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Abstract

Some recent developments of the thermodynamic studies on the
multistate thermal transitions of globular proteins are
presented, The statistical mechanical basis and new methods of
the scanning calorimetry data analysis for the multistate system
are described in Chapter 1 and Chapter 2, In the analyses, a
thermodynamic state is defined as an ensemble of the microstates
of the system, assuming the heat capacity function and +two
integral constants, Upon these assumptions, the multistate
system can be analyzed by deconvolution method even when the
system includes self-dissociation/association process, using the
relation between the partition function (or molar fraction
function) and the enthalpy function, The obtained thermodynamic
parameters are refined by non—linear least—scquares fitting
method, By the methods, the thermal transitions of porcine
pepsinogen at various pH valuss, from pH 6.8 to 9,0 are analyzed
to be four—state transitions in Chapter 3. The pH dependence of

the thermodynamic functions of the protein is discussed,
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Introduction

A great amount of scaming calorimetry data on
macromolecules such as proteins, +«RNAs, and DNAs have been
reported with high precision (Privalov 1979, for a review)., These
investigations give the heat capacity functions of the system,
and we can easily obtain the enthalpy functions by integrating
them, Direct observation of the thermodynamic functions is the
most distinctive feature of calorimetry,

By comparing the calorimetric enthalpy with the van't Hoff
enthalpy, it has besen confirmed that the thermal transitions of
many small globular proteins can be described with a itwo—state
model, With accumulating these thermodynamic data of proteins,
some general physical properties which are common among many
globular proteins are revealed, such as the coincidence of
specifice enthalpy wvalues at 110 ¢ (Privalov 1979), the
relationship between the difference heat capacity of the
transition and the hydration effect of the buried surface in the
tertiary structure (Ooi & Oocbatake 1988), and the calorimetric
observation of low temperature denaturation which is predicted
from the thermodynamic functions of high temperature denaturation
(Privalov 1986). Using the thermodynamic parameters determined
by the scamning calorimetry, the energy probability distribution
functions are determined, and the energy fluctuations of the
proteins are discussed strictly by statistical mechanics {(Cooper
1984).

On the other hand, after Freire and Biltonen presented a

statistical deconvolution method for the multistate system




{(Freire & Biltonen 1978a), the complex thermal denaturations of
tRNAs and some proteins were analyzed by this method (Privalov
1982, for a review),. However the necessity of the assumptions
for the deconvolution has not vyet been clearly discussed,
Furthermore, the method is even wrongly regarded as being free
from a priori assumptions of the state of the system.

In Chapter 1, a statistical mechanical basis and new methods
for the determination of thermodynamic functions from scanning
calorimetry data are presented (Kidokoro & Wada 1987),. These
methods are extended for the system that includes self—
dissociation/association process in Chapter 2 (Kidokoro et al.
1988}, By these methods, the thermal transitions of porcine
pepsinogen at various pH values are analyzed to be four—state
transitions, and the pH dependence of the thermodynamic functions
of the states is discussed in Chapter 3,

By the present paper, the precise analyses of scaming
calorimetry data for the determination of the thermodynamic
functions are established, and the scanning calorimetry is proved
to be an excellent measurement of the thermodynamic properties
for multistate thermal transitions of globular proteins,




Chapter 1, Statistical thermodynamic analysis of
calorimetry data

Abstract

A theoretical basis and new methods for the determination of
thermodynamic functions from scanning calorimetry data are
presented, A thermodynamic state is defined here as an ensemble
of microstates in the system, and it can be defined only through
assumptions of its heat capacity function and the two integral
constants, With these assumptions, scamming calorimetry data can
be analyzed using the single or double (or multi-) deconvolution
presented here, New equations +to calculate the wvan‘'t Hoff
enthalpy function and the calorimetric enthalpy function are
presented, It is proved that the agreement of these two
functions is a necessary and sufficient factor for the condition
that the system can be described with the assumed two—state
model,




1.1 Introduction

Recently, many have reparted the equilibrium multi—state
transition of biological macromolecules by changing such external
corditions of these macromolecules in solution as temperature, pH
or concentration of the denaturant (Kim & Baldwin 1982, for a
review, Saito & Wada 1983ab), Thermal transitions have been
studied by thermodynamic measurement with scaming
microcalorimetry as well as with spectroscopic method, By
comparing the calorimetric enthalpy with the van't Hoff enthalpy,
it has been confirmed that the thermal transitions of many small
globular proteins can be described with a two-state approximation
(Privalov 1979, for a review), After Freire and Biltonen
presented a statistical deconvolution method for multistate
system (Freire & Biltonen 1978a), the complex thermal
denaturations of tRNAs and some proteins have been analyzed by
this method (Privalov 1982, for a review), However, the
necessity of the assumptions for the deconvolution has not vyet
been clearly shown, Furthermore, the method is wrongly regarded
as being free from a priori assumptions on the state of the
system,

In this chapter, I show the necessity of the assumptions for
the form of thermodynamic functions of states, clarifying what
the popular word 'state'' means in the method, I develop +the
deconvolution method, showing that the essential point of the
deconvolution is to obtain the partition function which would be
given iF some states of the system whose form of thermodynamic

functions are assumed were hypothetically excluded.




I clarify the relation between the deconvelution method and
the traditional procedure in which the calorimetric enthalpy is
compared with the van't Hoff enthalpy at the midpoint temperature
of the transition. Although many small globular proteins have
been confirmed by the traditional method to be described by the
two—state model, the agreement between these +two kinds of
enthalpy values at the midpoint temperature is a necessary but
not a sufficient factor to satisfy the condition that the system
can be described by the two—state model, I present new equations
for  obtaining the van't Hoff enthalpy function and the
calorimetric enthalpy function on temperature from experimental
calorimetry data that satisfy the traditional definitions of the
“van't Hoff enthalpy value and the calorimetric enthalpy value at
the midpoint temperature, respectively. I prove that the
agreement  of the wvan't Hoff enthalpy function with the
calorimetric enthalpy function is not only a necessary but also a
sufficient factor for the condition that the system can be
described by the two-state model.




1.2. Meaning of "state" in calorimetry data analysis

Proteins in solution have a great degree of conformational
freedom, Backbone chain and side chains fluctuate by changing the
dihedral angles, ¢, ¢, o and x of each residues, Even if
these internal rotations were fixed, water molecules around the
protein particles would possess a great variety of configurations
and conformations, And even if all the coordinates of
constituent atoms of proteins, water molecules, and ions or other
solutes were fixed, there would be a great number of quantum
mechanical states of electrons, There are thus a tremendous
number of microstates in the system which we must take into
account,

A thermodynamic state is defined as an ensemble of some of
these microstates, The canonical partition function of the whole
systen, 2(T), is defined by Eq.(1l.l1a), and when all the
microstates are classified, for example, “into n thermodynamic

states, the function is given by Eq, (1.1b),

N ,

Z(T) = = w exp(—e /RT) (1.1a)
u M y7]
n

Z(T) = 5 3 w exp(—e /RT) (1.1b)
i pgei e ¥

where N is the total number of microstates of the system; (”u
and é;z are the degeneracy ard energy of the g4—th microstate,
respectively; X means the summation of all the mnmicrostates
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which participate in i—th thermodynamic state (ensemble); and R
is a gas constant, In +this chapter, the Latin suffixes,
i,j,k,... are used for the thermodynamic states and the Greek
suffixes, y,v,#n,... are used for the microstates,

Gibbs free energy function of i—th thermodynamic state,
Gi(T)' and enthalpy function of the state, Hi(T)' are defined by
Egs.(1.2a) and (1.2b), respectively, where the molar fraction of
u—th microstate in i—th thermodynamic state, fiJT), is defined
by Eq.(1.2c),

exp(-6;(T)/RT) = % w exp(-e 2R (1.2a)
pei ¥
H (T) = % £ (T) 1.2b)
L(eleu j 1 (
£ (T) = » exp(-e L/’ [ = @ exp(-e /RT) (1.2¢)
1 74 vei

Hi(T) is the wmean energy among all the microstates of i-th
thermodynamic state, and it is easy to confirm that Gi(T) and
Hi(T) satisfy the well-known thermodynamic equation:
d -
G ©(M/M = - HM/T° (1.3)
The partition function of the system is described by

n
Z2(T) = % exp(-G,(T)/RT) (1.4)
i
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Thus, a given system can be described by the thermodynamic
functions Gi(T) (i=1,...,n) of n thermodynamic states instead of
N microstates, Considering that all thermodynamic properties are
derived from this partition function, it is interesting that any
number of thermodynamic states and any ways of dividing the
microstates into thermodynamic states are allowed to analyze the
thermodynamic data such as calorimetry, To ask, +then, how many
thermodynamic states the system consists of or how the functions
of these thermodynamic states differ, is meaningless without some
assumptions on the properties of the thermodynamic states,

As Eq.(1.2a) shows, a certain ensemble of microstates
determines a Gibbs free energy function; reversing this, the
Gibbs free energy function determines the ensemble of
microstates, Experimentally we can define an ensemble, that is,
a thermodynamic state only through determination of the Gibbs
free energy function,

When we analyze the data of scamning calorimetry, +the
determination of the Gibbs free energy function can be made
through the determination of the heat capacity function and +two

constants as shown in the next section,
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1.3. Necessary assumptions for the deconvolution of

scanning calorimetry data

When the heat capacity function of the whole system is
obtained experimentally, the heat capacity function of a
thermodynamic state must be assumed first, For example, Fig.1l.1
illustrates a typical calorimetry data of thermal denaturation of
protein together with the assumed heat capacity functions of
native and heat—denatured states, The native and heat—denatured
states of many dglobular proteins can be considered as
thermodynamic states, that is, they can be respected as
ensembles of many microstates, respectively, Fortunately, their
heat capacity functions can be well approximated by linear
functions on temperature (Privalov 1979, for a review),

Once the form of the heat capacity function of a certain
thermodynamic state is assumed, the enthalpy function and Gibbs
free energy function of the state are determined by Eqgs,.(1.3) and
(1.5) with two integral constants;

cy(T) = Gy H; (M (1.5)

vhere Ci(T) is the assumed heat capacity function of i—th
thermodynamic state,

Traditionally, +this assumption was considered simply as a
baseline extrapolation problem, but I must emphasize that
baseline itself has definitive information on thermodynamic
functions of the state; in other words, the assumptions of the

form of baseline determine the form of the thermodynamic
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functions, It is distinctive from other non—thermodynamic
measurements such as spectroscopic method,

The two integral constants can be determined when the values
of Hi(T) and Gi(T) at a certain temperature are determined. I
will not comment further on the absolute values, however, because
our interest is in determining the difference of thermodynamic
functions between thermodynamic states,

The heat capacity function, C(T), and the enthalpy function,
H(T), of the whole system are described by Egs,(1.6a) and (1,6b),
respectively, where the molar fraction of g—th microstate,
fu(T), is defined by Eq.(1.6c).

H(T) = = ¢ £ (T) (1.6a)
n MM
d

C(T) = g7 H(T) (1.6b)

fu(T) = cou&xP(—e-u/RT) / 5_“. o exp(-e /RT) (1.60)

H(T) represents the mean energy among all microstates of the
system, and it is described by the partition function, Z(T), as

H(T) = RT? g'r log Z(T) 1.7

Throughout this paper, ''log" means natural logarithm always,
These functions can be described as one of the special
classifications of microstates into certain thermodynamic states,

in which the whole system is regarded as one thermodynamic state,
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Cbviously, in general, C(T) and H(T) become complicated
functions, in contrast +to the previous simple temperature
functions Ci (T) and Hi (T).

A difference heat capacity function and a difference
enthalpy function of the whole system referred to the i—th state,
ACi(T) and AHi(T), are defined by

AC;(T) = C(T) — C,(T) (1.8a)

AH,; (T)

]

H(T) - Hi(T) (1.8b)

Experimentally, AC i (T) can be calculated from C(T) and
Ci(T) by Eq.(1.8a), and AHi(T) can be obtained by Eq,(1.9),
where hi must be assumed as AHi (Ti);

AHi(T) = ACi(T) aT + hi (1.9)

= =3

i

Although Ti may be set at any temperature in principle, it
should be chosen so as to satisfy the condition that the
contribution of the microstates which do not belong to i—th
thermodynamic state is as small as possible, where hi could be
assumed to be zero, A detailed discussion of hi is presented
in the next section,

From AHi(T), the partition function referred +to i-th
thermodynamic state, Z:.l (T), which is defined by Eq.(1.10) can be

calculated experimentally by Eq,(1.11) where z, must be assumed
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to be zi(Ti)' These equations are easily abtained from Egs, (1.3)

and (1.7):
Z;(T) = Z(T) exp(6,(T)/RT) | (1.10)
T
2,(T) = z; exp[ § (AH, (T)/RT?)dT ) (1.11)
T.

1

Here, the molar fraction of i—th thermodynamic state, fi(T),
which is defined by Eq.(1.12) is related to Zi(T) as Eq.(1.13)

shows:

£E.(T) =% £ (T) (1.12)
1( pei M
£,(Ty =1/ 2,(T) (1.13)

Thus, if the molar fraction of i—th state is regarded as almost 1
at T = Ti’ z; can be assumed to be 1. In many case of the

deconvolution, however, this assumption causes some difficulties,
as discussed in detail later,

To summarize, by the assumption of the heat capacity
function of a thermodynamic state, Ci(T), and two constants, hi

and z;, we have experimentally obtained the partition function
referred to the thermodynamic state,

1e




1.4 Theory of deconvolution

The partition function, Z‘.l (T), calculated experimentally in
tha previous section, is described by Eq.(1.14) using

microstates;

Zi(T) =1 +V5_",s imyexp[-—(eu—Gi(T))/RT] (1.14)

where 3 _means the summation of the microstates which do not
partic;./pi{lzer in i—th thermodynamic state,

In the right—hand side of this equation, +the contribution of
all the microstates of i—th thermodynamic state is contained in

the first term, 1, Then, by excluding this contribution, we have
z?) (T) = 2,(T) ~ 1 (1.15)

where zﬁi) (T) is the partition function of a hypothetical system
which does not contain the microstates of i—th thermodynamic
state but consists of all the remaining microstates, I ¢all the
thermodynanic functions of this kind of hypothetical system
hypothetical thermodynamic functions,

The hypothetical enthalpy function, AH{i)(T), and the
hypothetical heat capacity function, Acgi) (T), are defined by
Eqs.(1.16a) and (1.16d) where the hypothetical molar fraction is
defined by Eq, (1,16¢);

sy = wH ey - nm (1.16a)
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nin =5 . £ 1y (1.16b)

pei yiamyi
(1) - _ _
£ = 0 (e /R / T o, expi-e, /RD) (1.16¢)
actm = -c;m (1.164)
ci)(my = g'r 1) (1) (1.16e)

Equations (1,17a) and (1.17b) would then hold:

AH?‘)(T) = RTZ -g-T log zﬁi)('r) (1.17a)
acim =4, A m (1.17b)

Using Egs. (1.11),(1.13), (1.15), (1.16) and (1.17), AH{)(T)
and ACﬁi)(T) can be described without partition function as

. AH. (T)
aH (3(T) = L (1.18a)
1 - £,(T)
2
. AC.(T) AH.(T)TE.(T)
ac ey = = - — 1 - (1.18b)
1- fi(T) RT™ (1 - fi(T) )

Now, by Eq.(1.19) we can calculate the hypothetical heat
capacity function, C(l)(T), which would be observed if the system

4id not include i—-th thermodynamic state as

is8




ey = Acﬁi)(T) + € (T) (1.19)

The function of Eq, (1,18a) has the same form as the key function
of the deconvolution method of Freire and Biltonen (1978a). I
have shown that it is the hypothetical enthalpy function and can
be derived generally from the hypothetical partition function,
The heat capacity function C{1)(T) of the new hypothetical
system is now obtained, It should be deconvoluted in the same
way as the heat capacity function of the given system C(T); that
is, the heat capacity function of a new thermodynamic state,
Cj(T), must be assumed in order to proceed +to the next
deconvolution, Then, Acgi)(T) can be calculated as

ac§m = B m - cym (1.20)

and AH§i)(T), zgi)(r) and fgi)(T) are calculated in the same
manner as Eqgs. (1.9),(1.11) and (1.13) with two new constants hgi)
and zgi). The new hypothetical partition function, zgi'j)(T),
the new hypothetical enthalpy funetion, AH{I'3)(T), and the new
hypothetical heat capacity functions, Acgi'j)(T) and c(i:3) (1),
of the new system from which both i-th and 3j-th state are
excluded, are obtained,

The procedure should be contimied until the new hypothetical
heat capacity function c¢an be regarded as the heat capacity
function of one thermodynamic state, For example, if we assume

that the new hypothetical heat capacity function, c¢'%+3 (1), is

is




that of +the k—th thermodynamic state, Ck(T), the following

ecuations are assumed to hold:

=0 (1.21a)
Aty =0 (1.21b)
z}((i.j)(T) =1 (1.21c)
ff(i'j’('r) =1 (1.21d)

The difference enthalpy function between j—th amxl k—th state
Aij(T), which is defined by Eq, (1.22a), and that between i—th
and J-th state AHij(T) can be calculated as Egs,.(1.22b) and

(1.22¢), respectively,

AHL(T) = W (T) - Hy(T) (1.22a)
g (M = At @ - anft I (m) (1.22b)
I EY (1)

Similarly, the difference Gibbs free energy function between
j—th and k-th state Aij(T), which is defined by Eq, (1.22d), and
that between i—th and j—th state AGij(T) are calculated as
Egs. (1.22e) and (1,22f), respectively,

20




Aij(T) = Gk(T) - Gj(T) (1.224)
o (i,3) (i,9)
Aij(T) = RT log{ zk (T) / Zj (T) 1] {1.22e)
AG. .(T) = RT 1oaf 2'0(m) /2 (M) ) (1.22f)
ij 3 i

The molar fractions of j—th and k—th states in the original
system can be calculated by

— (1)
£(M =11-£(M)]) £57°(T) (1.23a)

£ (T = [ 1- £, - £,4m 1 £ (M) (1.23b)

When more thermodynamic functions appear during this
deconvolution process, the form of Eqs,(1.22) and (1,23) may be
easily changed to deal with them,

As shown in Fig.,1.1, it frequently happens that the heat
capacity function of two or more thermodynamic states can be
assumed from the begimming., When these states are not "exclusive
to each other', the results of the deconvolution which is
obtained if we start from a different thermodynamic state, will
generally be different, even if there are no errors in an
experiment and analysis.

We define any two thermodynamic states as “exclusive to each
other" when the molar fraction of all the microstates in common

between the two states is zero, that is to say, Eq,.(1.24) holds;
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s £ (T) =0 (1.24)
peini

vihere ; . means the summation of microstates belonging to
both iﬂi;rng j—th state.

When it does not hold, a certain part of j—th state which
also belongs to i—th state, for example, is excluded by the
subtraction of the contribution of i—th state from the partition
function, Then, the results of the deconvolution depend on the
order of thermodynamic state used in the method,

When Eq.(1.24) holds, on the contrary, in theory the results
do not depend on the arder of the deconvolution, and can be
obtained as shown in the following without the recursive
procedure above,

For example, as illustrated in Fig.1,1, we can calculate
AHi(T) and AHj(T) independently, assuming Ci(T), Cj(T), hi and
hj [ see Eq.(1.,9) ]. From these functions, 2;(T) and Zj(T) can
be calculated by Eq.(1.11) using z; and zj. Then we can
calculate directly the partition function zﬁi'j) (T) by Eq. (1.25a)
because the contribution of j—th thermodynamic state to Zi(T) is
given by Eq. (1.25b):

(i,3) =
Z; (T) =2,(T) -1 -2,(T) / Z;(T) (1.25a)

Using this relation, Aﬂgi'j)(T) and Acii'j) can be

calculated directly by Eqgqs,.(1.26a) and (1.26b), respectively,
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i- fi(T) - fj(T)

an L3

(1.26a)

AC; (T) — AC; j(TYE,(T)
1-£,(T) - fj(T)

A.:-;i(i,:i) (T)

2 2 2. o
RT*(1 — £,(T) — £4(T)*

(1.26b)

where AHij(T) and Acij(T) can be calculated by Eqs,.(1.27a) and
(1.27b), respectively:

AH; ;(T) = AH; (T) — AH(T) (1.27a)

AC; 4(T) = C(T) - c;(Ty - (1.27b)

In this paper, I call the deconvolution by Eq.(1.18) a
single deconvolution anrd that by Eq,(1.26) a double
deconvolution,

Generally, a multi—deconvolution can be defined, When the
heat capacity function of m thermodynamic states, from 1-st to m—
th state, is assumed from +the beginning, the hypothetical
thermodynamic functions of the system which does not contain

these states, AH\/Zr---o®) 7y, 12,00 ®) (1) are obtained by




m

AH :{1u2;-..,m)('r) = (1,23&)
m
1-3 fi(T)
i=1
m
C(T) — % C,;(T)E,(T)
1.2 m) i=1
C ’ v e ey (T) -
m
1i-3 fi(T)
i=1
T AHR(TYE (T) — £5 AH2. (T)E. (T)E. (T)
i=1 0 1 ixy AT

_ {1.28b)
n
RT? (1 -3 £,(T) )2
i=]

As shown by Filimonov et al, (1982), the right—hand side of
Eq.(1.18a) diverges around T=Ti when hi=0 and zi=1 [{see
Fig.1,2(a) and (b)]. This divergence is due to the assumed value
of z; and hi as shown in the following,

When the approximated wvalues, O and 1 are taken for hi
and z;, respectively, AH,(T), zi"(T) and £(T) are obtained by
Egs,(1.9), (1.11) and (1.13). They are related to the +true

values, hi and z;, and the true functions, AHi(T) and fi(T), by

AH.(T) = AH (T) - h, (1.29a)
£ (T) = z.£. (T)exp[ l-.‘f‘( 1_1 (1.29b)
1( ) - zi i( exp R T T ) ] .
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Then we have

*
AH_(T) AH, (T) 1-h_/AH. (T)
S = 2 x [1~£,(T)] x 2
1-£(T) 1-£,(T) 1-£,(T)

(1.30a)

As the first term of the right-hand side is the true function
that we want, this function is well-approximated by the function
of the left—hand side if the second and the third terms on the
right are almost 1 within all the +temperature range, We can
expand +the second and third terms into a series of AT/Ti where
AT = T—Ti, and we get Eq, (1,.30b) if the higher terms of AT/‘I‘i

are neglected, As seen in this figure, it diverges around

T=T,.
1-h, /AH, (T) 2RT AT _,
(1-£,(T)) 5 —(1-1/z;) (—) (1.30b)
1-£,(T) h; T,
(AT ¢ T;)

Therefore, the function of the left—hand side of Eq, (1.30a) is far
different from the true function around T = Ti'

It frequently happens that this divergence affects the data
even at the transition temperature region; the function then goes
up before it comes down to the true enthalpy wvalue of the
intermediate state as seen in Fig.1,2(b). When we calculate
aH{ 3(T) by +the double deconvolution presented in this

section, however, the function does not go up in the transition

region because the final state has been already excluded; then we

25




get a more precise enthalpy function of the intermediate state as

seen in Figs,1.2(a) and (b).
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1.5 Two—state analysis

As seen in Fig.,1,1, we assume Ci(T) and Cj(T) as the heat
capacity function of two thermodynamic states, The problem is
whether this system can be described with these two thermodynamic
states or not,

If we use the double deconvolution, the problem becomes very
simple, +that is, whether the sum of fi(T) and fj(T), which are
obtained by the deconvolution, is 1 within the experimental
errors in all the temperature range. In this section, I show
that this problem can be solved even without using fi(T) and
fj(T) explicitly, The method shown here is Ffound to be related
to the traditional two—state method,

If we assume that this system consists of only these two
states and that they are exclusive with each other, we can
calculate the midpoint temperature and two kinds of difference
enthalpy functions as shown in the following.

AHi(T) and AHj(T) can be calculated with the assumption of
hi and hj (usually these values are assumed +to be zero) by
Eq.(1.9). The calorimetric enthalpy function, AH®NT), is
defined as

AHH(T) = AH{(T) - AH(T) (1.31)
This is the same function as AHij(T) [see Eq,(1,27a)]}, and thus
it represents the difference heat capacity Function between these

two states exactly even if the system consists of many

thermodynamic states, It is clear that +the definition of
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Eq.(1.31) satisfies +the traditional definition of calorimetric
enthalpy at the midpoint temperature (see Privalov 1979 and
Fig.1.1); there is no reason why we have to use only the value at
that temperature, It is also clear that the calculation of the
area with this equation is not an approximation of other
calculation methods such as that of the area between +the heat
capacity curve and the assumed sigmoidal heat capacity base line

(Fukada et al, 1983)., This sigmoidal curve is generally defined

as

WK>(T) = % Ci(T)fi(T) (1.32)
i

However, we do not initially know how to calculate this function,
while the calculation by Eq.(1.31) is shown to be exact,

If we take the two—state approximation, AHi(T) and AHj(T)
will be described as

AH, (T) AHij (T)fj (T) (1.33a)

AH4(T) = — AH; ()£, (T) (1.33b)

From these equations, it is easily confirmed that Eq, (1,34a) is a

necessary and sufficient condition of Eq, (1.34b) if AHij (T) is

not zero,

£;,(M = £5(T) (1.34a)
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AH (T) = - AHj(T) (1.34b)

The temperature at which Eq. (1,34a) holds is called the midpoint
temperature of the transition, Traditionally the midpoint
temperature is defined at that temperature where the areas of
both high— and low—temperature sides are the same, that is, the
area between the two heat capacity curves of the system and i—th
states is the same as the area between the two curves of the
system and j—th states. This is confirmed by the equivalence of
the two conditions, Egs.(1.34a) and (1.34b). The temperature
which satisfies these equations is designated Tm in two—state
analysis,

Using Egs, (1,33a) and (1,33b), the ecuilibrium constant K(T)
can be obtained from AHi(T) and AHj(T) as

£;(T)

K(T) = 3 —
£,(T)

AH, (T)
AH(T)

)

(1.35)
Then, we can get the van't Hoff enthalpy function, AHVH(T),
which is related to the equilibrium constant K(T) as

ar(ry = R1% & 109 K(T) (1.36)

From Egs.(1.35) and (1.36), the function can be calculated using

AH; (T), AH(T), AC; (T) and AC(T) by
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AC{(T)  ACH(T)
[ - J
AH(T)  AH(T)|

AR (T) = RT?

(1.37)

It is easily confirmed that this definition includes the
traditional definition of the enthalpy value at T = Tm,

4ARTm? 1o C; (Tm)+C, (Tm)
(Tm) —
Hcal(Tm)

AHY(Tm) = (1.38)

A 2

There is no reason why we must use only the enthalpy value at Tam.
As seen in Fig,1.2(c), for example, AHcal(T) and AHVH(T) are well
reproduced within a wide range of temperature, The disagreement
of these functions in the figure shows that this system cannot be
described with the two—state wmodel,

In the traditional analysis, AHVH (Tm) can be ecual +to
AHcal(Tm) even if the system does not consist of these +two
states, For example, it is clear from Eq.(1.38) that AH'H(Tm)
is determined only by the values of C(Tm) and AHcal(Tm) . Then,
AHH(Tm)  and AH®®1(Tm) will be not changed, for example, Aif
C(T) is changed in some of the temperature regions lower than Tm
keeping the area of AHi (Tm) not to be changed, This is because
the agreement of AH'T(Tm) with AH®®1(Tm) is not a sufficient
factor of the two—state condition,

If +this system consists of only these +two thermodynamic
states, the two kinds of enthalpy functions must agree with each
other, On the other hand, in the following, I show that the

system can be described by the two—state model if, within +the




entire temperature region of the experiment, AHVH(T) agrees with

AHcal(T). If so, Eq.(1.39a) holds from Egs,(1.35) and (1.36).

Considering that Egs,(1.,40a) and (1.40b) are correct even when
the system consists of multi-—state, Eq.(1.39b) holds,

4 AH, (T) AH, 5 (T)
IF» log(— ) = 1.39
dT AH(T) RT* (1.392)
4 AG; 4(T)
= =25 (- —————) 1.39b
ar o7 ( )

a2l(T) = AH; 5(T) (1.40a)

a _ ASyM | AHM
4ar RT RT2

(1.40b)

When both sides of Eq, (1.39b) are integrated, we get Eq,(1.41)
with an integral constant Sq.

AH, (T) Ay 4(T)
— = - ¢, exp(- ——) (1.41)
AH4(T) RT

When we describe Eq.(1.41) with the partition functions, Zi (T)

and Zj(T), between which Eq,(1.25b) always holds, we get

Eq.(1.42), and then we get Eqgs,(1.43) with another integral

constant c2 .

Sp log Z,(T) = g'r log [ 1+ ¢;exp(-AG ; (T)/RT) ] (1.42)
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2,(T)

n

el 1+ clexP(—AGij(T)/RT) ] (1.43a)
Zj(T) = oyl ¢g + exp(AG;;(T)/RT) ] (1.43b)

We assume that in the low-temperature region exp[—AGij (T) /RT]
should be almost 0 and 2:.L (T) should be almost 1, and that in the
high—temperature region exp{ AGij (T) /RT] should be almost 0 and
Zj(T) should be almost 1. Then cy and c, are determined to be 1,
Thus we get Eq.(1.44) and the equation shows that this system can

be described by the i—th and j—th states only.

2,(T) =1+ exp[—AGij(T)/RT} (1.44)
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1.6 Discussion

For the deconvolution, the only thing we must do is +to
assume the heat capacity function of the state; there is no need
to consider the properties of microstates such as their energies
and their populations, which are dependent on temperature,
Fortunately, except in the region of +transition, the heat
capacity functions of macromolecules are found +to be well
approximated by linear functions in many cases, Then we easily
assume one heat capacity function for a thermodynamic state,
which includes a great number of mnicrostates significantly
populated in a certain temperature range,

The definition of a thermodynamic state in this chapter is
very extensive, It is possible to assume a set of microstates
that include some thermal transitions as one thermodynamic state,
For example, the analysis of the complex thermal denaturation of
a protein which has several independent domains is most effective
when the heat capacity function of transition of some parts of
the domains is measured separately, In this case, we can easily
subtract the contribution of the domains from the heat capacity
function of the whole protein using the single—~ or double—
deconvolution procedure, without considering the detail of the
thermal transition of the domains,

As seen in the sections on deconvolution and the two—state
analysis, assumptions of the heat capacity functions of the two
thermodynamic states in the double deconvolution are the same as

cal

that in the two—state analysis obtaining Tm, AH (T), and

AHVH(T). The analysis is simple to check as to whether or not
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the system can be described in terms of the two—state model, In
order to obtain Tm and AH"T(T), we must assume that the system
consists of the two thermodynamic states, If the system does
not, a conflict will arise, so that AHVH(T) does not agree with
AHcal(T). However, no assumptions for the thermodynamic states
other than the assumed two thermodynamic states are necessary in
the double deconvolution, If the system consists of the two
states, and if these states are exclusive to each other, their
total wmolar fraction becomes 1 at any temperature in the
deconvolution, In the previous section, 1 proved that this
condition is equivalent to the condition that AH'2M(T) agrees
with AHVH(T) at any temperature,

In the double deconvolution, it sometimes happens that the
total molar fraction of the assumed two states exceeds one, This
difficulty occurs (1) when the two states are not exclusive +to
each other, (2) when the system includes intermolecular
interactions, or (3) when we assume the heat capacity function of
the state to be incorrect,

Traditionally, all the assumed thermodynamic states are
considered to be exclusive to each other a priori, However, it
is not certain that any two assumed thermodynamic states can
always be considered esxclusive, The exclusive properties of
thermodynamic states must be considered seriously, for example,
when we deal with the low—temperature denaturation of protein,
In theory, the heat—denatured state is expected to become stable
again when the temperature is decreased (Privalov et al., 1986),

In this case the thermodynamic state, which is dominant in the

lower temperature range, and the heat—denatured state are not
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expected to be exclusive to each other,

In :espect to case (2) above, if self-association or
dissociation occurs during the denaturation of proteins, for
example, the AH'TH(T) will exceed AHS®L(T), and the same time,
the sum of fi(T) and fj(T) will exceed 1. I will discuss the
deconvolution method for this kind of system in the next chapter
in detail,

WHith regard to case (3) above, I must point out that some
particular data points of the calorimetric measurement are used
selectively for the determination of the heat capacity function
of thermodynamic states in this method. If we use an incarrect
heat capacity function, the results of the recurrent procedure
will be different from the true one, Since the observed data are
the sum of the true heat capacity function of the system and
Gaussian noise, the best way to analyze the data may be a least—
squares method, The heat capacity functions should be determined
so as to satisfy all the experimental data, A least—squares
method applied to the determination of +the  thermodynamic
functions deals with all the data points equally (see Chapter 2
and 3).

The effect of the ambiguous assumptions of two constants, hi
and z;, is shown in the section on the theory of deconvolution,
In the theory of Freire and Biltonen (1978a), hi and z; are taken
implicitly as 0 and 1, respectively, In almost all cases, there
will be no reason to take any other values than these initially.
One way to improve these approximations is to modify these values

after +the calculation of thermodynamic functions and populations




of other states at T = Ti' ard to redeconvolute the data using
the modified values of hi and Z;, until these values converge,
Generally, this procedure should include the modification of the
heat capacity functions of the states, But if we try to modify
these functions in each step, the recursive procedure will become
very complicated, and we had better use a simpler method such as
least—squares method,

The parameter-fitting problem becomes nonlinear as shown in
the next chapter, An iterating procedure such as the Gauss-
Newton method is necessary in aorder to search for the minimum of
the residual sum of squares, and this generally requires a good
initial parameter set, If the initial parameters greatly deviate
from the +true ones, a long time is required to search for the
minimum or the iteration may end at the local minimum, Moreover,
we first assume the number of the states in the fitting model,

We can use the results of the deconvolution of the previous
section for determining the state number of the fitting model and
the initial values of the parameters, I will discuss the fitting
method using the double deconvolution to analyze the multistate
thermal denaturation of a glebular protein in Chapter 3,




Table 1.1

Parameters for three-state model

State—i State—1 State-2 State-3
d . a) 2 -1
&Y (K Pmer™) 130 130 130
¢, (320) &IK tmo171) 22 25 28
AH,, (320)P) (k3 /mol) o 200 400
c) _
Tm, () 320 320

The heat capacity functions Cl(T), Cs(T) and the difference
enthalpy function AFﬁs(T) are determined to simulate the thermal
denaturation of lysozyme, The heat capacity functions of native
and heat—denatured states of this protein were reported to be
linear functions on temperature whose temperature dependences
g&ci(T) (i=1,3) are the same, 131 JKfzmol—l. The heat capacity

of +the native state at 293 K was reported to be about 18,5 kJK_l

mc:l_1 and that of the denatured state was reported to be greater

than this by about 6 kJK mol 1. Then, at 320 K these heat

capacity functions are about 22 kIK mo1™ and 28 kJKflmol-l,
respectively, The difference enthalpy wvalue at 320 K was
reported to be about 400 kJK_lmol—l {(Khechinashvili et al., 1973,
Privalov et al, 1974)

In this model, the difference enthalpy function of the
intermediate state (state-2), Ale(T) is determined as it

satisfies the following equation:
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AH,,(T) = AH,4(T) / 2

For example, if the protein consists of two independent domains
whose enthalpy functions are the same, the intermediate state of
the thermal denaturation has the half difference enthalpy
function of the completely heat—denatured state,

Temperature range of the data is from 280 K to 360 K. The
number of data points is 401, and the temperature interval of the
data points is 0.2 K.

a) C;(T) is the heat capacity function of i-th state,
SCi(T) is constant. Thus, C,(T) is a linear function on
temperature, T is absolute temperature, _

b) AHli(T) is the enthalpy difference of i—th state
referred from 1—st state, In this model, AHli(T) becomes a
linear function on temperature because the Ci(T)s are linear

d

functions and the ar Ci(T) (i=1,2,3) are the same in all the

states,
c) 'I‘m1i means the equimolar—fraction temperature of 1-st
and i—th state, At this temperature, the Gibbs free energies of

these states are equal (Gi(T) = Gl(T) at T = Tmli)‘




Figure captions

Fig.1,1 Typical data of scaming calorimetry, C(T), (solid
line), 'Two assumed heat capacity functions, Ci(T)' Cj(T),
{broken 1lines). AHi(T) and '—AHj(T) at T = 322 K are
represented by the hatched areas,

Fig.,1.2 Results of the single and double deconvolution and
the two—state analysis of test data whose parameters are listed
in Table 1.1, I use the true heat capacity functions of state-1
and state—3 in the table for the analysis,

(@) L;AH (M), 2;aH{) (M), 3:aH{ 3 (T) (where hy=h=0,
z,=z,=1, T,=280 K, and T,=360 K are used) and 4; AH{1:3) (1) true
(where true values of hi and z, are used) which c¢an not be
distinguished from AH,,(T) calculated from Table 1.

(b) 1jtest data C(T), 2;6i00(m), 3;¢i83) (1)  (nh=hg=0,
z,=z,=1, T,=280 K, and T,=360 K are used) and 4;C{1+3)(m)*ru®
(where true values of hi and z; are used) which is identical to
C,(T) calculated from Table 1.1,

{e) 1l;calculated calorimetric enthalpy function, AHcal(T),
which can not be distinguish with line 2;AH13(T) evaluated from
Table 1.1, 3;calculated van't Hoff enthalpy function, AHVH(T),
(h1=h3=0 is assumed) and 4;true van't Hoff enthalpy function

AHH(T) ¥ yhere true values of h; and h, are used.
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Chapter 2, Statistical thermodynamic analysis of calorimetry
data for the system that includes self-dissociation/association
process

Abstract

The basic relations between the molar fractions and the

scanning calorimetry data for the system that includes self-

dissociation/association process such as

mOAO e mlnl e m2A2 e...& mnAh

are presented, where m, is the stoichiometric coefficient of the

i—th state Ai' The relations are described for each state-~j as
Sl mlogE (T) + Sm.£ (T) ) = AH,(T)/RT
ar j j ; 11 3

where fj(T) is the molar fraction function of state—j, and
AHj(T) is the difference enthalpy function of +the system
referred to +the state—j, which can be obtained by scanning
calorimetry; R is the gas constant; and T is the absolute
temperature, By these relations, scanning calorimetry data can
be deconvoluted in order to determine the thermodynamic functions
by means of single and double deconvolution, The concentration
dependence of the data is analyzed by a method presented in this
chapter, The non—linear least-—squares fitting method for the
determination of the functions is discussed, For an example of

the application of this method to the actual scanning calorimetry
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data, thermodynamic data of multistate thermal +transition of
Vibrio parahaemolyticus hemolysin are analyzed.




2.1 Introduction

Many scaming calorimetry data of macromolecules such as
proteins, tRNAs, and DNAs have been reported with high precision.
These investigations give the heat capacity functions of the
system, and we can easily obtain the enthalpy functions by
integrating them,. Direct observation of +the thermodynamic
functions is the most distinctive feature of calorimetry,

By comparing the calorimetric enthalpy function, AHcal(T),
with the van't Hoff enthalpy function, AHVH(T), we can find
whether the +transition of the system is two—state mechanism or
not (Chapter 1). When AHY'(T) is smaller than AHT®L(T) over
all the temperature region, it indicates that the transition is a
milti-state one as shown in the previous chapter, while, if
AHVH(T) is greater than AHFal(T), it indicates that there exist
some inter-molecular interactions,

The deconvolution method of calorimetry data for the
isomeric reaction including native N, denatured D, and
intermediate states Ii’

N2, 2I,2...8D

was presented by Freire and Biltonen (1978a), and I developed a
new deconvolution method in the previous chapter,

Some calorimetri; investigations about thermal denaturation
of oligomeric proteins such as Streptomyces subtilisin inhibitor
(581, Takahashi & Sturtevant 1981) and Staphylococcul nuclease

(Calderon et al, 1985) have been reported recently, In the
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latter case, a value of the ratio AHVH(T)/AH21(T) is 1.45 at
pH 7.0 at the temperature of the maximal excess heat, and the
temperature is independent of the protein concentration, They
concluded that the protein is partially dimerized and that the
extent of dimerization of unfolded protein is the same as that of
the native protein, This conclusion means that their model
includes at least four species, namely, mnative monomer, native
dimer, denatured dimer, and denatured monomer, Only an isomeric
two—state analysis, however, was applied +to their detailed
experimental data, In the former case, +the experimental data
were apparently able to be fitted well by their two—state model
including the dissociation process of the dimeric protein, The
van't Hoff enthalpy which is calculated by their two—state model
is, however, 1.65 times as large as the calorimetric enthalpy.
It was stated in their paper that this results “ecan only be
accounted for on the basis of some degree of intermolecular
{(dimer—dimer) cooperation,"

For the multi—state system including the reaction of self-
dissociation and association, however, no deconvolution method
has been presented yet, In this chapter, I present a novel
deconvolution method for the system as follows, Basic relations
between molar fraction functions and calorimetry data are
presented in Section 2,2, Using the relations, deconvolution
methods for the system in order to determine the thermodynamic
functions from the scanning calorimetry data are described in
Sections 2.3 and 2.4, Defining a van't Hoff enthalpy function

for the system, a two—state analysis is presented in Section 2.5,
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The concentration dependence of the reaction, which is a
distinctive feature of the system, is also analyzed by our new
method in Section 2.6, A least—squares method for the system is
discussed in Section 2,7. A simulated model, with three states,
namely, dimeric native state, monomeric denatured state, and
tetrameric intermediate state, as are expected in the case of
SSI, is analyzed by our procedure in order to show how our
deconvolution method works, An application of this method to the
actual scanning calorimetry data of Vibrio parahaemolyticus

hemolysin is presented,




2.2 Basic relations between molar fraction functions and
calorimetry data

He consider a general equilibrium equation

mpPp & MA; E w2 ... @ mAl (2.1)
where m. (i=0,1,2,....,n) is the stoichiometric coefficient of
the i—th state Ai' In this chapter, I discuss the thermodynamics
of equilibrium systems, and I assume that the all species Ai of
Eq.(2.1) are in equilibrium, When they are in ecuilibrium, the
thermodynamic properties are obtained only from the Gibbs free
energies of the thermodynamic states, and they do not depend on
the actual pathway of the reaction,

Two kinds of thermodynamic equations on which my theory is
based are

;"3
—=2—— = exp[ — Aeij('r)/m' ] (2.2)
(Ai
and
1 =
Zoa- By =M (2.3)
1 1

where (Ai) indicates the molar concentration of the i—th
thermodynamic state, Eq.(2.2) represents the law of mass action,

and Eq.(2.3) represents the mass conservation law, M is
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conserved during the reaction, and named as the reduced molar
concentration, The Gibbs free energy difference is defined as

AGij(T) = ijj {T) - miGi(T) (2.4)

where Gi (T) is the molar Gibbs free energy of the i—th state, In
this chapter, the thermodynamic functions of the system, such as
the heat capacity function, C(T), the enthalpy function, H(T),
and the thermodynamic differences between two states; the Gibbs
free energy changes, Asij (T), and the enthalpy differences,
AHij (T), are described by the umit per mole of the reduced molar
concentration, On the other hand, the thermodynamic functions of
a thermodynamic state such as Gi(T), Hi(T) and Ci('l‘) are
described by the unit per mole of the i—th state A i

The molar fraction function of the i—th state is defined by

_ 1 .
£, = W () (i=0,1,2,.,.,n) (2.5)

Using the functions, Eq, (2,3) becomes

S £, =1 (2.6)
i

and Eq, (2.2) becomes

(m )" a
—2 3 " = exp{ — AG2AT)/RT ) (2.7)
(m £,)™i 13
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where the apparent Gibbs free energy difference is defined as
_ a _ a
AGL5(T) = mG5(T) — m G} (T) (2.8)

and the apparent Gibbs free energy of the i-th thermodynamic
state is defined as

G‘;(T) = 6,(T) + RT logM (2.9)

It is worthwhile to notice the following relations:

a

AGG;(T) = AG;(T) + (my-m;) RT logh ' (2.10a)
As;’j('r) = AS;4(T) ~ (mjm;) R logh (2.10b)
AHZS(T) = AH, (T) (2.10¢)

where the enthalpy difference, AHij(T)' is defined as
AHij(T) = ijj(T) - miHi(T) (2.11)

and other thermodynamic difference functions are defined
similarly,

The distinctive feature of the systems which include self-—
dissociation/association process is that the molar fraction

function, fi' is not only a function of temperature but also a
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function of the reduced molar concentration as seen in Egs, (2.7),
and (2,10a). In order to avoid the complexity, however, the
concentration dependence of the thermodynamic functions is not
described explicitly in this chapter,

I present my theory using molar concentration as the unit of
concentration, The molar concentration unit seems to be +too
large as typical protein concentrations for the precise scanmning
calorimetry experiments are of the order of 107° mol/l,
Theoretically, however, any order of molar concentration such as
amol/l (micro mole per liter) can be used instead of mol/l, and
then the Gibbs free energy Gi(T) and entropy Si(T) are given as
values at the concentration of the unit in gmol/l. It is rather
the relative ratios of the concentrations among the different
samples examined than the absolute ones that make differences of
their apparent Gibbs free energies, Therefore we do not indicate
the unit of the concentration explicitly, and Gi(T) and Si(T) are
considered +to be the values at the currently used concentration
unit (1072 mol/l, pmol/l, etc.). |

The molar enthalpy function of the whole system, H(T), is
defined as

(3;)
H(T) = = H, (T) (2.12a)
i M

Using Eq. (2.5), we obtain

H(T) = & mifi(T)Hi(T) (2.12b)
i




From Eq. (2.7), the following equation holds.;

- (m;logf — m logf, ) = S [ —aG SATI/RT ]

_ AH; 5(T)

?—_ (2.13)

Therefore, the following equation holds:

a _ . d - _ 2
£imygr loofy — my—gpf; = (mH €, — m.H.£,)/RT

Summing up with the suffix, i, of both sides of the equation from

0 to n, we obtain

d d
5qr logf; — % my3r £

]

2
(msHy — H) /RT
Therefore we obtain finally,
S mlogf; + £ mif; ) = AH/RT (2.14)
b §

where the difference enthalpy function of the system referred to
j=th state, AHj(T), is defined as
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AHj(T) = H(T) - ijj(T) (2.15)

and this function can be calculated directly from scanning
calorimetry data as shown in the next section.

Equations (2.6) and (2,14) are the basic equations for the
deconvolution of the system described in Eq.(2.1). It is
worthwhile to point out that the molar fraction function, £.,
cannot be determined only from AHj(T) unless all the
stoichiometric coefficients are the same, If all the
stoichiometric coefficients, m, (i=0,1,2,...n), are 1, Eq.(2.14)
becames |

- S logf (T) = AHy (T) /RT? (2.16)

which was the basic equation for the deconvolution of isomeric
mechanism discussed in the previous chapter, In this case, the
molar fraction function fj(T) can be calculated from AHj(T)
only.

Equation (2.14) is derived also by the statistical
mechanical treatment as shown in the Appendix,




2,3 Single deconvolution

By scanning calorimetry, the heat capacity function of the
system, C(T), is measured within some temperature region, When
we assume one heat capacity function of a thermodynamic state,

miCi(T), we can calculate the difference heat capacity function,
AC,(T), as

AC;(T) = C(T) - m,C.(T) (2.17)

From the function, the difference enthalpy function referred to
the i—th state is calculated as

T
AH;(T) = § AC{(T) &T + AH; (2.18)
T3

where a constant AH; is assumed to be AH,(T,). It should be

noticed that what we must assume is the heat capacity function of
the state per mole of the reduced concentration, mici(T)' (see
Fig.2.1). There is no need to assume the value of m, in this
stage, namely for the calculation of the difference heat capacity
function and the difference enthalpy function,

When we obtain the difference enthalpy function, AHO(T), we
can calculate the molar fraction function of O-th state if we
assume that the system can be described by the following two—
state model,

noA, & mA, (2.19)
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From Eqs,(2.6) and (2.14), the following equations hold:
4 _ 2
-3ar { —mologf0 + mofo + mlfl ) = AHO/RT (2.20a)

fo + f1 =1 (2.20b)

By Eq, (2.20b), fl in Eq.(2.20a) is eliminated as
d 2
37 { —mologfo + (mo—ml)f0 ] = AHb/RT (2.21)

Integrating both sides of the equation from T0 to T, we obtain

mologi£g(T) /Ep) — (momy) [£o(T) — £5) + Fo(T) = 0 (2.22)

*x

where we must assume a constant fo

as EO(TO), and FO(T) is
defined as

T
Fo(T) = § AHg(T)/RT? dT (2.23)
To

The mmerical solutions of Eq, (2.22) at various temperatures give
the molar fraction function, fD(T).

Considering the left hand side of Eq. (2.22) is a function of
fo, J(fo) is defined as
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* *
J(£g) = molog(fo/fo) - (mo—ml)(f0 - fo) + Fo
. It can be easily shown that the following equations hold,

J(0) = —oo

%

J(£,) = F,

S JE) = my(1-£)/E +m, >0 (0 ¢ECEcl)

o »

Because FO is wusually positive, and J(f) is a continuous
function, the above conditions indicate that only one solution of
Eq.(2.22) exists between O and £,, I use Newton's method o
solve the equation,

As the system was assumed to be two—state, we can describe
AHO(T) as

AHG(T) = AHg; (T)E(T) (2.24)

Then we can calculate AHOl(T) from experimental data as

AHG(T)  AHG(T)
£4(T) 1-£4(T)

AHg, (T) = (2.25)

When we differentiate both sides of Eq, (2,25), we obtain




2
ACy(T) AHG(T)"£4(T)
ACG{T) = o'’ 0 s

= = (2.26)
1-£4(T) RT“(1-£5(T))“[ (m;~m)) £, (T)+m;)

As the following equation holds, we can calculate c ().
m,C, (T) = myCo(T) + ACQ, (T) (2.27)

These procedure is called single deconvolution for the system
vwhich includes self-dissociation/association process,

It is woarth noting that if the system consists of more
thermodynamic states than two, and all the stoichiometric
coefficients of the states other than state—-0 are +the same,
namely, if the following equation holds in Eq,(2.1);

it is easy to show that the single deconvolution is exact even
in this system, In this case, however, we must denote the
calculated functions AHg,(T) and m,C, (T) as AH®)(T) and
c{®(T), respectively. They were defined as the hypothetical
functions which would be observed if the system did not include
O0—-th state, The hypothetical functions were introduced in the
’ previous chapter, In this case, they are defined as

s m = WO - mugm (2.282)

where




(0) 2
HO @) = a2 e M (2.28b)
§=
and
cOlr) = G u®m (2.29)

Regarding C(o)(T) as the heat capacity function of a given
system, we may continmue the deconvolution, It should be noted
that C(O)(T)/m1 is the heat capacity function of an isomeric
reaction described by the unit per mole of the system, The
scanning calorimetry data of such an isomeric system can be

deconvoluted as discussed in the previous chapter,




2.4 Double deconvolution

When we assume more general model including one intermediate

state-1l such as

moho @ mA) & mA, (2.30)

we must know AHO(T) and AHz(T) for the deconvolution using the
following ecruations [see Eqgs.(2.6) and (2.14)]}:

—g'r ( —mglog £, + mof + mE, + m£, ) AHO/RT2 (2.31a)

4
—ar ( —mzlog f2 + mofo + mlfl + m2f2 )

AHZ/RTZ (2.31b)

fo + fl + f2 =1 {2.31c)

When we eliminate fl(T) in Egs,.(2,31a) and (2,31b) by Eq, (2.31lc)
and integrate Eqs, (2.31a) and (2,31b) from 'I'0 to T and from T2 to

T, respectively, we obtain

‘.molog(fo/f;) - (mo—ml)(fo—E;) - (mz-ml)(fz-f;*) + F, 0 (2.32a)

mylog(£,/€,) — (my-my) (Eg—fy ) — (mym ) (E,~£,) + F, = 0 (2.32b)

*

where the four constants fo, £ f; and f;* are assumed to be

%* %
0 ’
EO(TO), fo(Tz), £2(T2) and fZ(TO)' respectively, FO(T) is the




same function as defined in Eq,(2.23), and F2(T) is defined
similarly by

T 2
FZ(T) = § AHZ(T)/RT 4T
T,

When we analyze the experimental data, usually we should choose

the temperature TO and T2 vhere f:; and f; can be regarded as 1,
%* % .

and £, and £, as 0, From Eqs.(2.32a) and (2.32b), we obtain

£50(T)  £32(T)
log (

) = AF (T) (2.33)
f;mo £;m2 02

where

AFo(T) = Fp(T) + (my—m,) (E5~£, )

= [ Fo(T) + (mgmm;) (Eq£p ) ] (2.34)

By Eq.(2,33), we can eliminate fO(T) or f2(T), and Eqs, (2.32a)
and (2.32b) become
3 L3
molog(fo/fo) - (mo—ml)(fo—fo)

- (mym,) [f;(fo/fS)mO/% e"p(’AFoz/“‘z)_f;*] + Fy = 0 (2.35a)
* *
mylog(£,/£,) — (my—m;) (£,—£,)

= {mgm,;) [f;(fz/f;)mz/mo exp(AFoz/mo)—f;*] + F, = 0 (2.35b)
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The numerical solutions of the above two equations at each
temperature give EO(T) and £2(T), respectively,

1f FO(T) and F2(T) are positive and my is greater than both
) and m,, it is easy to show that both ecuations have the only
one solution as similarly as shown in the single deconvolution,
Actually we solve the equations by Newton's method,.

As we assume that our system is described by Eq.(2.30),

AHO(T) can be assumed as

AHG(T) = AHg; (T)E;(T) + AHg,(T)E,(T) (2.36)

Then we can calculate AHOI(T) as

AH (T)-AH, (T)E,, (T)
AHg, (T) = —2 0z 2 (2.37)
1- fO(T) - fz(T)

where AH02(T) is calculated as
AHg,(T) = AHG(T) — AH,(T) (2.38)

;He call this kind of the deconvolution as a double deconvolution,
| Similarly to single deconvolution, when the intermediate
state—1 consists of many thermodynamic states that have the same
stoichiometric coefficients, the double deconvolution is exact,
In this case, we must denote the calculated function AHbl(T)

as Auéo'z) (T). This function is defined as a hypothetical




function which would be observed if the system included neither
state—0 nar state-2,

As seen in Fig.2.3, the right—hand side of Eq. (2.37)
diverges at the high and low extreme temperatures even when the
true model is used. The divergence occurs because we assumed the
constants for the molar fraction functions, £, and £, as 1; £
and £, as O in Eq.(2.32a) and (2,32b), and for the difference
enthalpy functions, AH; and AH, as O, This is the
similar situation of the deconvolution for the isomeric system
(see Section 1.4), In the case of line—2 (true model) in
Fig.2.3, the divergences do not appear, and the calculated
function agrees with the true function even at the extreme

temperatures if we use true values for the six constants,
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2.5 Two-state analysis

When we calculate ACO(T), AC2(T) and AHO(T). AHz(T), and
assume the stoichiometric coefficients for state—0, state—2 and
the intermediate state, we can deconvolute the scaming
calorimetry data as shown in the previous section and calculate

the molar fraction function of the intermediate state fl (T) as
£,(T) =1 - fo(T) - fz('l‘) (2,39)

If +the function can be regarded as zero within the experimental
error, the system can be described by the two—state model
including only state-0 and state-2, In this section, 1 present
more convenient method +to check whether the system can be
regarded as a two—state system or not,

If we can calculate AHi(T) and AHJ.(T), we obtain a
calorimetric enthalpy function as similarly as the isomerie

reaction by
AHPRH(T) = AH (T) — AH4(T) (2.40)

It is the same function as AHij (T) which is an enthalpy
: difference between state—i and state—j as seen in Egs,(2.11) and
; (2.15).

When we assume that the system consists of only these +two

states such as

mA, = mA, (2.41)




we can assume

AH(T) = = AHy (T)E{(T) (2.42b)

The equilibrium constant between state—i and state—j, Kij (T), is
defined as

m. m.
A" (my£)"
(Ai)mi (mifi)mi

Kij {T) = i (2.43)

Using Eqs, (2,.42a) and (2.42b), Kij (T) can be described without fi

E.
andjas

(mAH;)™3

- m.—m_

m,
(—miAHj) i

A van't Hoff enthalpy function is defined as

AHH(T) = R'rz—g.r log Ky 4(T)

and from Eq,(2.44) it is easily calculated as

AC.(T) AC_(T) AC. . (T)
ARH(T) =R, — 32— "3 mem)—33 T 3 (2.45)

J 1 1)
AH, (T) AHj (M) AH, ;(T)
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If +the system really consists of the two states, the van't Hoff
enthalpy function must be equal to the calorimetric enthalpy
function,

Reversely, if the van't Hoff enthalpy function agrees with
the calorimetric enthalpy function, namely

cal

a2 ) = ARH(T)

the following ecquation holds:

2 AC, (T) ACj (T) AC, (T)
AH; (T) = RTIm;— = —m,—J 4 (m, —mj):,—]
AH, (T) AH, (T) AHg 4 (T)
(2.46)
When I define fi(T) and fj(T) as
£,(T) = —AHJ-(T)/AHij(T) (2.47a)
fj(T) = AHi(T)/AHij(T) (2.47b)

it is easy to shown that fi(T) and fj(T) satisfy the following

equations using Eq, (2.46):

4 AH, (T)
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d log £ £ £.) = AR 2.48b
—ar ( myleg £ + mif; + m.Ey ) = e (2.48b)
E,(T) + £5(T) = 1 (2.48¢)

This £fact proves that +the system can be described by the
following two-state model,

mA; 2 nA, (2.49)

The divergences of the right-hand side of Eq.(2.45) appear
at the esxtreme temperatures as seen in Fig,2.2, Even if the real
reaction mechanism is two—state, and the exact model and the
exact heat capacity functions of the two states are used for the
calculation of the van't Hoff enthalpy function, the divergences
will occur unless the true constants are used for calculating the
difference enthalpy functiens in Eq.(2.18)., Thus the van't Hoff
enthalpy function must be campared with the calorimetric enthalpy

function avoiding the region of the divergences,




2.6 Concentration dependence analysis of calorimetry data

What we have discussed above is about how to determine the
thermodynamic functions from scanning calorimetry data at one
fiyed concentration of a sample, We can check whether the
assumed model for the deconvolution is appropriate or not by
comparing the heat capacity data at various concentrations,.

One of the simplest checking points is whether the enthalpy
difference between any two thermodynamic states, AHij(T), does
not depend on the reduced molar concentration, M. From
Eq,. (2.10¢), AHij(T) must be same among all the concentration
data if the assumption for calculation of the thermodynamic
function is proper, The condition that AHij(T) between any two
states does not depend on the concentration 'is, however, a
necessary factor but not a sufficient factor that all the data of
various concentrations can be explained by the assumed model.

¥e need to check the concentration dependence of other kinds
of thermodymamic functions such as Gibbs free energy. The Gibbs
free energy function can be calculated from the molar fraction

functions of state—i and state—j as follows [see Eq, (2.43)].

AG;5(T) = —RT log K; ;(T)

(m£)™5
= —RT log —23 ___ — RT(m_—m,)loaM (2.50)
(mifi)mi 31

Using Egs.(2.33) and (2.34), we can calculate the function
directly from AHi(T) and AHj(T) as




T

— 2 —
AGy;(T) = RT | 'IQ-AHj(T)/RT 4T + m; — mjlogm,
3

T
- SAHi(T)/RTsz —m, + m.logm. ] — RT(m_,—m.)logM (2.51)
T i i i 5 i
i

whero we assume that £y and £, are 1, and £, and £, are O,
Eq.(2.51) indicates that AGij(T) can be calculated without the
assumption of the stoichiometric coefficient of intermediate
state, In other words, the calculation of AGij(T) does not
depend on the assumption,

If +the system has been confirmed to consists of +two states
by the two-state analysis, the Gibbs free energy difference is

calculated more easily using Eq.(2.44) as

)mi—m

(m;AH, )™

AG. . (T) = —RTlog{
13 (—miAHj)mi

-RT (mj-mi) logM (2.52)

If the functions of Egs, (2.50), (2.51) or (2,52) calculated from
all the data at various concentrations agree with each other
within the experimental error, it indicates that the assumed
model is appropriate,

It is also c¢lear +that the apparent Gibbs free energy
function, AG?j(T), is calculated from the £first term of
Egs.(2.50), (2.51) and (2.52) because the function is related to
AG, (T) as Eq.(2.10a),



As seen in Fig.2.5, the curve of the Gibbs free energy
difference, AGOl (T), bends upward at the extreme temperatures
because the molar fraction of the intermediate state is
calculated slightly smaller owing to the wrong assumptions of the
constants in +the double deconvolution as similarly as +the
divergences of the double deconvolution, Therefore, the
functions must be compared with each other avoiding the bending
region at the extreme temperatures,




2.7 Non—-linear least-squares fitting of scamning calorimetry
data

As discussed below, the double deconvolution method and the
least—squares method are complementary with each other, In the
double deconvolution method, there were some serious problems
pointed out in the previous chapter, The problem about the
ambiguities of the assumptions of the heat capacity functions and
the integral constants of each state, is solved by the least—
squares method by adjusting the parameters for the heat capacity
functions and the consgants to fit the experimental data, One
more problem of the double déconvalution method is about the
evaluation of the errors of the estimated thermodynamic
paranmeters, It is difficult to know them only from the double
deconvolution method especially when the recursive procedures are
necessary, However, they can be caleculated by the error analysis
of the least-squares method using the variance—covariance matrix
(e.g. see Brandt 1975). The model function of the least-—squares
method becomes non—linear, amd it requires a good initial
parameter set, Moreover, we must assume the numbers of the
states of the fitting model and the stoichiometries, The double
deconvolution method with the concentration dependence analysis
gives the good initial parameter set and also the appropriate
stoichiometry of the system,

When we assume the mechanism of Eq.(2.1), the Gibbs free
energy differences of any two states, AGij(T)' and the reduced
molar concentration M, we can calculate the heat capacity

function of the model system, From Egs,.(2.6) and (2.7), we
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obtain

(mf )m /m

BXPE—AGa (T) /mRT) = (2.53)
m.
J

w.M

When we differentiate the both sides of Eq, (2.12b),

4

C(T) ar H(T)

> m.C (T)E, (T) + > miHi(T)gT—fi(T)

From Eq, (2,13), we get

i a £, a _ AHij fifj

i mj R'l‘2 m.m 3

Summing up the both sides of the above equation about suffix

we obtain

£. AH.. £.f£f.
5 j 4d £,=- 3 ;3 i™9
ij T 5 RT mlmj
£.£.
= m.H, AH 13
4 1, mimJ
'l z 4 aT
i 1 £
RT? 3 -3
3 my
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Then we obtain the following equation finally:

C(T) = % m,C (TIE(T) + i3 (2.54)
1

When we assume the Gibbs free energy differences between any two
thermodynamic states, AGij {T), and all the stoichiometric
coefficients, m,, the molar fraction functions can be determined
by solving Eq,.(2.53) at each temperature, This equation can be
solved by Gauss—Newton method, Then we can calculate the heat
capacity function of the system by Eq,(2.54) assuming the
thermodynamic functions, miCi(T) armd AHij(T). .

The thermodynamic functions are related with each other,
When we assume the heat capacity function miCi (T)s of all the
thermodynamic states, the heat capacity differences of any two

states, Acij (T), are determined as
Acij(T) = ijj(T) - miCi(T) (2.55)

and the enthalpy differences, AHi 3 (T), are also determined by
4

where one integral constant must be introduced. The Gibbs free
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energy differences AGij (T) are also determined by

AG. . (T) AH, .(T)
g-r—(—%)-- —Tlﬁ:'—— (2.57)

where one more integral constant must be introduced.
For example, if we assume all the heat capacity functions

are linear functions of temperature, they can be described as
miCi(T) = 2aiT + bi (i=0,1,2,...,n) (2.58)

where a:.l and bi are constants,

The enthalpy differences are described as

_ 2
AH 4(T) = Aa; T + Ab ST + Acyy

(iljzo'lﬁzl""’n) (2'59)

where

Aagy = ay

]
2
|
o

Ab;j = by = by

and Acij is integral constant, The Gibbs free energy difference

is described as

a - _ 2 _
AGij(T) = AaijT AbijTlogT + Aoy + AdijT (2.60)
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where one more integral constant Adij must be introduced, Then
if we consider the k—state model, the number of parameters for
describing thermodynamic functions is 4k~2., = When we adopt more
restricted model, for example, in which the values of a; of all
states are the same, the number is reduced to 3k-1,

We may determine these parameters so that the model function
is best fitted to the experimental data by least—squares method,
It is obvious from Eq, (2.54) that this problem becomes non—linear
as similarly as discussed in the previous chapter about the
isomeric reaction, Therefore the iteration procedure such as
Gauss—Newton method for searching the minimum point of the
residual sum of squares is necessary, We must start with good
initial parameter set, or the calculation will stop at a local
minimum far from the true parameter values, or it will require a
very long time to reach the final values,

The results of the two—state analysis, single deconvolution,
double deconvolution and concentration dependence analysis will
give the good initial parameter set, and they also give a good
fitting model and the stoichiometric coefficients as shown in
Figs.2.6 and 2,7,

For an example of the application of the method presented in
this paper to the actual system, I present the analysis of the
scamning calorimetry data of Vibrio parahaemolyticus hemolysin
{(molecular weight = 18650) briefly., These experimental data were
reported previously by H, Uedaira et al,L(1983), The peak
temperature and the shape of the heat capacity functions of this

protein depend on the protein concentration, By the monomeric
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two—state analysis, the wvan't Hoff enthalpy function becomes
larger +than the calorimetric enthalpy function and at least the
dimeric cooperative unit must be considered in order to explain
the data.

In Table 2.2, the fittings with different models are
compared, This +table indicates that the most appropriate model
for the experimental data is N2 221 2 D, The noise level,
0.5 p4W/ml, agrees with the value reported previously (Privalov
1980) . In this analysis, Aaij is fixed to zZero for the three—-
state fitting, Even when Abbl is fixed to zero, the root mean
squares deviation increased only slightly in the N2 e 22
model, If Abbl is free, the value is found to tend to become
negative, The negative value means that heat capacity of +the
intermediate state is smaller than that of native state, and it
seems to be unrealistic, I think that this is due to +the
overfitting of the parameters, and I adopt the three—state model
with Ab01=0. The fitted functions of the model and the observed
heat capacity functions are plotted in Fig.2.7(a). In Table 2.3,
I present the thermodynamic parameters determined by the fitting
of the model, The molar fraction functions of the three states
calculated by the parameters are shown in Fig.2.7(b). The
results agree with the chromatographic observation that the
; protein molecules are dimeric in the native state (Takeda et al,

1978).
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2.8 Discussion

There are two kinds of possible situations that we should
check the possibility of the dissociation/association of the
given system.

The first case is that the van't Hoff enthalpy function,
which is calculated according to the isomeric reaction, is
greater than the calorimetric enthalpy function, which is
calculated per mole of the molecule, It indicates that the
interaction between molecules exists in the reaction, If we
apply the double deconvolution method for the isomeric reaction
(see Chapter 1) the sum of the molar fraction function of the two
states becomes greater than 1, and thus the deconvolution fails,
If we calculate the calorimetric enthalpy function per mole of
oligomers such as dimer or trimer etc,, the function becomes
greater than, or agree with, the van't Hoff enthalpy function of
the isomeric model, However, the double deconvolution for the
isomeric mechanism leads +to the false results unless the
oligomers do not associate or dissociate during the reaction,
because the true relations between the molar fraction functions
and the enthalpy function for the system including self-
dissociation/association process is not Eq, (2.16) but Eq, (2.14).
. If the reaction of the oligomers includes neither dissociation
A nor association, the reaction is isomeric, and the deconvolution
for the isomeric system is exact,

The second case is that the heat capacity function of the
system depends on the concentration of the molecules, If the

reaction is isomeric, the function must not depend on the
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concentration of the molecules, If the system inciudes
dissociation/association process, increasing the concentration
leads to the shift of the equilibrium to the association at each
temperatufe, and decreasing the concentration works contrary,
Traditionally the concentration dependence are analyzed with only
the temperature at which the heat capacity of the system is
maximum (Takahashi & Sturtevant 1981), The method can not be
applied +to the multi-state system, and it needs approximations
even for the two—state system, On the other hand, the method
presented in this chapter can be applied to the multi—state
system, and the relations are strictly exact mathematically.

When we deconvolute the data by the double deconvolution
using the concentration dependence, first we must dgtermine the
stoichiometric coefficients of the initial and final state, mg
and m, in Eq.{(2.30). In this stage, the concentration dependence
analysis may be useful, Without assuming the stoichiometric
coefficient of the intermediate state, we can check whether the
applied model is appropriate or not, because Eq, (2.50) does not
depend on the assumption, On the other hand, the concentration
dependence analysis of the intermediate state is affected by the
assumed stoichiometric coefficients of the two states, mg and m,.

When the appropriate stoichiometric coefficients of the +two
ﬁtates are determined, next we must determine the stoichiometric
coefficient of the intermediate state, When the molar fraction
of the intermediate state is small, the determination of its
stoichiometric coefficient from calorimetry data only at one
concentration becomes difficult, because even the model with the

slightly different stoichiometric coefficient for the
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intermediate state can well fit the calorimetry data in the case
of small intermediate population as seen in Fig.2.6. However,
the concentration dependence analysis helps us to find out the
correct model as shown in Fig.,2.5,

As discussed previously, in the double deconvolution, we
mist assume the three—state mechanism as Eq, (2,30). If the
system includes two intermediate states whose stoichiometrice
coefficients are different with each other, +the deconvolution
will give wrong results, It can be easily shown that the molar
fraction function of +the four states whose stoichiometric
coefficients are different with each other cammot determined only
£rom the two difference enthalpy functions, AHO(T) and AHz(T) .
This kind of limitation of the double deconvolution must be
noted, Exceptionally the double deconvolution becomes exact if
the stoichiometric coefficients of the intermediate states are
the same as discussed previously.

Similarly if the system is multi-state, the single
deconvolution, which is based on the assumptions of the two—state
mechanism, can not be applied, strictly speaking, However, if
the mnmolar fractions of the other states than the two states are
small within the transition region, it may give good approximated
values of the thermodynamic functions of the system as shown in
fthe case of f2(T) in Fig.2.8.

Even in the case that the double or single deconvolution can
not be applied strictly as discussed above, they may be useful if
they give +the well approximated values for the thermodynamic

functions. Using the values as the initial values of the fitting
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parameters, we can improve the values by the least—squares method
presented in this chapter,

When we determine the parameters with fitting to the
calorimetry data at wvarious concentrations, the parameters,
Aay s, Abij and Ac;, of Eq.(2.59) must be common within the
expected errors, and the parameter, Adij’ in Eq. (2.60) mast show

the concentration dependence as
*
Adij(M) = Adij + (limj—mi)RlﬁgM (2.61)

where Ad:j is a constant.l If all the parameters satisfied with
these relations, it shows that the assumed mechanism explain all
the experimental data, The most reliable way to determine the
common parameters, Aaij' Abij' Acij' and Ad;j, may be to
search the minimum point of total sum of all the residual sum of
squares at various concentrations at once as shown in the
analysis of hemolysin data,

The deconvolution method presented in this paper may be
easily changed in order to deal with a different mechanism from
Eq.(2.1), For estample, I present a method for the multi-state
thermal denaturation of DNA involving strand separation.

If the two strands of DNA double helix are the same (in the

tcase of self-complementary DNA), the system will be described as
AgRA @A, 2 ... 2A ;22 (2.62)

This e¢uation is included in Eq,(2.1), and no modification for

the analysis of this chapter is necessary to deal with the
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system, If the two strands are different, the system will be

A, 2A . 20,2 ...2A @B+ (2.63)

where B and C correspond to the separated state of the +two
different single stranded DNAs, respectively.

An attempt to deconvolute the scanning calorimetry data of
these mechanism was made using the deconvolution method for an
isomeric mechanism (Freire & Biltonen 1978b). However, the basic
relations between the molar fraction functions and the scaming
calorimetry data for isomeric system are different from those for
the system including self—dissociation and association as shown
in this chapter, Therefore, +the method of Freire and Biltonen
leads to the wrong results,

In +the system of Eq,(2,63), the thermodynamic equations on
which our theary is based are

(A;)
(_AJ.)__ = exp( -Acij('r)/m' ] (i,5=0,1,...,n1) (2.64)
i
(B) (C)
_(A_) = expl —AG,, (T)/RT ] (i=0,1,...,n~1) (2.65)
i
arnd
n—1
L (A) + (B) = M (2.66)

1




e

where (Ai) indicates the molar concentration of the i—-th

thermodynamic state, M is the reduced concentration, and Agin (T)
is defined as
AB; (T) = 26, (T) — 6;(T) (2.67)

G, (T) = [65(T) + 6,(T)] / 2 (2.68)

and we assume that (B)=(C) holds during the reaction, The molar
€raction functions are defined as

£, = (A;) / M (i=0,1,2,...,n1) , (2.69a)
£,.=(B) /M (2.69b)

Thus Eqgs,. (2.64), (2.65), and (2,66) are described respectively as

£,
3 = estp{ -—AGij(T)/RT ] (2.70)
E.
1
2
£ a
—— = expl —AGj, (T)/RT ] (2.71)
£,
1
and
n
% £, =1 (2.72)
i=1
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where the apparent Gibbs free energy, AG?n(T), is defined as
a -—
AGin(T) = AGin + RTlogM {2.73)

The molar enthalpy function of the system is defined as

-1 (A.) (B) (©)
H(T) = ) fuim + THB(T) + ?HC(T) (2.74)
i=

Using Eqs, (2.69a) and (2.69b), we obtain

n—1

HT) = 5 £;(TH; (T) + 26, (DH (T) (2.75)
i=

where Hn(T) are defined from Eq, (2,68) as
H (T) = [Hg(T) + Hy(D)] / 2 (2.76)
When the both sides of Eq.(2.71) are multiplied by 4, we obtain

(2£,)° a
= exp [ —AG, (T)/RT ] (2.77)

£

where

79




a' _ a _
AG; (T) = AG; (T) — RTlog4 (2,78)

Equations (2.,70), (2.77), (2.72), and (2.75) become the same
forms as the correspondent equations for the system of Eq. (2.62).
This result indicates that the data of the system of Eq.(2.63)
can be deconvoluted by the same method as that of Eq.(2.62). The
enthalpy function of state—n means the mean of the enthalpy
function of state-B and C, and the apparent Gibbs free energy
function given by the deconvolution, ‘AG?;(T) must be corrected

as AG[ (T) by Eq.(2.78). The correction value RTlog4d

corresponds to the mixing entropy of the different two strands,




Table 2.1

Parameters for three—state test data

state—i state—0 (N2) state-1 (1 4) state—2 (D)
m, 1 1/2 2

m S € (I Zmo1™Y) 130 130 130

dT i

e N |
miCi (320) (kJK "mol ™) 22 25 28
AHOi (320) (kJ/mol) 0 200 400
a)
TmOi (K) - 320 320

The heat capacity functions miC i (T) and the difference enthalpy
functions, AHO.i.(T)' are determined as same as those of the test
data of isomeric system in the previous chapter referring to the
thermodynamic functions of lysozyme, The heat capacity functions
and the difference enthalpy functions are the linear functions of
temperature, Temperature range of the data is from 280 K to
360 K. The number of data points is 401, and the temperature
interval of the data point is 0.2 K.

a) Tmo i indicates the temperature at which the difference
Gibbs free energy function, AGOi (T), becomes zero, The apparent

Gibbs free energy function, AGgi (T), is described as
a —-—
AGL; (T) = AGy; (T) + (m;—my)RTlogM
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where M is +the reduced concentration of the system which is
defined in Section 2,2, Therefore it must be noticed that

AGa (T) is not zero at T = Tm,. generally, In these models, M
01 0i

is varied from 0.1 to 10, With the variation, the maximum molar
fraction of the intermediate state changes from 0,01 (at M = 0.1)
to 0,81 (at M = 10),.




Table 2.2
Root mean square (RMS) deviations of the non—linear

least-scquares fitting to the data of hemolysin with several
different models,

Model Scheme Number of parameters RMS deviation
(W /ml)
NZD 6 1.09
N, 2D, 6 1.13
N, 2 2D 6 0.91
N, 2 21 2 20°) 8 0.53
a,b
N, & 21 2 2D ) 7 0.57
a
N, 2 I, 2 20° 8 0.75
N, 2 (2/3)I, 2 20%) 8 0.82

Non~linear least-—squares fitting was done as described in
text amd Fig.2.6. Numbers of the data points are 150 for each
concentrations,

a)The temperature deperndence of all Acij is restrained to
be the same,

b) AcOl is restrained to be fixed to zero,




Table 2.3
The best fitted +thermodynamic parameters and the error
estimations of the model N, @ 2Ig 20%)

Parameters Estimated values
AHg, (320) 231426 kJ/mol
Asgl(szo)b) 704478 J/(K.mol)

a)
ACgy )
AHg,(320) ~ 938+10 kJ/mol
Asgz(szo)h) 2870+32 J/(K.mol)
AC02 8.4+1.2 kJ/(K.mol)

All the values are represented per mole of dimer,
a) ACOl is restrained to be fixed to zero,
b) AS® is represented at the concentration, 0.57 mg/ml,




Figure captions

Fig.2.1 Test data of three—state model, c(T), which is
calculated by Eqs,(2.53) and (2.54) using parameters listed in
Table 2.1, The reduced concentrations of the data, M, are
indicated in the figure, The higher the concentration increases,
the 1larger the population of the intermediate state becomes in
this model, In the two-state analysis, the single and double
deconvolution, I use the true heat capacity functions of state-0
and state—2 which are shown in the figure by broken lines,
m Co(T) and mC,(T). I assume

fo = fZ =1
* % * %
fo = f2 =0

in the following calculation, The generation of the test data
and the calculation of deconvolutions were done on the micro

computer NEC PCS801. The numerical integrations were done by

Simpson's rule,

Fig.2.2 The van't Hoff enthalpy function, AHVH(T), and the
calorimetric enthalpy function, AHS2I(T) of the two-state
analysis of various concentration data, I assume the following

mechanism to calculate the van't Hoff enthalpy function:




N, 2 2D

the calarimetric enthalpy functions of these data are all the
same, The van't Hoff enthalpy function agrees well with the
calorimetric enthalpy function at M = 0,1 except the region of
the divergence of the van't Hoff enthalpy function at the extreme
temperatures, It indicates +that the calorimetry data at the
concentration can be well approximated by the two—state
mechanism, Actually the molar fraction of the intermediate state
is 1 % at the maximum, On the other hand, the large differences
between the wvan't Hoff enthalpy function and +the calorimetric
enthalpy function at the higher reduced concentrations indicate
that the system can not be deseribed by the two—state model., The
van't Hoff enthalpy function becomes larger than the calorimetric
enthalpy function in some temperature region. It indicates that
higher associated state such as trimer, tetramer or pentamer

state etc, must be considered,

Fig.2.3 Results of the double deconvolution of the test data at
the reduced concentration M = 10 with assuming the following

three mechanisms respectively;

. 2 .
line 1: N2 =] —3—13 o 2D (trimer model)

line 2: N, @ —3-I, 22D (tetramer model)




line 3: N, @ 51, 22D (pentamer model)

AH01 (T)s calculated with the various mechanisms are shown in the

true

figure together with the true function, AHOl(T) {broken

line) and AHO(T).

Fig.2.4 Concentration dependence analysis of the test data, The
apparent Gibbs free energy change, Asgz('r), and Gibbs free
energy change, Aeoz('r') , are calculated from the molar fraction
functions obtained by the double deconvolution as

(2£,)2
AGgy(T) = —RTlog—=—
£o

AG,(T) = AG(,(T) — 2RTlogM

Ang(T) at M = 0,1 (line 1), M = 0,3162276 (line 2), M = 1 (line
3), M= 3,162276 (line 4), M = 10 (line 5) are plotted, and
AGOZ(T)s calculated from all the data at various concentrations
agree with line 3, These results do not depend on the
assumptions of the stoichiometric coefficient of the intermediate
state in the double deconvolution, Namely all the mechanisms in

Fig.2.3 give the same results,

Fig.2.5 Concentration dependence analysis of test data, The
Gibbs free energy change AGOl (T) are calculated from the molar
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fraction functions obtained by the double deconvolution using
Eq.(2.50) based on the three kinds of models in Fig.2.3. The
models are (a) trimer model, (b) tetramer model, and (c) pentamer
model analyzing the test data at various concentrations (line
mumbers are the same as in Fig.2.4). The agreement of all the
concentration data except the region of the estctreme temperature

in (b) proves that the appropriate model for the data is tetramer
model, '

Fig.2.6 Non—linear least—squares fitting of the test data at
M = 10, The assumed three kinds of models are trimer model (line
1), tetramer model (thick line), and pentamer model (line 3).
The test data can not be distinguished from the thick line, The
non—linear least—squares fitting was done with the program SALS
(Nakagawa & Oyanagi 1980) on a computer HITAC M-680H of Computer
Centre of the University of Tokyo. The modified Marquardt method
is used, The initial parameter values are determined by the
double deconvolution,

As shown in this figure, the double deconvolution method
gives a good initial parameter set for the fitting, This figure
also shows that the fairly good signal to noise ratic for the
data should be recuired if we determine the staichiometry of the
reaction from one fixed concentration data (i.e. without the

concentration dependence analysis),

Fig.2.7 Non-linear least-squares method for the data of Vibrio

parahaenolyticus hemolysin at pH 7.0, {(a) Circles indicate a




part of the heat capacity function at the three different
cancentrations indicated by the numbers: 1; 0,21 mg/ml, 2;
0.38 mg/ml, 3; O0.57 mg/ml. The measurement was done by DASM—1M
microcalorimeter (Privalov 1980) at the heating rate of 1 K/min,
Phosphate buffers are used (Uedaira et al, 1982), The solid
lines indicate the calculated functions with the best fitted
parameters (Table 2.,3) of the model N2 e2l 22D with
ACq, = 0. (b) The calculated molar fraction functions of the
three states using the best fitted parameters, The numbers

indicate the concentrations as above,

Fig.2.8 Results of single deconvolution of test data at M = 10,
First the molar fraction function of state-2, fz(T) , is

calculated from AHz (T) by single deconvolution assuming the
following model

and the hypothetical heat capacity function, C{%)(T), which would
be obtained if the system did not include the state—2, is
calculated, Then C(z) (T) is deconvoluted again by single
deconvolution with AH(OZ) (T) assuming the following model, and we
obtain fo(T) :

1
N @ 714
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fl(T) is calculated as

fl(T) =1 — fo('l‘) - fz(T)

Ei('l‘)tm'“3 (i=0,1,2) indicates the true molar fraction function,
When the order of the two single deconvolutions are changed (data
not shown), the molar fraction function of state-2 can be well
obtained while that of state-O does not agree with either the
true function or the function calculated by the repeated single
deconvolutions in this figure, All the molar fraction functions
obtained by the double deconvolution method assuming the tetramer
model of Fig.2.3 agree completely with the corresponding true
functions in the figure,
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Chapter 3, Four-state thermal denaturation of pepsinogen

Abstract

The thermal transitions of porcine pesinogen in the range
from pH 6.8 to 9,0 are studied in detail thermodynamically by
scamning calorimetry and recently developed analysis methods,
which are described in Chapters 1 and 2 in this paper, A new
statistical mechanical +treatment of pH dependence of
thermodynamic functions is presented and applied to the analysis
of the transitions, With these methods, a four—state model is
proved to explain all the experimental data consistently rather
than a three—state model previously proposed (P. L. Privalov et
al, (18981) J.Mol.Biol., 152, 445-464), The pH dependence of
thermodynamic Functions of these four states is discussed,
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3.1 Introduction

Calorimetry is widely realized now as one of the most
powerful methods for elucidating the molecular origin of the
stability of biological macromolecules such as proteins, DNAs,
tRNAs and membranes, The special feature of calorimetry is its
faculty of direct observation of thermodynamic functions of the
molecules, Taking advantage of this aspect, I have presented a
theoretical basis and new methods of the determination of
thermodynamic functions of multistate system in Chapter 1 and 2.

Thermodynamic properties of small globular proteins which
show two-state thermal transitions have been extensively studied.
Some general features of the thermal transition of these systems
have been revealed (Privalov 1979, for a review) as discussed
later in this chapter,

Therefore, it is valuable to clarify whether or not +the
thermodynamic properties found in the small globular proteins can
be generalized to those in the multi-state system, As one
example, thermal transition of pepsinogen, which is known +to
exhibit multistate transition, is examined in detail in this
chapter,

It was initially found by calorimetry that the thermal
transition of this protein is not a two-state transition (Mateo &
Privalov 1981); this was later confirmed by multidimensional
spectroscopy (Wada et al., 1983), This transition was recognized
as a three—state transition in the range from pH 6.0 to 8.0
(Privalov et al., 1981).

In the course of the present study, I found a new transition
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at above pH 7.0, and not a three-state but a four—state model is
proved +to explain all the calorimetry data consistently, In
order to analyze the pH dependence of the thermodynamic functions
of the four states, I develop a new statistical mechanical
treatment of calorimetry data for the system that includes ligand
bindings which enables us to analyze the pH effect on the
thermodynamic functions, and I clarify the relationship between
this method and the basis of deconvolution method of Chapter 1,

The results of the analysis of calorimetry data at the
various pH solutions clearly indicate that the difference
enthalpy functions between any two thermodynamic states are
dependent on pH. This observation does not agree with one of the
well-known aspects of small glebular proteins as discussed later,
According to my theory on the pH dependence of thermodynamic
functions, however, +the results of pH-stat method that the
difference of proton-binding-rumber function accompanied with the
thermal transition is dependent on temperature (Pfeil & Privalov
1976) are found to be consistent with the present results,
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3.2 Materials and Methods

3.2,1 Materials

Porcine pepsinogen (Grade I, P0258), lyophilized powder
rrepared chromatographically was purchased from Sigma Chemical
Co. which was checked to make a single band with SDS
polyacrylamide gel electrophoresis, All other chemicals were of
reagent gréde.

Protein solutions were prepared by dissolving the
lyophilized powder in buffer solutions (about 5 ml) and they were
dialyzed against a large volume (about 500 ml) of buffer
solutions for 36 hours at 4 °C with two changes of the dialysis
fluid, The buffers were 50 mM sodium phosphate buffer (50 mM
NaHzPO4/Na0H) except for pH 9,0 solution, in which S0 mM sodium
borate buffer (12.5 mM NazB40.7/HCl) was used, The pH values were
measured by a glass electrode at 22 ., The temperature
dependence of pH of the buffers in this work are 0,002 and 0,008
pH/K, for phosphate and borate buffer, respectively, which can be
evaluated from their deprotonation enthalpy values (see Section
3.4.2), 3.8 ki/mol and 13,8 kJ/mol at 25 C (Christensen & Izatt
1962, Jordan 1958), Because of these small values, the
temperature dependence of pH was neglected throughout this study,
This approximation was found to be satisfactary in this study as
discussed in Section 3.4.2,

The ionic strength of the buffers was calculated to be about
100 mM [from S0 mM (pH 6.8) to 140 mM (pH 8.0)] for the phosphate
buffers, and 30 mM (pH 9.0) for the borate buffer., No salts for

the adjustment of the ionic strength were added because the
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reversibility of the thermal transition of globular proteins is
lowered if the concentration of the solution is increased. The
ionic strength dependence of the thermodynamic functions in the
above range are neglected throughout the present study, Their
solution—condition dependence can be explained with the pH
dependence only as shown later,

Concentrations of the protein solutions were determined
spectrophotometrically at 278 nm at 22 C using the molar

absorption coefficient of 5.17x10%

o Hmo1/i)™? (Arnon &
Perlmamn 1963), The protein concentrations of all the
measurements were about 1 mg/ml. The molecular weight used was
3.97:~<:lO4 which was calculated by Privalov et al, (1981) from the

amino acid sequences of the protein,

3.2.,2 Calorimetric measurements

Calorimetric measurements were carried out in a differential
adiabatic scamming mnmicrocalorimeter DASM-1IM (Privalov 1980),
Temperature scamming rate of all the measurements was 1 K/min,
The detail on this apparatus was described by Privalov (1980),
The calorimeter has two gold cells, One of them is used for a
sample solution and the other is for a reference solution, Joule
heat was added to the both cells for the temperature scanning,
The temperature difference between the two cells due +to their
heat capacity difference is detected by thermocoupler, and
simultaneously appropriate feedback compensation of Joule heat
was operated as to make the temperature difference kept to be
Zero, The necessary feed back heat is plotted on a X-Y recorder

S5




as shown in Fig,3.1. These curves are processed by a digitizer
{KD4030 (Graphtec, Tokyo} equipped with a microcomputer PC9801
(NEC Co., Tokyo) and stored in flexible disks, With the
experimental values of protein concentration and the height of a
calibration heater of 50 W (see Fig.3.1), the heat capacity
functions are calculated from the stored data of both the first
run and the corresponding base line, following the procedure
outlined by Privalov and Khechinashvili (1974).

Reversibilities of the thermal transitions were checked by
reheating the protein solution immediately after the cooling from
the first run (see Fig.3.1). As seen in this figure, the
transition is highly reversible as mreviocusly mentioned by
Privalov et al, (1581). From the reversibility, I assume in the

following that thermodynamic analysis can be adaptable to the
calorimetric data of the transition,




3.2,3 Data analysis

3.2.3.1 Analysis of calorimetry data at each pH value

Two—state analysis, double deconvolution method and non—
linear least squares fitting method were used, They were
described in detail in the previous two chapters. Two—state
analysis and double deconvolution method were done on +the
microcomputer PC9801 using my BASIC programs, A HITAC M680OH of
Computer Centre of the University of Tokyo was used far the
calculation of non-linear least—squares fitting with my FORTRAN
programs using program SALS (Nakagawa & Oyanagi 1980).

3.2.3.2 Statistical thermodynamic analysis of pH dependence
of thermodynamic functions

By examining the thermal transitions in some different pH
values, the pH dependence of the thermodynamic functions are
obtained by the above methods, I shall show the statistical
thermodynamic basis of the pH dependence analysis,

Generally, a protein molecule has several proton-binding—
sites such as an amino group at N—terminus, a carboxylic acid
group of C—terminus, and many ionizable groups of side chains.
The protons are regarded as ligands, The statistical mechanical
treatments which were discussed in Chapter 1 can be extended for
the system that includes ligand bindings, as shown in the
following.

When 75—-th microstate of the system has the energy ¢ , and

”
it binds 3‘17 ligands whose chemical potential in the solution is
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u, the grand partition function Z(T, i) is described as

2(T,p) = % w
n ”

e‘x!:[—(et:-"—j”u)./R'l'] (3.1)

where “’77 is the degeneracy of the #—th mnicrostate. The
chemical potential of the ligand, ,, is the function of both
temperature, T, and the activity of the ligand, a, as shown in
the following equation:

2(T,a) = po(T) + RT log a (3.2)

where JTP is the standard chemical potential at a = 1, In this
study, the activity of the ligand is assumed to be independent of
temperature, We use below the parameter set (T,a) instead of
(T, ) +to clarify the independence of the +two wvariables, The
grand partition function, 2Z(T, ), is designated as Z(T,a), for
example,

The Gibbs free energy function of i-th thermodynamic state,
Gi('l‘,a), and the enthalpy function of the state, Hi('l‘,a), are
defined by Egs,.(3.3a) and (3.3b), respectively, where the molar
fraction of the n—th microstate in the i—th thermodymamic state,
f;('r,a) is defined by Eq.(3.4):

exp[-G; (T,a) /RT)] =n§im” ﬁxP[-(en’jﬂ,u)/RT] (3.3a)
] - o iop 3.3b
HI(T,ﬂ) 77521(677 Jﬂh) f77( ,a) ( )
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fj,('r.a) = @, expl-(e, =3 u)/RT]

/ % w, ewl-(e,-j_u)/RT] (3.4)
gei @ 6 “e"

where h is the enthalpy of the free ligand which is defined as

I
]

7
- 72 -%T-(T)a

2 4 [uo(T)

-T —] 3.5
ar (3.5)

It is easy +to confirm that Gi(T,a) and Hi(T,a) satisfy the
thermodynamic relation:

Ll 6,(T,a)/T }, = — H (T, a)/T (3.6)

When all the microstates are classified into n thermodynamic
states, the grand partition function described as similarly as in
Eq.(1.4) using n thermodynamic states as

n
Z2(T,a) = ;2 exp[-G; (T,a) /RT} (3.7)

With these preparations, the same equations as Chapter 1 can be
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obtained when temperature differentiations of the equations in
Chapter 1 are changed to partial differentiations under the
condition that +the ligand activity is kept constant, For
example, Eq.(1.3) would be changed to Eq,b(3.6) if the ligand
binding is considered explicitly,

The mean number of the ligands which are bound to the
system, <j3>(T,a) is defined as

¢3>(T,a) = £ j £ (T, a) (3.8)
”

where the molar fraction of z—th microstate is described as

f"(T.ﬂ) = o, exP[-(e-ﬂ—:iﬂu)/RT]

/ g) wgy e¥pl-{e 4=3 ,u) /RT} (3.9)

From the above equations, it is easy to derive the following:

dlog 2
<j>(T,a) = ( g (3.10)

dlog a

‘Similarly, the mean binding number of the i—th thermodynamic

state is described as

¢3>;(T,a) = £ 3j_ £

.11
ity (T,a) (3.11)
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where f; is defined by Eq, (3.4). From these ecuations, we

easily obtain:

1 3Gi (Toa)
[ 1 (3.12)
RT Jlog a

<§>4(T,a) = -

This equation was obtained first by thermodynamic consideration
of +the liganded system (Wyman 1964), and I have clarified here
its statistical mechanical basis,

In this paper, pH dependence of thermodynamic functions is
analyzed using Eq. (3.12). Experimentally it is convenient that
the activity of the proton is represented by pH, and vy is used
instead of <¢j>; as traditionally used. Then Eq.(3.12) is

described as

1, 05 (TP
RT  gpH

1r = (10910) (T, pH) (3.13)

By partially differentiating both sides of this equation with T,
we obtain the following using Eq. (3.6):

1T 2T 5.1
- = (loy .
RTZ ppH T aT pH

The above two equations mean that pH dependence of thermodynamic

functions is caused by the proton-binding—number  function,
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v;(T,pH). When this function is given over the entire
temperature—pH plane, pH dependence of all the thermodynamic
functions can be predicted. On the contrary, we can know
yi(T,pH) under certain conditions by analyzing the pH dependence
of thermodynamic functions as shown in this chapter, As our
interest is in the differences of the thermodynamic function,
between thermodynamic states, their pH dependence should be
derived from Egs.(3.13) and (3.14) as shown in the followings:

346, 5(T,pH)
— 1p = (1og10)RTA ; (T, pH) (3.15a)
azAGij('r.pH)] (ogioyrr( 227 T 5.158)
= og .
apH” T arH T
DAH, (T, pH) dAw (T, PH)
i )y = —(1og1O)RT2[— i3 Y (3.150)
opH aT

where the differences of the thermodynamic functions between i-th
state and j—th state such as AGij (T,pH) are dqfined as

AG 4(T,pH) = Gj(T.PH) - 6, (T,pH)

It is worthwhile to point out that there is a conflict in
that A vij (T,pH) of thermal denaturation of lysozyme is reported
to be dependent on temperature (Pfeil & Privalov 1976), although
the enthalpy of these small globular proteins is independent of
pH (Privalov & Khechinashvili 1974). This conflict will be
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discussed later in Section 3.4.2,

Because the differences of heat capacity functions between
the native and heat denatured states of several small proteins
are known to be experimentally independent of pH, it is eof
interest +to examine what thermodynamic property of the proton—
binding—mumber  function produces this independence. From
Eq.(3.15¢c), the temperature dependence of the difference of the
proton-binding-number function is derived because the partial
differentiation of the left hand side of the equation with

temperature should be zero:

Ay ;4(T,pH) = A(PH)/T -+ B(pH) (3.16)

where A(pH) and B(pH) are functions of pH and are independent of

temperature,
Comparing Eq, (3.16) with Eqgs, (3,15a) and (3.15¢), we obtain

1 3AHij
A(pH) = ) (3.17a)
(10g10)R opH
kY aAsij
B(pH) = - ( - (3.17b)
, (1o0gl0)R opH
where ASi 3 is the difference entropy function between i-th and

j—th states, Ecquations (3,17a) and (3,17b) insist that not only
the partial differentiation of enthalpy with pH but also that of

entropy is independent of temperature,
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It should be concluded (1) that when the difference of heat
capacity function is independent of pH, the difference of the
proton-binding—nunbar function should be linearly deperdent on
reciprocal of temperature under the condition that pH is
constant, and (2) that even in this case, the pH dependence of
the difference of the proton-binding-number function is not
restrained,
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3.3 Results
3.3.1 Two—state analysis

Heat capacity function of pepsinogen at pH 7.6 is shown in
Fig,3.2, A broad shoulder can be seen in the high—temperature
side of a rather sharp peak, When we assume the heat capacity
functions, CN(T) and CD(T) for native state and heat denatured
states, respectively, we can calculate the van't Hoff enth#lpy
AHH(T) and AH®®N(T) as shown in Fig.3.3. When the heat
capacity functions are determined, I assume two properties, i.e.
(1) that the heat capacity functions of native and heat denatured

states are linearly dependent on temperature, i.e

L

a%C, (T, pH) _
— )y =0 (i =ND) (3.18)
J

and (2) that the difference of the heat capacity function between
the two thermodynamic states are independent of temperature,

i,e.,

255 (TP
aT

Yot = O (3.19)

These +two properties are well established experimentally in +the
case of small globular proteins that exhibit two-state thermal
denaturations (Privalov 1979, for a review).

As seen in Fig. 3.3, AH"T) is lower than AH®21(T) except

in the low and high temperature region where the divergences of
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AHVH(T) occur as discussed in Section 1.5, This proves that

the thermal transition is a multi-state one, Under the solution
condition of other examined pH, AH"(T) is found to be lower
than AH®2M(T). In Table 3.1, I show the midpoint temperature of
the transition, Tm, van't Hoff and calorimetric enthalpy values
at the temperature, AH'(Tm), AH®l(Tm), and the ratio of the

two enthalpy values, It is concluded that the thermal
transitions of pepsinogen under the solution condition of the pH
values between 6.8 and 9.0 are not two—state ones as Mateo and
Privalov originally reported (1981),

3.3.2 Double deconvolution and non-linear least—squares
fitting

As discussed in Chapter 1, we can proceed to the double
deconvolution of the heat capacity function upon the same
assumptions on the heat capacity Function of the thermodynamic
states as the two-state analysis [Eqs.(3.18) and (3.19)).

Figure 3.4 shows the molar fraction functions of the native
and the heat denatured states obtained by the double
deconvolution method, It indicates clearly that at least one
intermediate state exists and that the sum of molar fraction
functions of the intermediate state exceeds 0.5 near 323 K.
Figure 3.5 shows the hypothetical enthalpy function HN'D)(T) of
a hypothetical system that contains the microstates of neither
the native nor the heat denatured state, The hypothetical
function is seen to be sigmoidal, This indicates that at least

two intermediate states exist whose enthalpy functions are HIl(T)
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and le(T) as shown in this figure, The two—state analysis or
the double deconvolution method can be used by assuming these
enthalpy functions of the intermediate states, and it is found
that HM'P)(T) is well explained by a two—state transition
between 11 and 12. Namely, the thermal transition of pepsinogen

at pH 7.6 is a four—state one as
NEL,a1,8Db (3.20)

In this stage, 1 have assumed that Egs.(3.18) and (3.19) should
also hold in the case of the intermediate states, Namely 1
assumed (1) that +the heat capacity functions of the four
thermodynamic states including intermediate states are linearly
dependent on temperature, and (2) that the differences of the
heat capacity functions between any two states are independent of
temperature, Using these assumptions, the thermodynamic
functions of the four states are obtained by double deconvolution
method,

The results of the double deconvolution can be refined by
non—linear least-squares method as discussed in Sections 1.6 and
2,7, The best fitted heat capacity function which is determined
under the above +two restrictions with a four—state model is
presented in Fig.3.6, This model explains the experimental data
well, In Fig.3.7, I show the molar fraction functions of the
four states at pH 7.6 which are calculated with the best Ffitted
thermodynamic parameters,

In pH 6.8, the heat capacity function has only one peak, and
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the broad shoulder in the high—temperature side of a sharp peak
which exists in pH 7.6 is not observed as shown later in Fig.3.9.
The hypothetical enthalpy function H®™'D) of nii 6.8 is not
sigmoidal, and the three-state model can well explain this
eyperimental data. In pH 9.0, although the heat capacity
function has two broad peaks, +this experimental data can be well
explained by a three-state model similarly as in pH 6.8. In
other pH values from pH 7.0 to pH 8.0, the four-state model
rather than the three—state model can well fit the experimental
data,

In Fig.3.8, I illustrate the thermodynamic parameters
determined by the double deconvolution method and the least—
scquares fFitting method at several pH values examined, From this
figure, it can be easily observed (1) +that the difference
enthalpy values between the native and the heat denatured states
at the midpoint temperature of their transitions depend almost
linearly on temperature; (2) that the difference enthalpy values
between the native and I2 states (one of the two intermediates
that has larger enthalpy value) at pH 7.0, 7.6 and 8,0, and the
difference enthalpy value between the native and the intermediate
states of pH 9.0 are found to depend linearly on temperature; (3)
that the difference enthalpy values between the native and I1
states (one of the two intermediates that has smaller enthalpy
value) at pH 7,0, 7.6 and 8.0, and the difference enthalpy value
between the native and the intermediate states at pH 6.8 are
observed to depend linearly on temperature, Midpoint temperature
between i-th and j—th states is defined as the temperature which

satisfies the equation;
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AGij(T)=0.

3.3.3 pH dependence analysis

In the case of thermal +transition of small globular
proteins, the following two pieces of experimental evidence were
reported about the pH dependence of heat capacity function and
enthalpy function: (1) that the difference of heat capacity
function between native and heat denatured states is well
approximated to be independent of pH, i.e,,

285 (TP
oPH

)p =0 (3.21)

and (2) that the difference of enthalpy function between the
native and the heat denatured states at the fixed temperature is
well approximated to be independent of pH, i.e.,

(BAHND(T.PH))T o 3.22)
apH

The two aspects above are not independent but clearly the

condition of Eq, (3.22) is included by the condition of Eq.(3.21).

As seen in Fig,3.8, ACNDS of several pH values which are

the slopes of the bars of each data point take similar wvalues

-1 1

(from 14.9 kJK lmol™! at pH 9.0 to 22 kJK ‘mol T at pH 7.6).
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However, all the values are lower than the slope of the hroken
line (33.8 k.J'K_lmol.l) . In the cases of the intermediate states
11 and 12, the difference enthalpy functions have similar slopes
except that of pH 7.0, The negative slopes of the difference
enthalpy functions of Il and 12 states are strange because the
change of the heat capacity accompanied with the denaturation is
never negative among cases of not only proteins but also DNAs and
tRNAs, This may be due to the overfitting which can be caused by
too much freedom of the model function as the fraction of I2
state of pH 7.0 is tbe smallest among all the four-state cases,
In any event, +the sl;:npes of the enthalpy functions are less than
the corresponding broken line,

1 examined the possibility that Eq, (3.21) holds between any
two states, The nonlinear least-squares fitting wunder the
restriction of Eq. (3.21) was done, and the best fitted parameters
were obtained, The residual sum of squares is 0,573 g4W/ml,
which almost agrees with the noise level of the calorimeter
{(Privalov 1580),

W& one of the best fitted parameter AcOl was found +to
be negative, i.,e, -5.,3 kIK mo1™}, This value may not be adopted
for +the reason mentioned before, Therefore, nonlinear least
squares method has been used under the condition that A001 is
fixed +to zero, The residual sum of squares of this fitting is
0.574 4W/ml. This value is slightly larger than the previous
model , Considering (1) that the freedom of this model is less
than the old model by one, (2) that the residual sum is almost
equivalent, and (3) that the negative difference heat capacity is

never reported, I concluded that the model in which _.5001 is
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fired to zero is most probable for the present data, In Fig.,3.9,
the best fitted function of this model is shown to be well fitted
to the correspond experimental data,

The best fitted parameters of this model are presented in
Table 3.2, As shown in Fig.3,10, all the difference enthalpy
functions presented in this table decrease with increasing pH,
This aspect can be expected from the results of the double
deconvolution as mentioned above (see Fig.3.8). If a more
restricted model is wused in which the difference enthalpy
function is approximated to be independent of pH, this model can
not be fitted to the experimental data, It is concluded that the
difference enthalpy function is depend on pH in the case of the
thermal transition of pepsinogen in the range from pH 6.8 to pH
9.0, The difference enthalpy values at the fixed temperature of
320 K can be well approximated to depend linearly on pH.

In Fig.3.11, I show the pH dependence of difference Gibbs
free energies at a fixed temperature of 320 K, The difference
Gibbs free energies decrease when pH increases, The dependence
is approximated by the 2nd order polynomials which are shown by
the broken lines.

In Table 3.3, +the partial differentiation coefficients of
_{-.he thermodynamic functions are presented, The proton-binding— ‘]

! number and its partial differentiation coefficients are estimated
from these values by Eqs, (3.15a), (3.15b) and (3.15c),.
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3.4 Discussion
3.4.1 Necessity of four thermodynamic states

Privalov et al., showed that the thermal +transitions of
pepsinogen in the pH from 6.0 to B,0 are explained by three—state
transitions although the heat capacity function has one sharp
peak (Privalov et al, 1581}, In this work, 1 observe that the
thermal transition at pH 6.8 is well approximated by three
states, which agrees with their observation, Above pH 7.0,
however, a broad shoulder in the high—temperature side of the
sharp peak is observed, and the broad shoulder becomes one broad
peak at pH 9.0, In order to explain my observations, it is
necessary to consider four thermodynamic states including two
intermediate states as shown in Section 3,.3.2., This necessity is
supported by the pH dependence of the thermodynamic functions
obtained by this model as shown in Section 3.3.3.

In the analysis in Section 3,3.2, 1 assumed (1) that the
heat capacity function of any thermodynamic states is

approximated to be dependent on temperature linearly, i.e.,

a°c, (T, pH)
o = 0 (3.23)

arnd (2) that the difference of the heat capacity function between
any +two thermodynamic states, i-th state and j—-th state, is
approximated to be independent of temperature, i.e,,
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AC, (T, pH)
[ 2 14y = O (3.24)
T
A more general model without these restrictions can well explain
the data, of course, However, we must adapt a model with the
minimal freedom in order to increase the reliability of the
model by avoiding the overfittings,

3.4.2 pH dependence of thermodynamic functions

In Section 3.3.3, it was shown that even the restricted
model whose difference heat capacity functions between any two
thermodynamic states are independent of pH can well explain the
experinental data of all the pH solutions from pH 6.8 to pH 9.0,

Namely, the following equation holds:

(BACy; (TP
oPH

lp =0 (3.25)

where +he suffiwes, i and j, indicate the native, the heat—
denatured, and the two intermediate states. Equations (3.24) and
(3.25) mean that Acij is constant on temperature and pH, and it
agrees with the well-known observation of small globular proteins
which show two—state thermal denaturation (Privalov 1979, for a
review),

However this is the first time to show clearly by high
precision scanning calorimetry that the difference enthalpy

functions, AHij' at a fiwed temperature depend on pH wvalues,
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From Eq,. (3.15¢), the existence of the pH dependence is supported
by +the fact that the difference of the proton-binding—number of
lysozyme is observed to depend on temperature (Pfeil & Privalov

1976). From the temperature dependence of Avyp of lysozyme,

1

about —-0.03 K = at least, between 25 ¢C and 60 ‘C at pH 2.5 (£rom

Fig.11 of Pfeil & Privalov 1976), the pH dependence of AHND
should be observed as about 60 kJ/mol per pH-unit at pH 2.5,
50 ¢, at least, As the pH dependence of +the transition
temperature is about 15 K per pH-unit between pH 2 and 3 (from
Fig.4 of Privalov & Khechinashvili 1974), and the difference heat
capacity between the native and the heat denatured state is 6.7
kIK Imol™! (Khechinashvili et al, 1973), the contribution of the
change of transition temperature to the difference enthalpy
function will be 100 kJ/mol per pH-unit, Thus the pH dependences
of AHND' 60 kJ/mol per pH—unit cannot be negligible,

From Table 3.3, the difference enthalpy wvalue per one
protonation under the condition of constant temperature of 320 K

at pH 7.6 can be evaluated as about —80 kJ/mol by the following

ecquation:
("_")T = (—)T / ( )T (3.26)
3Av ;g apH apH

This wvalue is larger than the protonation enthalpy of the amino
acid monocmer, For example, that of a histidine monomer (pK = 6.0,
at 25 °C) is reported as —30 kJ/mol (Christensen et al, 1969),
This discrepancy may indicate that some of the interactions in

the tertiary structure of +the protein are affected by the
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protonation.

On +the contrary, if we assume that the difference enthalpy

at a fixed temperature is independent of pH:

B4H 5 (T, pH)

}- =0 (3.27)
HpH T

the following equation holds from Ecq. (3.26)

B8Hy (TP

)p =0 (3.28)
3Vij

where A"ij is thought to have to depend on pH generally,
otherwise it is strange that both acid and base denaturation
occur, Equation (3,28) seems strange because it indicates that
the protonation number does not affect the difference enthalpy
function, The wvalidity of Eq,{(3.27) in the small globular
proteins must be re—examined by the method developed in +this
study,.

It is worthwhile to consider the effect of protonation
enthalpy of buffers, which are neglected in this study, As the
thermal transition occurs in buffer solution, the protons which
are released from (or required by) a protein molecule during the
reaction, are "absorbed" (or "supplied') by buffer molecules, so
that the pH of the buffer solution is kept constant, Thus,
generally the observed enthalpy is the sum of both the enthalpy

of the system which is discussed in Section 3.2.3.1 amd a
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protonation enthalpy of the buffers, Namely, we get

AHISS = AHyg + Au g AW (3.28)
where AHb is the deprotonation enthalpy of the buffer, Using
the reported value for phosphate buffer, 3.8 kJ/mol at 25 C
(Christensen & Izatt 1962), the observed enthalpy function of the
system may be corrected by about —-20 kJ/mol in the maximum case
of pH 7.6 (Av & -5B). As the absolute value of A, increases
in more acidic solution, the correction may become larger, The
correction is, however, the same order of magnitude as that of pH
7.6, and it can be neglected in the discussion of the present
study, In the case of borate buffer, the deprotonation enthalpy
is 13.8 kJ/mol at 25 °C (Jordan 1958), which is larger than that
of phosphate buffer, As the absolute value of the difference of
proton-binding-number function becomes small in this pH region,
however, the correction is also negligible,
From Eq, (3.29), we obtain

dAv ;. 8AHb
ACTS= AC + (—) AW + Av i (——

. ) (3.30)
aT 13° o7

The second term of the right-hand side is evaluated as about
0.6 kJK Imol™l and the last term is about 0.5 kJK ‘mol™! in the
maximum case  where the temperature dependence of the

deprotonation enthalpy of phosphate buffer, about -0.1 kJK-lmol—l

(Bates & Acree 1943) is used, Therefore, in the case of heat

capacity evaluation, it is found to be a good approximation to
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neglect the protonation enthalpy of the buffer in the present
case,

On the contrary, if the protonation enthalpy of the buffer
is not negligible, we will be faced with two serious and
complicated problems,

First, no evaluation of the heat capacity function of the
system can be made without the information about the proton—
binding—number function, as easily realized from Eq,.(3.30). This
information may be obtained using the pH-stat method (Pfeil &
Privalov 1976), From the scamning calorimetry alone, however, it
will be complicated to evaluate the A"ij when the protonation
enthalpy of the buffer molecule is not negligible,

Second, the pH wvalue of the buffer solution camot be
assumed as constant during the transition when the protonation
enthalpy of the buffer is large, The temperature dependence of
pH wvalue of the buffer solution is mainly determined by the
temperature dependence of pK of the buffering compound, and it is
related to the deprotonation enthalpy as

4 1 AHP
oK = — (g (3.31)

(10g910) RT

Thus the large protonation enthalpy is responsible for the large
tenperature dependence of pH of the solution, I1f the dependence
cannot be neglected, strictly speaking, we cannot use the present
analysis methods such as two—state analysis, double

deconvolution, etc,, which are valid under the condition that the
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ligand activity is constant during the reaction, as seen in
Section 3.2.3.2.

In the case of phosphate and borate buffers of the present
study, the temperature dependence of pKs is 0,002 and 0,008 pH/K,
using the deprotonation enthalpies, 3.8 J/mol and 13.8 J/mol,
respectively, The effect of the temperature dependence of pH on

the temperature dependence of proton binding number may be

estimated as

dAv

(—— 23y (GpeK)
pH

In the case of pH 7.6, it is about 0,005 K which is within the
estimated error of the partial differentiation of A"ij with

temperature, and can be neglected, Also, +the effects on the
enthalpy function and Gibbs free energy function can be evaluated
similarly, which must be compared with the differences of entropy
function and heat capacity Ffunctions, respectively; they are

found to be within the corresponding estimation error,

3.4.3 Estimation of the structural properties of the
intermediate state

Using the relationship between thermodynamic and structural
properties of globular proteins, indirect information on the
structural aspects could be obtained from calorimetry data, It
must be noted, however, that we can know only thermodynamic

properties of the observed system by calorimetry, and cannot

1i8




obtain any structural information directly from the data,
strictly speaking,

One of the relationships which have been well examined is
the relation between the heat capacity change accompanied by the
thermal denaturation and its tertiary structure, such as the
contact number of the nonpolar side chains, This relation was
originally pointed out by Privalov & Khechinashvili (1974), As
the heat capacity of adqueous solution will be generally increased
when a hydrophobic solute is dissolved in the solution (Gill et
al, 1985), it seems reasonable that the heat capacity increases
when the nonpolar side chains which were buried in the tertiary
structure of native state are exposed to the solvent during
denaturation,

Recently, a quantitative approach has been proposed +to
evaluate the change of thermodynamic properties accompanied with
the thermal denaturation, The change can be calculated using
both the change of the accessible surface area of the atomic
groups which are calculated with the atomic coordinates of the
protein and an empirical linear relation between the accessible
surface area of the group and its heat capacity aobtained
experinmentally (Ooi & Oobatake 1988), These calculated wvalues
for several small globular proteins agree with the corresponding
experimental ones well, This indicates that the main
contribution on the heat capacity change comes from the change of
the accessible surface area of the atoms of the protein,

Upon this relationship, we can evaluate the change of
accessible surface area from the native state to +the two

intermediate states in the case of pepsinogen, From Table 3.2,
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the heat capacity of the intermediate state, Il‘ is estimated to
be almost the same as that of the native state, and that of the
intermediate state, 12, ~is evaluated to be almost the middle
value between those of the native and the denatured states,
These indicate that the accessible surface area of the atoms in
the 11 state is almost the same as that in the native state, and
that almost the half portion of the inner atoms is estimated to

be exposed to the solvent in the 12 state,
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3.5 Concluding Remarks

I show in this chapter that the rigorous analysis of the
precise scamming calorimetry data can reveal the schemes and the
thermodynamic function of a complex thermal +transition of a
globular protein, The structural properties of the intermediate
states which are predicted by the calorimetry will be revealed
directly by a structural method such as a spectroscopic
measurement , Even in the case of small globular proteins, which
are regarded as two—state transition, the precise analysis may be
necessary for the re—examination of the pH dependence of
thermodynamic functions, The pH dependence is closely related to
the proton—binding—number functions, Also a more accurate study
such as a pH-stat method on the functions will be required in
order to compare the results of the calorimetry,
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Table 3,1

Tm, calorimetric enthalpy at Tm' AHcal(Tm), van't Hoff

enthalpy at Tm’ AHVH(Tm) of pepsinogen which are calculated by

two—state analysis,

pH Tm AHcal AHVH AHVH/AHcal
(K) (kJ/mol) (kJ/mol)

6.8 332.8 1196 500 0.42

7.0 329.0 1129 571 0.51

7.6 323.1 936 476 0.51

8.0 321.4 864 397 0.46

9.0 310.0 530 119 0.22
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Table 3.2

Thermodynamic parameters for four—state thermal transitions
of pepsinogen at several pHs which are determined by non—linear

least—scuares fitting,

pH 6.8 7.0 7.6 8.0 9.0
a) (kIK Tmo1 1)
ACqy 0 0 0 ) -
Acozb) - 10,2+1.2 10.2+1.2 10.2+1.2  10.2+1.2
Acosb) 19.740.5 19.740.5 19.7+0.5 19.7+0.5  15.740.5
(kImo1 1)
AHy,(320) 57123 4727 363412 25748 -
AHg,(320) - 942415 765+10 72146 410+15
AHg3(320) 98247  1008+13 885+10 88549 613+19
(kJmol )
AGy,(320) 19.420.1 11.5+0.2  3.240.2 -1,3x0,2 -
A6, (320) - 26.7+0.4  7.040.2 -1.540.2 -15.440.5

AGO3(320) 43,04+0.2 32,640,686 12,3+0.4 3.2+0.3 -14.4+40.3

The suffixes, 0, 1, 2, 3, indicate the thermodynamic states,

i,e,, the native state, the intermediate state, 1 the

1?
j intermediate state, 12, and the heat denatured state,
respectively,

a) ACOl is fixed to zero,

b) AC02 and AC03 are restricted to have the common value at all

the pH values
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Table 3.3

(a) pH partial differentiation coefficients of thermodynamic
functions at pH 7.6, 320 K, which are calculated from the least—
squares fitting curves in Figs,3.10 and 3,11, and (b) the
proton-binding—number functions and their partial differentiation
coefficients, at pH 7,6, 320 K, which are evaluated from (a) by
Egs. (3.15).

(a)

2
. dAGy; 3" A6y, d AHy 4
i _— _—
apH apHZ apH
(k3 /mol) (k3 /mol) (k3 /mo1)
I, -11.9426.0  20.5+16.1  -243+27
I, —27.0+3.0 15.2+1.6 —262+22
D -30.1+4.3 15.3+2.4 171429
(b)
i Avyg e B
opH aT
«®hH
I, —2.0+44,2 3.3+2.6 0.124+0.014
1, —4.4+40.5 2.5+0.3 0.13340.011
D —4.9+0.7 2.5+40.4 0.087+0.015
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Figure captions

Fig.3.1 Tracing of DSC recordings of pepsinogen in pH 8,3, 50 mM
borate buffer at a scamming rate of 1 K/min, Curve 1 (thick
line), first heating: curve 2 (thin line), re—heating of the
protein solution in the calorimeter cell immediately after the
cooling (for 1,5 h) £from the first run. Concentration of
pepsinogen is 1.34 mg/ml, Base line indicates the recording when
both cells are filled with the same buffer solution, with 50 g W
calibration mark from 61 °C to 67 C.

Fig.3.2 Heat capacity function of porcine pepsinogen at pH 7.6
measured by DASM-1M differential adiabatic scanning
microcalorimeter at a scanning rate of 1 K/min, Heat capacity is
plotted as the excess value from +the assumed heat capacity
function of the native state, CN(T)' The heat capacity function
of the heat denatured state, CD(T), is assumed as it has the same
temperature coefficient as CN(T).

Fig.3.3 Calorimetric enthalpy function, AHS2M(T), and van't
Hoff enthalpy function, AHVH(T), of pepsinogen at pH 7.6, These
are calculated by Egqs,(1.31) and (1,37), respectively, using the
heat capacity functions in Fig.3.2,

‘Fig.3.4 Molar fraction functions of the native and the heat
denatured states of pepsinogen at pH 7.6 (thin lines) and their
sum (thick line). They are calculated by double deconvolution

method using the heat capacity functions in Fig,3.2.

Fig.3.5 Enthalpy function of pepsinogen at pH 7.6, H(T), and the
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hypothetical enthalpy function, HN'D) (T), obtained by the double
deconvolution method. Enthalpies are plotted as the excess
values from the assumed enthalpy function of the native state,

HN(T). The enthalpy functions of two intermediate states, HIl(T)
and H12{T)' are assumed,

Fig.3.6 The best fitted heat capacity function (solid line) +o
the observed values of pepsinogen at pH 7.6 (circles). The
parameters of +the model are restricted as all the Aaijs are
fired to zero in Eq. (2.60). Heat capacity functions are plotted

as the excess value from the heat capacity function of the native

state,

Fig.3.7 Molar fraction functions of the four states, i.e., the
native state (N), +the heat denatured state (D), and the +wo
intermediate states, (11)' (12), of pepsinogen at pH 7.6, They
are calculated from the best fitted thermodynamic parameters

determined by non—linear least-squares fitting of Fig.3.6.

Fig.3.8 Difference enthalpy functions between the  three
thermodynamic states, (Il), (12), (D), and the native state (N)
at each midpoint temperature, Tmij’ are plotted, Tmij is defined
as the temperature at which AGij(T) = 0, Filled eircles indicate
AHOl’ Ffilled triangles, AHoz: filled squares, AH03' The

suffiwes, 0, 1, 2, 3, indicate N, Il' 12, D state, respectively,
The nmumbers designate pH values and the bars represent the
temperature dependence of the enthalpy functions, They are
calculated with the thermodynamic parameters determined by non—

linear least—squares fitting at each pH data, Broken lines are
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determined by linear least-squares fitting with the linear

functions of temperature using the plotted points,

Fig.3.9 Heat capacity functions of pepsinogen at the indicated
pH (circles) measured by DASM-1M calorimeter at a heating rate of
1 K/min, Protein concentrations are about 1 mg/ml, Solid lines
are their best fitted functions determined by non—linear least-
squares fitting method with four—-state model under the
restrictions that all the Aaijs in Eq,(2.60) are fixed to =zero
and each Abij in this equation is common to all the data of
these pH values, and especially Abbl’ i,e,, the difference heat
capacity between native and I1 state is fixed to zero (see text
in detail),

Fig.3,10 pH dependence of difference enthalpy functions at a
fixed temperature of 320 K from Table 3,2, The suffixes and
symbols are the same as in Fig.3.8, Broken lines are determined
by least—squares fitting with linear functions of pH using the
data of the same symbol,

Fig.3.11 pH dependence of difference Gibbs free energy function
at a fixed temperature of 320 K from Table 3.2, The suffixes and
symbols are the same as in Fig,3.8, Broken lines are determined
using the data of the same symbol by linear least—squares fitting
with quadratic functions of pH,
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Appendix Statistical mechanical treatment of the system

that includes self-dismociation/assocjiation process

A thermodynamic state is defined as an ensemble of some of
the quantum mechanical microstates (see Chapter 1). ¥hen the
energy and degeneracy of the gy4—-th microstate are denoted as 611
and cuu, respectively, the partition function of the state,
21(T), is defined as

i = —
2°(T) -uie‘.imuexp( eu/RT ) (A.1)

The partition function of the whole system which consist of n
thermodynamic states are described as

noi N
e 1) 21502 (T)y"i / N (A.2)

Z(No,Nl,...,N
where Ni is defined as the particle number of the i-th state,
From the mass conservation low, the next equation holds where m,
is the stoichiometry of the i—th state, and Nr is defined as the
reduced particle number which must be constant,

1§oNi / mg = N, (A.3)

In equilibrium, the set of Ni which makes the partition function

of the whole system maximum is realized, The set can be obtained
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to maximize +the following function I, which is defined as

Eq.(A.4), using a Lagrange's undetermined coefficient, A, as

n

I=1og2+ A % N;/m, (A.4)
i=0

Ny = 21T exp (A/my) (A.5)

I define the molar fraction function of i—th state, fi(T), as

N./mi

£,(T) = I—N (A.6)

r

From Egs.(A.3) and (A.6), the following ecuation holds:;

n
B EM =1 (A.7)
i

Ecquation (A.B) can be derived from Egs,(A.2), (A.5) and (A.6):

n <
- - 1
log 2 = Nr [ugg mkfk m, log(fimiNr) + mg log 27 ] (A.8)

Using the relation between the enthalpy function and the
partition function (see Chapter 1), we obtain

n .
H(T) = RTg1- [ —m,logf, + Zmfy )+ m RT2 7 -logz (A.9)

130




As +the last term of the right—hand side of Eq.(A,9) is equal +to
miHi(T) from +the definition, the next equation is derived

finally,

n
ar-( -miloof; + T mf ] = AH; (T) /R (A.10)
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