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A general theory of the structural changes and fluctuations of proteins has been proposed based on statistical thermo-

dynamic considerations at the chain level.

The “structure” of protein was assumed to be characterized by the state of secondary bonds between unique pairs of
specific sites on peptide chains. Every secondary bond changes between the bonded and unbonded states by thermal agita-
tion and the “structure” is continuously fluctuating. The fiee energy of the “‘structural state™ that is defined by the frac-
tion of secondary bonds in the bonded state has been expressed by the bond energy, the cooperztive interaction between
bonds, the mixing entropy of bonds, and the entropy of polypeptide chains. The most probable *“structural state’ can be
simply determined by graphical analysis and the effect of temperature or selvent composition on it is discussed. The tem-
perature dependence of the free energy, the probability distribution of structural states and the specific heat have been cal-

culated for two examples of structural change.

The theory predicts two different types of structural changes from the ordered to disordered state, a “‘structural transi-
tion” and a “‘gradual structural change’ with rising temperature. In the “structusal transition”, the probability distribution
has two maxima in the temperature range of transition. In the “gradual structural change’, the probability distribution has

only one maximum during the change.

A considerable fraction of secondary bonds is in the unbonded state and is always fluctuating even in the ordered state
at room temperature. Such structural fluctuations in a single protein molecule have been discussed quantitatively.

The theory is extended to include small molecules which bind to the protein molecule and affect the structural state.
The changes of structural state caused by specific and non-specific binding and allosteric effects are explained in a unified

manner.

1. Introduction

The most significant characteristic of proteins is
their highly ordered structure in solution which far
exceeds that usually observed with synthetic polypep-
tides.

The tertiary and quaternary structure of proteins
is maintained by many kinds of secondary bands
between intra- or inter-peptide chains. The bond ener-
gy due to secondary bonds such as hydrogen bonds,
hydrophobic interactions, electrostatic or dipole inter-
actions is perhaps a few times that of thermal energy,
however, and if there are no cooperative actions
between the secondary bonds they may be broken
frequently by the thermal agitation. Therefore, coop-
erative interaction appears essential to maintain the
tertiary structure of proteins.

As an upper limit in describing cooperativity, a
simple two state model is usuaily presented to explain
a number of structural changes of proteins [1—5]. The
allosteric effects of enzymes have also been explained
by two state models [6,7]. Because of the simplicity
of the model, however, its analysis provides little in-
formation on the molecular characterization of
proteins.

Although the cooperative interaction is enhanced
by the polypeptide chain on which the bonding sites
of secondary bonds are specifically arranged, it is un-
likely that the cooperative effects are sufficient to
cover all the secondary bonds in a protein as pre-
dicted by the simple two state model and local fluc-
tuations in structure are expected even in a highly
ordered native state.
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In fact, the presence of local fluctuations was ex-
perimentally confirmed using the hydrogen exchange
methods [8,9], and it is now necessary to consider
more precise and realistic theories based on the statis-
tical considerations at the chain level. Recently
Hermans et al. [10] proposed a multi-state model and
treated the folding and unfolding of proteins. In their
model, however, the relation between the model and
molecular properties such as the entropy of the chain
are obscure.

The present series of papers proposes a general
theory for the structural changes and fluctuations in
proteins and applies the theory to real systems. In the
first papear the basic concepts and general features of
the theory are presented. The model can reasonably
explain a number of phenomena related to structural
changes and fluctuations in proteins. For this reason
the model can aid in cur understanding of the nature
of proteins at the molecular level. In the foliowing
paper, the denaturation of several globular proteins
are analyzed quantitatively with special attention to
the effect of water structure.

2. Description of the model

(1) In an “ideal” solution at OK, protein molecules
take a unique conformation dictated by the law of
minimum energy. A number of intra- or inter-chain
secondary bonds between unique pairs of specific sites
contribute to form the fixed conformation. Therefore,
there is no flexibility of chains and the entropy of the
system equals zero.

(2) Each secondary bond can exist in either a bonded

or unbonded state. At OK, all secondary bonds are in
the bonded state and as the temperature rises, the frac-
tion of these in the bonded state Y in a molecule de-
creases and the flexibility of chains increases.

(3) A bonded state can be formed only between a
unique pair of specific sites. The number of possible
bonds V, is independent of temperature because many
different kinds of binding sites are uniquely arranged
on a chain and they can not redistribute independent-
ly to make other bonding forms possible. Although it
may be possible that a bond is formed between other
pairs of sites, we neglect such caszs. The probability
of forming alternative bonds is likely to be quite small
since neighboring sites would probably be in less

favourable conditions than in the case of the unique
pair.

(4) There is a loss of energy when neighbouring
bonds are in different states. That is, cooperative inter-
action between neighbouring bonds exists since the
binding sites are connected to each other by the poly-
peptide backbone.

(5) As a result of thermal agitation, every secondary
bond fluctuates in a random way between the bonded
and unbonded state, but with constant average rates.
Thus, the fraction of secondary bonds in their bonded
state Y can not be constant but is continuously fluc-
tuating. The average fraction of bonded state ¥, how-
ever, can be determined by minimizing the free energy
of the system. For each molecule, the average fluctua-
tion of this fraction, AY 2, can also be determined by
the free energy change near its minimum point.

(6) At a certain “structural state’” which is charac-
terized by a specific value of Y or X (=2Y—1),2a
protein molecule can assume different “*structures™
and can fluctuate between these “structures™. The
term “‘structure’ describes hereafter a group of con-
formations in which the state of all the secondary
bonds are specified. Therefore, many different confor-
mations belong to a structure because of the flexibility
of polypeptide chains. Moreover, it is worth noting
that most measurable quantities relate to structures
rather than conformations.

3. Free energy

In order to simplify the calculations we make the
following assumptions.

(1) All of the possible secondary bonds, the num-
ber of which is N, have the same properties, that is
the same bond energy € and the same number of
nearest neighbouring bonds Z; the same energy loss J
arises for any two nearest neighbour bonds which are
in a different state.

Then the state of a bond in a protein molecule can
be assumed to behave as an Ising spin state in a lattice
topologically similar to the protein.

(2) The flexibility of the main and the side chains
increases as secondary bonds are broken. The number
of ¢conformations produced when a single band breaks
is the same for all bonds. Then, the chain entropy of a

molecule is proportional to the number of unbonded
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state N, . If the standard state of energy is set at 0K,
the Gibbs free energy of a protein molecule is given by

(T, X)=H - ST
= Nges(1—X) + NgZJ5(1—-X2)
+ NgkT[3(1+X) In§(14X) + 3(1—X) In2(1 X))
— Ng3(1—-X)aT, (1)

where k is the Boltzmann constant and parameter X
which characterizes “structural state™ is related to the
fraction of secondary bonds in bonded state Y by

X=2Y -1

or

1(14X) = Y =Np/Ng ,

. )
1-X)=1~Y=N,[N,.

The first term of eq. (1) expresses the total bond
energy. The second term represents the cooperative
contribution of forming secondary bonds between
nearest neighbour bonds and the third term the mixing
entropy of bonds. The fourth term is the entropy of
the chain in which « is the chain entropy per secon-
dary bond produced by the breaking of all bonds. For
simplicity we put

elZr=A, 2k[ZJ=28,
Eq. (1) reduces to
G(T, X) = N3 ZJ[A(1-X) + 5(1-X?)
* BTI5(1+X) In3(1+X) + 3(1—X) In3(1—X)]
~(1=X) BTC} . “)

&/2k=C. 3)

4. Minimum free energy and thermal effects on the
structural state

The equilibrium distribution of the “structural
state’ of the protein is determined by the free energy.
A most probable value approximation is made in
which the average value of X, X, is set equal to X,
the most probable value of X.

By the condition of minimum free energy

9G(T, X) _
) 0, )

the most probable value X, is given by the following
equation,

1 1 1+Xm
NoiZi[-A - X, +BT } In (I_X )+BTC] =0.(6)
m

Eq. (6) can be solved graphically after rearranging to

1+X A+X,
-1 =-_:1 m = m —
tanh™! X, =5in (I*Xm) BT C . ¢
Then, by letting
A+X
BT C=x, (8)

the value of X ,,. or the most probable structural state,
is determined from the intersection of the straight line
expressed by eq. (8) and the hyperbolic tangent curve
expressed by tanh x = X (see fig. 1).

As shown in fig. 1, the straight lines expressed by
eq. (8) pass through the point p(—~C, —A4) and have a
stope BT varying with temperature. Since the parame-
ters A, B and C depend only on the protein species
considered, point p will be called the “characteristic
point” of a protein.

The number of intersections between the straight
line and the hyperbolic tangent curve depends on the
temperature and the position of the characteristic

t
s-C-A)
¥ L L

-2 -1 o 1 2z
®

Fig. 1. The graphic determination of the most probable struc-
tural state Xy The most probable value X3y can be deter-
mined from the intersection of the hyperbolic tangent curve
X = tanh x and the straight lines expressed by eq. (8) which
pass through the characteristic point p(--C, —4) and have
slope BT.
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Fig. 2. The graphic analysis of the chauge in the most prob-
able structural state Xy, with temperature (see text).

point. For example, as shown in fig. 2, if the charac-
teristic point p is in the regions K and L in fig. I,
(where C > A), only one intersection occurs at a tem-
perature lower than T or at temperature higher than
T5 and two intersections at Ty and T»; there are three
intersections between these temperatures.

At 0K, the slope of the straight lines takes the
value +0 and they intersect at infinity (x = o, X =1)
where the completely ordered state is found. As the
temperature rises, the value of X, decreases to a smali
extent but the most probable structural state of the
protein remain almost in the “ordered state”. At a
certain temperature, T3, above T, the straight line
intersects with the curve at three points Q3, Ry and
Sy and the free energy of the system has two minima
at Q3 and S5 and a maximum at R3. When the tem-
perature T3 is lower than the denaturation tempera-
ture T4 = A/BC, the free energy corresponding to Q3
is lower than that corresponding to S3 and the
“ordered state” is more favourable than the
“disordered state™. At T4, where the straight lines
pass through the point 0, the free energy at both
minima has the same value and above T4 the free
energy corresponding to S; becomes lower than that
corresponding to Q3. Thus, at the denaturation tem-
perature T4, the most probable structural state
changes discretely from the ordered state to the dis-
ordered state and a “structural transition” occurs,
which is essentially a first order transition.

Especially when the characteristic point is in the
region K in fig. 1, where C > tanh—14, after a sharp
transition from the ordered to the disordered state, to

some extent secondary bonds reform in the disordered
state with a further rise in temperature. In some pro-
teins {2,1 1] evidence for this effect is given by a small
change in the ultraviolet absorption spectrum which

is usually attributed to a solvent effect.

In contrast, if the characteristic point is in the
region M of fig. I, where 4 = C, the straight line and
the hyperbolic tangent curve always intersect at only
one point and the value of X, decreases gradually with
rising temperature. The phenomenon will be referred
as a “gradual structural change™. In the special case of
A = C, the “gradual structural change” can be assumed
to be a second order transition.

Variations in X, with temperature are shown in
figs. 3 and 4. These figures illustrate the fact that the
protein may exist in two more-or-less separate states
and a sharp transition takes place at a certain tempera-
ture if the value of C/A4 is larger than unity.

-1

Fig. 3. The most probable structural state X, as function of
BT at various values of C, with 4 =0.5.
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Fig. 4. The most probable structusal state Xy as function of
BT at various values of 4, with C= 0.5.
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5. The free energy near the transition point and the
probability distsibution

In the previous section we discussed the effect of
temperature on the structural state only through
changes in X, the fraction of secondary bonds in the
bonded state at the minimum free energy point. When
the number of bonds is very large, as in the case of a
crystal, the value X correctly expresses the average
value X of the real system and fluctuation from the
mean value is negligible.

In the case of proteins, however, the total number
of bonds N, is expected to be of the order only of a
hundred or so, and the most probable value X, does
not necessarily represent the average value X for a
protein molecule near the transition point. Hence, the
conformational fluctuations are expected to be very
large. The transition of the average structural state of
a protein molecule, which is essentially a first order
transiiion, is expected to be broad.

The free energy of a typical case undergoing a
“structural transition™ has been calculated and is
plotted against X in fig. 5. As shown in the figure, the
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Fig. 5. The Gibbs free energy for a typical case undergoing a
“structural transition™ at varfous temperatures calculated ac-
cording to eq. (4), with4 = 0.5, B=2.813 % 1073, ¢=0.55,
Ng = 500. These values correspond to Tg = 50°C, e = 706
calfmole, ZJF = 1412 cal/mole and & = 2.185 eu.

free energy has two minima corresponding to the
“ordered™ and “disordered’’ state of the previous dis-
cussion. At low temperatures, the free energy at the
minimum corresponding to the “ordered state™ is
lower than that corresponding to the “‘disordered state™.
With rising temperature, the difference between the
free energies of the two minima decreases and becomes
zero at the transition temperature. At temperatures
above the transition temperature, the free energy of
the “disordered state™ is lower than that of the
“ordered state™.

The probability density p(7, X) of the system has
been calculated by

= G(T. X)IKT

AT, X)= ~ 9)

fe—G(T, XWeT g x
it

and is shown in fig. 6. Then, the average value S(7) of
a certain physical quantity S(T, X) can be calculated
by

i
S(Ty= [ ST, X)p(T, X)dX . (10)
-1

The average structural state X(T) has been calculated
and is shown in fig. 7.

o3 b

0

Fig. 6. The probability density (7, X} at various tempeyatures
calculated according to eq.- (9) with the same values of the
parameters as in fig. 5.
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Fig. 7. The change in the average structural state X with tem-
perature calculated according to eq. (10) with the same values
of the parameters as in fig. 5.

Near the transition temperature, the difference in
free energy between the two states is not very large;
hence the probability distribution curve has two com-
pletely separate peaks as shown in fig. 6. In this tem-
perature range, each protein molecule takes either the
“ordered™ or ““disordered™ state separately. The aver-
age value X, which is apparently different from the
most probable value X, does not change so sharply
in this temperature range.

The maximum free energy difference separating
two states (at X = 0) is probably only a few or ten
keal as illustrated in fig. 5. The rate of the structusal
transition batween two states may be expected to be
fast. Such fast transition rates are observed in many
proteins. That is, the fiee energy maximum between
ordered and disordered states is large enough to sepa-
rate the “two states” but low enough to permit a fast
transition rate, this being the physical condition for
equilibrium between two different states assuming no
specific effect from the solvent. The origin of this
condition comes from the fact that the number of
bonds or amino acids in protein molecules has an ap-
propriate value.

In fig. 8, the free energy of a system undergoing a
**gradual structural change™ is plotted against X. The
prabability distribution g(X) and average value X are
also shown in figs. 9 and 10. In this case, contrary to
the case of the “*structural transition”, the probability
distribution has only one peak for all temperatures,
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Fig. 8. The Gibbs free energy for a typical case undergoing a
“aradual structural change® at various temperatures calcutated
according to eq. (4), with 4 =05, B=3.438x 1073, C=
0.45, Ng = 500. These values correspond to Tq = 50°C, e =
578 cal/mole, ZJ = 1156 cal/mole and « = 1.609 cu.
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Fig. 9. The probability density o(T, X) at various temperaz-
tures calculated according to eq- (9) with the same values of
the parameters as in fig. 8.
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Fig. 10. The change in the average structural state ¥ with
temperature calculated according to eq. (10) with the same
values of the parameters as in fig. 8.

and the protein cannot be described by “two states™
even though the average value X changes markedly in
a certain range of temperature.

6. Heat capacity

Since changes in enthalpy or heat capacity are
directly related to changes in the fraction of bonded
states, their measurement is important to characterize
changes in structural state. As the enthalpy of the sys-
tem is given by

R a(G/TL = Ngek(1-X) + Ny ZJL(1~X2), (11)

the average enthalpy H(T) and heat capacity C are
given by

H(T) = Nges(1-X) + Nyzr5(1—x2) (12)

and

oo _dH _ ax dx?

G (D =g, = —2loe gy ~ aNoZ! ~g7- 3
The changes in average heat capacity C with tem-

perature for the two examples in the prekus sections

are shown in figs. [1 and 12. The shape of the curves

representing the change in heat capacities of proteins

measured near their transition [12] is intermediate
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Fig. 11. The change in the average heat capacity Cp with tem-
perature calculated according to eq. (13) with the same values
of the parameters as in fig. S.
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Fig. 12. The change in the average heat capacity Cp, with tem-
peratuie calculated according to eq. (13) with the same values
of the parameters as in fig. 8.

between that of these two figures.
7. Measurable quantities, local structure and the
“apparent” intermediate state

Most measurable quantities in a protein, such as its
ultra violet absorption spectrum, optical rotatoty
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power, or binding constant of a substrate are expected
to depend on the corresponding “local structure™ of
the protein. Here we define the term “local structure”
as a group of conformations in which the state of a
certain set (0,) of iV, secondary bonds is specified.
The state of other secondary bonds is not specified. A
“local structural state” is characterized by the fraction
of bonded states Y in the set Q..

Although the value of a measurable quantity s
could differ from one local structure to awother in a
particular set Q;, we assume simply that s has either
one of the two values sy or s, in all local structures
in the set Q; the value 5, corresponds to the local

 structural states characterized by Y, = Y:.) and s, cor-
responds to that characterized by Y, < YSO.

In the approximation used in the present theory,
the probability P!;{s of a local structural state charac-
terized by Y is given simply by

phs - Mo ~ v Cinvg Y- N v KOy (14)
Ys NoCNoY '

Similarly the average value of 5, T (Y) at a structur-
al state characterized by Yis

YO
sy j;P;)is dY, +5, fsP{ysdes
() =—2 - 2 ) (15)
| #es ax,
0
The average value of $(Y) over all structural states

() which is the only value that can be obtained ex-
perimentally is given by

1
®= [5(1)p(T, X) dX . (16)
-1

For the quantity s, we can substitute various meas-
urable quantities such as optical rotatory power, in-
tensity of ultraviolet absorption, the binding constant
of substrate or inhibitors and the activity of the
enzy:me.

For example, the ultraviolet absorption of the
chromophore A represented schematically in fig. 13
must be related to the local structure near it. When
bond a is either in 2 bonded or unbonded state,
chromophore A is expected to have either an absorp-

Fig. 13. A schematic representation of a protein structure.
tion intensity si\ or 55 respectively. In this case,

N, =1, P} = Y, then sA(Y) which is a linear function
of Y, is given by

sAY) =spY +5(1-Y) . a”n

On the other hand, consider chromophore B which
has an absorption intensity s& when one or both of
the two bonds by, by and one or both of the two
bonds c; , ¢, are in the bonded state, and which other-
wise has an absorption intensity s5. The absorption in-
tensity of B depends on the states of two sets of bonds
bl N b2 and C1:C3-

The probability P‘;"; for the set of two bonds is ap-
proximately given by i’iz =Y2, P(%.S =2¥Y(1—Y)and
P& =(1—Y)2 if the cooperativity between bonds can
be neglected. Then sB(Y) is given by

sB(1) =sF¥2(2-1)? +s§[(1-1)2(1+2Y-Y?)] (18)

The helical structure C in tig. 13 is expected to
occur when there are more than N, Y0 bonds out of
the possible &, bonds (d{, d;, ..., dy ) in the region
near the helical structure. Then the average value of
optical rotatory power for this helix is given by the
same equation as (15).

More complicated quantities such as the binding
constant or the enzyme activity must also be related
to a certain number of local structural states as in the
case of chromophore B.

It shouid be noted here, however, that the expres-
sion for P}Afs as given by eq. (14) becomes invalid as
the size of focal structure is decreased because of the
cooperative interaction between bonds. If the coope-
rativity between bonds is sufficient- to include all NV
bonds, the function §(¥) must be directly propor-
tional to ¥. When the size of the local structure or the
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value of NV is large, however, eq. (15) shows that 5(7)
approaches a step function that increases from s, to
spat Y= ¥9.

Two chromophores of the same species that have
different numbers of secondary bonds assaciated with
them will also have different s(Y) functions. It is pos-
sible that an “apparent intermediate™ state of the
protein occurs even when the stable structural state
has no intermediate as is the case of structural transi-
tion. The same situation is expected for the optical
rotatory power of proteins in which two or more dif-
ferent sizes of helices are present. Therefore, the find-
ing of an “apparent” intermediate state does not
necessarily indicate the existence of a true inter-
mediate state.

8. Structural fluctuations in a single protein molecule
8. 1. Effects of solvent fluctuations

In the preceding sections, we assumed that a
protein molecule is in thermal equilibrium with a
solvent at constant temperature 7, pressure P and
composition ;. In a true solution, these thermo-
dynamic quantities fluctuate since the volume of
solvent with which a single protein molecule is in
thermal equilibrium is probably smalil.

In general, the average fluctuation of the structural
state of the protein AX?2 = (X-X_)2, due to fluctua-
tion of T, P, /V;, in this solvent is expressed by
N _ oX ey aX )
Ax? = (ar) AT® (aP) AP

() ) v (3 )

aN;/ \oN, aP

¥ Z(ax) (azv) ATAN, + 25 (ap) (gﬁ)"(’: 3;"

Fluctuations of the solvent are further character-
ized by

_ v
AT? =% . AP =kTI2 (g:,’) ,
D r.N;

. S 20
ANZ = KT/ (3‘1) . ANAN=0 @ 25 . G0
aN;/T.p

ATAN; =0, APAN;=0.
P, N; (20)

Local fluctuations in AT2; AP2 and AT - AP are
inversely proportional to the square root of the num-
ber of solvent molecules in the volume under considera-
tion. On the other hand the fluctuation ANZ2 is inverse-
Iy proportional to the square root of the number of
the ith component molecules in that volume. If the
structural state of a protein depends criticaily on a
low concentration of small molecules or ions, the
structural fluctuation due to these may not be neg-
lected.

ATAP= AT/-(g;f) ,

&8.2. Fluctueations of the structural state at constant
solvent condition

In the case of a ““gradual structural change™ where
the probability distribution of structural state has
only one maximum during the change, the average
fluctuation of structural state AX?Z is inversely propor-
tional to the curvature of the free energy plot at the
minimum point,

1 1)
[ AXZeaGkTax
7_-1 - 1

AX? =(X-X_) -
I e—2GkTqx
“1

where
,
AG = G(X) ~ G(X ) =5 (a G(X)) 2. (22)
90X /x=xp
Since
2
(a f) =iNyzZs (BT—I—_, ~ 1) i (23)
OX =/ x=xm, I -X0

the average fluctuation increases as the value of X,
approaches zero, when BT3 > 1. In fact, for the
“‘gradual structural change™ where BTy = A/C> 1,
the apparent width in the probability distribution in-
crease as X approaches zero as shown in fig. 9. If
BT, = AJC = 1, the average fluctuation at transition
point becomes infinite as is the case of the second
order transition.

In the case of a “‘structural transition™, as discussed
in the previous section, each protein molecule fluctu-
ates between two different states and large fluctuations

1)
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in the structural state are expected near the transition
temperature.

8.3. Fluctuarions of the local structural state in a
structural state

In a structural state where Y is fixed, a local struc-
tural state characterized by Y might fluctuate because
of an uneven distribution of the bonded state through-
out the molecule. The probability distribution of the
local structural state is given by eq. (14). Fluctuations
of the local structural state correspond to a loss in the
mixing entropy of bonds and a small gain in enthalpy
due to cooperative interaction. As an example, let us
consider a simple fluctuation of the local structural
state that Y takes zero while the fraction of bonded
state in a whole molecule ¥ has its most probable
value Y,,,. The entropy difference ASt accompanied
with the fluctuation can be expressed by

(IVO - < ) !

(JVO Ylll)! (IVO '*IVS‘IVO Ym)!
Ng!

—kIn ;

AST=F In

(24)

If we assume that N /N is smali compared to Y, or
1-Y,,. ASTis given approximately by

AST = kN In(1-Y,) - (25)

Thus, the entropy difference is negative. Similarly, the
enthalpy difference AHY is given by

HE = ZXWN, ( Mo ) N _
AHT = 20No=N) (75 ¥on (1 - N Ym)
— ZING Y (1-¥,)

=-ZIN, Y2 (26)

Since the free encrgy difference of the fluctuation
AG ' is always positive, the entropy loss must over-
come the enthalpy gain.

9. Effect of solvent and small molecules
Here we consider a multi-component system in

which a protein molecule interacts with the solvent
and other small components. The protein molecule is

assumed to have n; equivalent binding sites with the
same binding constant K; for the ith component. The
solvent and the other components are denoted by
suffixi=0andi= 1,2, .., n. Then the free energy of
the system can be written by

G(T, P,ap, X) = Noeh(1-X) + NoZI3(1-X2)
+ NgkT[3(1+X) In3(14+X) + §(1—X) In§(1-X))

Hop
— Ngs(1—X)oT - 2an(X)kTIn[(1+K (X, T, P)a;] .
=0 (27)

The first four terms are the same as in eq. (1) and the
last one is the interaction term where a; is the activity
of the ith component.

Generally #; is a function of the structural state X
and K; is a function of X and temperature T and pres-
sure P. Therefore the average structural state of the
protein molecule is affected by binding of the ith com-
ponent through n1;(X) and K;(X, T, P).

9.1. Structural changes by nonspecific binding

Water molecules and several denaturants such as
urea, guanidine hydrochloride and LiCl are considered
to interact with protein molecule in a nonspecific
manner. For such “nonspecific binding”, we propose
that the binding constant K does not depend on the
structural state characterized by Y or X but the num-
ber of binding sites is proportional to the fraction of
unbonded state 1—¥ [=5(1—X)]. Then the free energy
of a system in which only the ith comgonent binds to
a protein molecule in a nonspecific manner is given by

G(T, P,a;, X) = Nge5(1-X) + NoZI 5(1-X%)  (2g)
+ Nk T[5(1+X) In3(14X) + 3(1-X) In}(1-X))
— Noi(1-X)aT — Noi(1-X) LT In[1+K (T, P)2;] ,
where /; is the number of sites per secondary bond.
From the condition of minimum free energy
8G(T,P,a;, X)
—x  0
the most probable value of X, X, is given by
X A+X,
tanh~1 X, =L n (I—X:) = BTm

m =7
where A, B, C were defined in eq. (3} and Dj is given by

—(C+D). (29)
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DT, P.ay) = 31, In(1 +K (T, P)a;) (30)

The only difference between eq. (29) and eq. (7) is
that the former has the term (C+D;(7T,, P, 4;)) instead
of Cin the latter. The “characteristic point™ moves
a distance D; to the —x direction from the point
p(—C, —4) with increasing concentration or activity
of the ith component. The structural state changes
always to a more disordered state by the addition of
the ith component.

A transition or sharp change of the structural state
is expected at a certain concentration of the ith com-
ponent though the distance 0); changes gradually ac-
cording to the logarithmic function in eq. (30). As the
concentration of the ith component increases, the
most probable value, X, shown in fig. 14, changes
gradually from the value corresponding to Qg to that
corresponding to Q4 and then changes discretely to
the value corresponding to Sy at a critical concentra-
tion of the ith component when (T/T4)(4/C) <1.
The calculated values of the most probable and aver-
age values of X, X, and X, are shown in fig. 1S as
functions of g;, for typical values of the parameters
A, B, C, Ny, K; and temperature. Similar sharp transi-
iions state have been reported in the denaturation
process of many proteins by urea, guanidine hydro-
chloride (GuHC}) or other simple salts [2].

Usually heat-denatured proteins are not in a com-
pletely disordered state and further denaturation ac-
curs when GuHCl is added after completion of the

(] K] T F ]
1 Qg4 =
9
X
o a
a
trh x
-1 F .
p-C-A)
pCC-D-4)
) I R - A )}
-2 -¥ o b} 2z

Fig. 14. The praphic analysis of the change in the most prob-
able structural state X, with the concentration of a
“nonspecific binding" component (sce text).
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Fig. 15. The change in the average structural state X (solid
line) and the most probable structural state X, (dotied line)
with the cancentration of a “nenspecific binding” conmponent.
The values of the parameters are 4 = 0.5, 8= 2.649 x 1073,
C=0.5,Ng =500, T=293°K, D(T} = 0.15 In{1 +K(T)),

In K{I = -8 + 2000/T.

thermal denaturation {2]. Such cases are easily under-
stocd by the present model. {f we assume a point py

in fig. 16 as the characteristic point of a protein mole-
cule, the change in structural state with increasing
temperature gives rise to a sharp transition from an
ordered to a disordered state at the denaturation tem-
perature T4 although a considerable fraction of bonded
state remains as indicated by point S, in fig. 16. By the

' Q
pzt-c-n,-.: o on)
~f = -1
| - ] 1 | .
-2 -1 a 1 2

x
Fig. 16. The graphic analysis of the change in the most prob-
able structural state X induced by the addition of a dena-
turant after thermal denaturation (sec text).
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addition of denaturant at a certain temperature T,
the characteristic point moves from p; to p, and the
fraction of bonded state decreases even beyond the
value corresponding to infinite temperature (S, in
fig. 16).

Very interesting phenomena were reported for the
structural change of §-Lactoglobulin and some other
proteins induced by denaturants and temperature. As
the temperature rises, the structural state of 8-
Lactoglobulin in the presence of a certain concentra-
tion of urea changes from the disordered state to the
ordered state and again to the disordered state [13].
Such phenomena could simpiy be explained if we as-
sume u proper function for the binding constant K;
which decreases sharply with rising temperature. Since
the nature of nonspecific binding of denaturants is
supposed to be that ¢f a simple physical adsorption or
affinity rather than that of a chemical bond, such
binding constants are expected to depend mainly on
water structure and then on temperature.

Structural changes induced by denaturants and
temperature are discussed in a general way considering
the structure of water in the following paper.

9.2. Structural changes by specific binding

Contrary to the case of nonspecific binding, we as-
sume that the binding constant K; of specific mole-
cules such as substrates, inhibitors and allosteric effec-
tors depenes on the structural state X but the number
of the binding sites is independent of X.

Then the free energy of a system in which the jth
comporent binds specificaily to the protein molecule
is given by

G(T, P, a;, X) = +Npe3(1=X) + NgZI5(1—X?)
+ Nk T[3(1+X) Inz(1+X) + 5(1~X) In3(1-X)]
~Ny3(1—X)aT — nkTIn(1+K(X, T, P)a) . (31)

From the condition of minimum free energy, it follows
that

1 1+Xm
mm*xhz;mt_x)=0H&QMT—«F%L
- m

1= No VWK, (X. T, D)

Although the characteristic point of the protein is

(32)

modified by the presence of the jth component, the
modification is complicated for the shift itself is a
function of the structural state X as shown by eq. (32).
The direction of modification of the characteristic
peints and then the direction of the structural change,
however, can be summarized as follows:

(a) If the binding constant is independent of X,
that is 0K;/d.X = 0, no structural change occurs by the
addition of the jth component.

(b) If the binding constant of the jth component
increases with the increase of the structural parameter
X, that is 0X;/8X > 0, the characteristic point moves
to the +x direction and the structural state changes to
the more ordered state.

(c) If the binding constant of the jth component
decreases with the increase of the structural parameter
X, that is 8K ;/0.X < 0, the characteristic point moves
to the —x direction and the structural state changes to
the direction of more disordered state.

In the case of (¢), a drastic structural change could
be expected at a certain concentration of the jth com-
ponent as was the case for the nonspecific binding.

9.3. Allosteric effect and allosteric proteins

The essential character of an allosteric effect is that
the specific binding of a low molecular weight compo-
nent or ligand to a protein molecule affects the affin-
ity of another component to a sterically different site
of the protein molecule.

in the present model, such an allosteric effect could
be considered to arise from the general nature of
protein and would be expected without any further
assumption.

For the case of specific binding, the binding con-
stant depends on the average structural state X and the
binding changes the structural state itseif; therefore,
the binding of a specific component is affected by the
binding of other components through the modification
of structural state X.

If a binding constant of a substrate s of an allosteric
protein increases with the increase of structural parame-
ter X, i.e. 9K /0X >0, all the specific components i
which have a similar binding nature, BK,-/BX >0,
might be allosteric inducers and all the ather specific
components j which are of an opposite binding nature,
aK ,./ax < 0, might be allosteric inhibitors. Thus, an
allosteric protein has not necessarily to be an oligomer
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but can be a monomer in as far as the heterotropic
effect is concerned.

Since the homotropic effect, which assumes several
identical binding sites in a protein, is one of the essen-
tial features of allosteric proteins, a so called allosteric
protein should be an oligomer. Positive or negative
homotropic effect could be explained in connection
to the change of the structural state of subunits asso-
ciated with the formation of the oligomer. Details will
be discussed in following papers.

10. Discussion

The present theory based on the statistical thermo-
dynamic model at the chain level has many advantages
over those proposed previously to explain the confor-
mational change of proteins.

The theory reveals the thermal denaturation in
detail, such as the temperature dependence of the
probability distribution and the heat capacity. It pre-
dicts either a “structural transition’ or a “gradual
structural change” depending on the position of the
“characteristic point™ of the protein molecule. It also
predicts a small reconversion with a further rise in
temperature after the sharp change from the ordered

to the disordered state in some “structural transitions”.

The so-called two state model usually accepted to
analyze thermal denaturation of proteins is contained
in the theory as a special case of the “structural tran-
sition”’.

Poland and Sheraga {4] pointed out the simplicity
of the two state model and they proposed a concep-
tual multi-state model. They predicted two alternative
temperature dependences for the relative probability
of conformational species. In one case the most prob-
able species changes continuously from the “native™
to the “denative™ state with rise in temperature. This
prediction corresponds to a “gradual structural
change™ in our theory. In the other prediction, the
relative probabilities for all species are equal at the
transition temperature. This corresponds to the special
case, A = C, in our model where the fluctuation of the
structural state become infinite as discussed in the
previous section.

QOne of the important predictions of the theory is
that so-called “native state’ in solution at room tem-
perature is not a fully fixed structure but a fairly

versatile one. A considerable fraction of secondary
bonds are in the unbonded state on average. The num-
ber and position of the sccondary bonds in the bonded
state are always fluctuating. Quantitative expressions
of the structural fluctuations are given in connection
with the equilibrium properties. Such a fluctuating
model might be usefu! for understanding the dynamical
properties of protein molecules.

In the present theory, structural changes induced
by the specific binding of low molecular components
is discussed in a unified manner. Koshland [14] pro-
posed that protein molecules change their conforma-
tion to a more suitable one for the binding when they
interact with substrates. This “induced fit”” model
could correspond to the case where the binding con-
stant of the substrate increases with the structural
parameter X, 3R /9X > 0. Thus, the interaction
between protein and substrate increases ordered struc-
tures and reduces possible structures or {luctuations.

In the lack model™ proposed by Lumry [15], the
structure of the substrate was assumed to be distorted
by the binding to the enzyme. The model may corre-
spond to the case that 9K /3X <0, where the binding
of the substrate is favorable in the more disordered
state of the enzyme.

The most characteristic aspect of the theory is that
the allosteric effect can be explained by the general
structural change induced by a specific binding with-
out any further assumption.

An important advantage of the theory is that the
value of the parameters can be, in principle, deter-
mined from the nature of the bonds. the primary
structure and the tertiary structure at 0°K or in the
crystal. Therefore, the theory is the first step for the
prediction of the structuraf changes of a protein from
the knowledge of the crystal structure. In fact, the
value of the parameters determined from the experi-
mental results for several grobular proteins reflect the
molecular properties of each protein well. Details will
be shown in the following paper.

Although the essential factors describing the molec-
ular nature of proteins are included in the model, the
assumptions used in the formulation of the free-energy
are oversimplifications. A more precise treatment of
the present model might be necessary for making
predictions. Considerations about the dissimilar nature
of the secondary bonds or chains, the effect of the
Iattice surface and a more precise expression of the
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entropy or cooperative actions are required for fur-
ther studies.
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