m_ .mg)

I‘V( ma,mp;Am‘,,Amﬁ) = \/

(3)

as was done by Kanehisa in his cluster model.
Since the present theory assumes a single-flip tran-
sition, we have to consider only a transition proba-
bility of the type: W(m,, mg; +1.0) and W(m,.
”g; 0, +1).

From the master equation, eq. 1, the relevant
expression is given by

Af —1

Py(m, mg,1)= P (m,.mg)+ Z C,(mg.mg)e™ ™', (4)
J=1



H. Wakana, N. Saito /a- Helix — - structure— random coil rransition: 11 289

where ¢;(m,,, mg) are the time-independent coeffi-
cients, which are dependent on the states (m,,
mp), and A ; (> 0) are the eigenvalues of the transi-
tion matrix — W. These ¢;(m,,, mgz) can be ob-
tained by the initial condition. Here. M is the
number of available (m,, mB) states, i.e., M =
N(N + 1)/2 + 2. (For studying the kinetics of the
conformational change, some physical properties
of the system are usually calculated as functions of
time.) We follow the time behavior of the average
numbers of the ordered states after a finite per-
turbation of the environmental condition is im-
posed. The time-dependent average numbers &,(r)
and 05(') of the ordered states, i.e.. a-helix and
B-structure, can be expressed, respectively. as

o.(= 3

(m,.mg)e A

G()= X

(m,.mg)E A

maPN(ma.mB.l),
mﬂPN(m,,,mp.I). )

where A is the set with available states (m,,. »1g).
Therefore, the average number 8.(¢) of the random
coil state is expressed as

O (1} =N —6(r)—65(7)- (6)

From the solution of the master equation (eq. 4).
8(z) are given by

A —1

0(1)=862+ Y ae ™, (7N
7=1
M-

8:(1)=8F+ Y Be . (3)
=1

where

6= Y m PP(m,.mp), )

(m,.mpg)eA

85° = Z mp PR (m,.mg). (10)
(m,.mglel
a]= Z mac}(ma‘mﬁ)' (]l)
(mg.mg)ed
and
B= X mpGlmamp). (12)

{m,.mg)e

After a finite perturbation, a; and B, are given at
¢ =0, and 8(¢) approach to equilibrium 8. It has

the form of a sum of simple exponentials with
several decay rates A . The characteristic proper-
ties of the time course of the system are given by
the smallest decay rates (2\1). The relaxation be-
havior of these average numbers of the ordered
states, 6, and 6, and of the conformational proba-
bilities P,., expresses well the kinetic properties of
this system.

3. Conformational changes from a-hzlical to ran-
dom coil states and vice versa

First we study conformational changes from the
almost a-helical structure to almost random coil
state and vice versa. To show qualitatively the
relations between each kinetic experiment and an
equilibrium curve. a schematic depiction is given
in fig. 1. This equilibrium curve is a qualitative
drawing of the CD experimental curve given by
Satake et al. [8]. They have detected the stepwise
conformational changes of poly(L-lysine). in aque-
ous l-octanesulfonate solution, by CD measure-
ments from random coil to B-form and from f-

WAL IONCITION

Fig. 1. Typical kinetic experiments in relation to an equ:librium
curve for the conformational change of a polypeptide chain as
followed by some optical property X. Equilibrium values of X
are indicated by the heavy line. and X,. Xg and X correspond
to the equilibrium values of a certain optical experiment typical
of a-helix, B-sheet and random coil. respectively. Vertical lines
are representative of typical kinetic experiments, open circles
represent initial points and filled circles represent final equi-
librium values of the kinetic experiment. This figure is modified
from Tanford’s drawing [9].
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form to helical structure with increase in surfac-
tant concentration. Fig. 1 shows some optical
property. X, vs. the environmental condition. In
the case of Satake’s experiment, the ellipticity at
222 nm is plotted vs. surfactant concentration.
Here, X,, X5 and X correspond to the values of
the optical property typical of a-h=lix, B-stracture
and random coil, respectively. C,. C; and C_ are
representative of the typical environmental! condi-
tions of a-helix, B-struciure and random coil, re-
spectively. Equilibrium values of X are indicated
by the thick line. Vertical arrows are the changes
of states for kinetic studies. Open circles represent
initial states constructed by a jump of the environ-
mental condition at a particular time, and the
filled circles represent the final state, i.e., the equi-
librium state defined by the environmental condi-
tion after a jump.

In the present model the environmental condi-
tions are defined by five parameters, i.e., v and w
arising from the statistical weights of the a-helix,
and «, p and A from the statistical weights of the
B-structure. The distribution functions P,, the
transition matrix # and the other statistical mech-
anical properties of this system depend on the
values of these parameters. The equilibrium transi-
tion curve is sharper for smaller v, a« and p. In the
usually investigated helix—coil transition model, v
is fixed at a value from 10~! to 1074, Since the
parameters v, a and g are more insensitive than w
and A for a change of the environmental condition,
the values of these parameters v, a and u are
assumed to be fixed for change of the environmen-
tal condition, and are put tentatively as v = 0.01,
a=15 and p=0.05.

If we take w= 2.0 and A = 1.477, the calculated
‘average numbers are 6, = 14.56 and 6;=0.93 at
equilibrium with N = 20, therefore, the system is
in almost a-helical structure. Thus, w=2.0 and
A = 1.477 correspond to the environmental condi-
tion C, in fig.l. Similarly, w=0.6 and XA = 0.651
correspond to C_, since 8, =0.17 and 6,=1.22,
and the system is in the almost random coil {(un-
ordered) state. That is, the changes in the environ-
mental condition from C_ to C, and vice versa give
rise to conformational transitions from almost ran-
dom coil state to almost a-helical structure and
vice versa, respectively. They are represented by

arrows 1 and 1’ in fig. 1, respectively. The dif-
ference from the usually investigated helix—coil
transition model is that this system can contain
three types of states simultaneously during the
conformational changes.

In fig. 2, conformational changes in the present
model between almost helical and almost random
coil structure are described graphically by the
trajectories of the average numbers 8,(7) and (1)
of the a-helix and B-structure, respectively. Here,
A and C represent the states of polypeptides at
equilibrium for the environmental condition C,
and C_, respectively. The time courses of the aver-
ages 0,(7) and 8,(¢) apparently indicate that the
pathways are not the same for different directions
of the conformational changes, and renaturation
from the almost random coil to the almost helical
state proceeds in two steps. That is, first, the
B-structure which is not stable and not found at
equilibrium is created rapidly from a random coil
region. Second, the B-structure becomes broken
slowly and the a-helical structure begins to be
formed. Subsequently, renaturation of the helical
structure is completed and it reaches the equi-
librium state. This conformational rearrangement
occurs more slowly than the first step of this
renaturation. That is, it indicates that the force
which has constructed the B-structure cannot keep
this intermediate conformation stable under inces-

Fig. 2. The trajectory of the average numbers of a-helical sites
and B-structure sites for the conformational change from the
random coil to a-helical structure and vice versa, with N = 20,
v=0.01, a=1.5 and p=0.05. Two filled circles, A and C.
represent the average numbers of the a-helix and B-structure at
two equilibrium states. Two equilibrium states are: A, 6,=
14.56, 8, =0.93 with w=2.0 and A=1.477; and C, 6,=0.17,
6y =1.22 with w = 0.6 and A = 0.651. The values on the curves
indicate the time(s).
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Fig. 3. Time dependence of Py(m,. mpg). the probabilities of
individual conformations for the same conformational changes
as shown in fig. 2.

sant thermal fluctuations and leaves it destroyed
finally.

The time dependence of several conformational
probabilities, Py(m,, mg), is shown in fig. 3 for
the renaturation process from almost random coil
to almost a-helical structure as already shown in
fig. 2. Here, P, (0, 0), which is the conformational
probability for the complete random coil state
with no a-helical and B-structure states, is shown
to decrease through this process. In contrast,
P,(20, 0) for the complete a-helical state is in-
creasing. As shown also in fig. 2. the conforma-
tional probabilities P, (0, 5) and P,.(0, 10), which
indicate the existence of the B-structure, increase
at the intermediate stage and disappear finally.
Then we find that the a-helical structure is created
after construction of the intermediate B-structure
together with its successively occurring destruc-
tion.

Conversely, the denaturation from the almost
helical state to almost random coil state is simpler
and faster than the former conformational change,
as shown in fig. 2. It follows that the renaturation
occurs biphasically but the denaturation is mostly
monophasic. Furthermore, the conformational
changes of different directions exhibit themselves
in different pathways. The result that the renatura-
tion has more complex and slower kinetics than
denaturation is what one can intuitively anticipate.

4. Conformational changes from B-structure fto
a-helical structure and vice versa

The time behavior of this system is shown in
figs. 4 and 5 for the rearrangement process be-
tween almost B-structure and a-helical structure. If
we take w= 2.1 and A = 2.859, we have 8, = 0.27
and 6;=16.12, and the system is in almost 8-
structure. If we take w=28 and A=2271, we
have 8, = 18.14 and 6§, = 0.44, and the system is in
almost a-helical structure. We take the same values
of the parameters v, a, p as we took in section 3.
The values of (w, A) chosen above correspond to
the environmental conditions CB and C,, respec-
tively, in fig. 1. Therefore, the changes of the en-
vironmental condition from (; to C, and vice
versa give rise to conformational changes from
almost B-structure to almost «-helical structure
and vice versa, which are represented by arrows 2
and 2" in fig. 1. respectively.

The time course of the system indicates that the
rearrangement from almost B-structure to almost
a-helical structure proceeds in two steps. As shown
in figs. 4 and 5, some of the B-structures are
destroyed, first being rapidly converted into the

m
&

Fig. 4. The trajectory of the average numbers §, and 6§, for the
rearrangement between the helical structure and B-structure
with » = 0.01, a=1.5 and p = 0.05. Two equilibrium states are:
A. §.=18.14, 05 =044 with w=28 A=2271: and B. §,=
0.27, 83=16.12 with w=2.1. A =2.859. The values on the
curves indicate the time (s) (X 10~3).



Fig. 5. Time dependence of the average numbers. 8,(1). 84(r)
and (7). of a-helix. B-structure and random coil, a. b and c.
respectively, for the same rearrangements as shown in fig. 4,
i.e.. the rearrangements for helix-to-8-structure (— — —) and
for B-structure-to-helix ( ). Time in s.

random coil, and the a-helical nuclei begin to
appear in the resulting coil regions. Second, small
helical nuclei grow or merge with each other and
finally the chain reaches the almost helical struc-
ture. In fig. 5 we find that at the intermediate
stage of this rearrangement the average number of
the random coil state increases and finally de-
creases. The increase in the a-helical state follows
the decrease in the random coil state. On the other
nand, the conformational change from almost «-
helical structure to almost f-structure is just the
rearrangement between a-helix and B-structure
states. That is, as shown in fig. 5, the average
number of the B-structure is increasing with the
decrease in the average number of the a-helix.
During this conformational change the average
number of the random coil state does not increase
as much.

These schemes of the rearrangements of this
system depend on the values of the parameters, v,
a and p. The different values of these parameters
will give rise 1o the different time behavior. In
fig. 6. we take different values of a and p, a = 1.822
and p=0.212, for the B-structure with weaker
cooperativity. In this system the rearrangement
from almost B-structure to almost a-helical struc-
ture has the same property as that of the system
shown in figs. 4 and 5. But, in contrast to the case
in fig. 4, the rearrangement from almost a-helical
structure to almost 8-structure takes place in two
steps. This is interpreted as follows: firstly, the
B-structure nuclei are created rapidly with the
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Fig. 6. The trajectory of the average numbers 6,. ; in the same
rearrangement as in fig. 4. with v = 0.0, a=1.822 and p=
0.212. Two equilibrium states are: A, 8, =13.69. §; = 2.27 with

w=275andA =1.25:and B.§, = 0.31, 6, = 11.68 withw = 2.60
and A = 2.00.

decrease in the a-helical regions and the random
coil regions. Secondly, as the a-helical regions
decrease more slowly, the 8-structure regions and
the random coil regions increase, and finally the
chains reach the almost SB-structure. Therefore, the
rearrangements between the a-helical state and the
B-structure state occur biphasically in both ways,
but the rearrangements in different directions ex-
hibit themselves in different pathways.

5. Conformational changes from random coil to
B-structure and vice versa

In section 3 we have shown that the 8-structure
is formed as an intermediate of the conformational
change from the random coil to a-helical structure
and finally disappears. In contrast, in the confor-
mational change from the random coil state to
B-structure state with the same values of parame-
ters, the distinct intermediate conformation (a-
helix) does not appear and the conformational
change exhibits simple kinetic behavior.

Thus, we try to study the time behavior of the
conformational change in which the a-helical in-
termediate exists, for different values of the
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Fig. 7. The trajectory of the average numbers 8, and 6, for the
conformational change from ine random coil to 8-structure and
vice versa with v = 0.1, a = 0.03 and p = 0.05. Two equilibrium
states: C. 8, =1.679. 0‘; = 0.987 with = 0.02, A = 1.90; and B,
6,=0.288, 63 =18.686 with w =2.00, A = 4.43. The values on
the curves indicate the time (s).
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Fig. 8. Time dependence of 8, and 6, the average numbers of
a-helix and B-structure, respectively, and Pp(m,. mg). the
probabilities of individual conformational states in the same
conformational change as in fig. 7.

parameters, v = 0.1 and a = 0.03. The larger value
of v (in the previous case we put v = 0.01) makes
formation of the a-helix easier, and the smaller
value ofa (in the previous case, a = 1.5) makes
nucleation of the g-structure more difficult than
that in the previous case. The conformational
changes from the random coil state to B-structure
and vice versa are represented by arrows 3 and 3’
in fig. 1, respectively.

The time course of the average numbers of the
a-helix and B-structure and of several conforma-
tional probabilities Py (m,, mg, 7) is shown in figs.
7 and 8. Then we can find the different rearrange-
ment type in these figures.

In the renaturation process from the random
coil to the almost B-structure, the average number
of a-helical sites increases temporarily as that of
B-structure sites increases, and finally the a-helical
sites disappear. That is, in this case the a-helical
structure is an intermediate of the conformational
change. In addition to this property. fig. 8 in-
dicates that the conformational probabilities
P, (10, 0) and P, (20, 0) which show the existence
of the a-helical chain in the absence of the S-struc-
ture increase temporarily and disappear finally.
Therefore, it indicates that at the early stages of
this renaturation process the a-helical chain and
the B-structure chain coexist. subsequently with
time the a-helical segments are destroyed and fi-
nally almost all chains reach the B-structure state.
Also, in this case formation of the intermediate,
the a-helical segments, occurs faster than their
destruction, and the renaturation process occurs
biphasically. In contrast, the denaturation is much
simpler and faster, and it follows that the confor-
mational changes of different directions exhibit
themselves in different pathways.

6. Discuassion

The model which is capable of forming three
types of conformational states, a-helix, B-struc-
ture, random coil, is developed here with the con-
sideration of the mechanism of protein folding.
We have studied the time behavior of the system
after a finite perturbation of the environmental
condition by following the average numbers of
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a-helices and B-structure. We have found some
dynamic properties different from those envisaged
by the equilibrium properties of the conforma-
tional transitions. Detailed features depend
strongly on the environmental conditions.

First, at the early stages of the renaturation
process the intermediate which is not found and
not stable at equilibrium is formed and finally
disappears. On the other hand, in the denaturation
process the intermediate does not appear, and the
conformational changes proceed monophasically
(figs. 2 and 7).

Second, due to the temporal existence of the
intermediate, the conformational change exhibits
biphasic kinetics. That is, the conformational
change from the random coil state to the inter-
mediate occurs very rapidly and the rearrangement
from the intermediate to the conformational state
which is stable at equilibrium occurs more slowly.
This kinetic scheme indicates the existence of the
fast phase and the slow phase in this conforma-
tional transition {figs. 2 and 7).

Third, the conformational changes of different
directions, i.e., denaturation and renaturation, ex-
hibit themselves in different pathways and the
renaturation occurs more slowly and more com-
plexly than the denaturation (figs. 2 and 7). These
kinetic properties are what one can intuitively
anticipate for the conformational change of poly-
peptides and globular proteins.

Fourth, the rearrangements between the a-heli-
cal structuare and B-structure occur almost biphasi-
cally without an intermediate such as that men-
tioned above. This is attributed to the differences
in the speed of formation and destruction of the
a-helix and B-structure (fig. 4).

Fifth, the dynamic properties of the conforma-
tional change are dependent on how the system
passes through, on the way to equilibrium, the
intermediate states in the conformational space. Jn
effect, the path of a dynamic system avoids the
intermediate states of high free energy and thus
affects the dynamic properties. For this reason, the
dynamic approach to the conformational transi-
don is necessary in order to understand the dy-
namic aspect of protein folding.

In the process of protein folding, it is usually
emphasized that nucleation, in the early stages of

the folding, is rate limiting. As shown in the
present model, however, it is quite possible that if
nucleation of the certain local ordered structure is
difficuilt, some of the segments in the chain search
for another local structure which is easily formed
as a nucleus although such a local structure cannot
be stabilized by itself. Therefore, the local struc-
tare is destroyed by thermat fluctuations. In one
case of the present calculations, the intermediate is
the B-structure which is easily formed as a nucleus
and is destroyed finally. As Richards and Rich~
mond [10] have pointed out, the B-structure has
less solvent accessibility than the a-helix has in
globular proteins, therefore, it seems that hydro-
phobic interaction acts as the force constructing
this local B-structure.

If one regards the polypeptide chain treated in
the present model as a part of the segments in the
protein molecule, it is likely that the intermediate
which is not stable at equilibrium through the
‘intra-segment’ interaction acquires stability owing
to medium- and the long-range interactions result-
ing from the close contact between segments n its
vicinity. In this way, the local ordered structure
can be formed in the kinetic pathway rather than
being due to tne stability of its structure. If such a
situation exists in real proteins, the accuracy of
predicting the secondary structure depends on
whether the secondary structure can be con-
structed with or without the medium- and the
long-range interactions.

The simple model discussed hers offers a possi-
bility of interpreting the multistate kinetics of
protein folding by the existence of kinetic inter-
mediates which are not observed in the mnative
conformation of giobular proteins. Furthermore, it
is evident that the renaturation process takes a
characteristically different pathway from that of
the denaturation process. We can carry out similar
calculations on the effects of compositional hetero-
geneity using the same kinetic model, but the
details of these studies will be left for future
investigations.
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