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Abstract

The thermodynamics of protein folding can be studied by a variety of different techniques such as differential
scanning calorimetry, differential scanning densimetry and sound velocity measurements. These three methods
monitor the different response functions heat capacity, expansion coefficient and compressibility that characterise
various aspects of protein dynamics such as equilibrium energy and volume fluctuations and energy]volume
correlations. For the development of a comprehensive thermodynamic description of protein behaviour information
on these response functions should be combined. As a starting point we provide in the present paper analytical
solutions for the determination of the response functions and demonstrate on several examples how to extract a
maximum of thermodynamic information on proteins from the measurements of C , a and k . Q 2000 Elsevierp p T
Science B.V. All rights reserved.

Keywords: Fluctuation; Heat capacity; Volume; Compressibility; Expansion coefficient; Protein

1. Introduction

The quantitative investigation of the energetic
and mechanical properties of proteins requires
thermodynamic approaches. A significant thermo-
dynamic characterisation of proteins involves for
example the measurement of the change in the
extensive properties volume V and enthalpy H in
response to the variation of the conjugate inten-
sive properties pressure p and temperature T.
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Volume and enthalpy can be related to each
Ž .other by the partition function Y p,T which in

turn defines the Gibbs energy Gsyk T lnB
Ž .Y p,T .
In statistical thermodynamics mean values are

calculated from derivatives of the partition func-
tion with respect to its variables. For example the

Ž .derivative of the partition function Y p,T with
respect to the pressure variable gspb, with bs
1rk T , gives the volumeB

­lnY Ž .Vsy , 1ž /­g T
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and the derivative with respect to the reciprocal
temperature, bs1rk T , provides the enthalpyB
w x1,2

­lnY Ž .Hsy . 2ž /­b p

When employing the relative partition function
QsYrY , which is defined relative to the parti-N

w xtion function of the native state Y 3,4 , theseN
equations become

­lnQ Ž .VyV sy 3N ž /­g T

­lnQ Ž .HyH sy . 4N ž /­b p

The changes in the relative partition functions
reflect directly the experimentally accessible
volume and enthalpy changes relative to the na-
tive state. The second derivatives of ln Q provide
a measure of the corresponding fluctuations in
volume relative to the native state

2 Ž .­ VyV­ lnQ N2 2 Ž .s ys s sy 5V V 2N ž /­gž /­g TT

or, respectively, in enthalpy

2 Ž .­ HyH­ lnQ N2 2 Ž .s ys s sy 6H H 2N ž /­bž /­b pp

The mixed derivative yields an expression for the
correlation of enthalpy and volume

­ ­lnQ
s ys sV , H V HN , N ž /ž /­b ­g pT

Ž .­ VyVNsy ž /­b p

­ ­lnQs ž /ž /­g ­b p T

Ž .­ HyHN Ž .sy 7ž /­g
T

These theoretical quantities are related to ex-
perimentally accessible properties such as the
isothermal compressibility, kT

s 2
V) Ž .k sVk s , 8T T k TB

the isobaric heat capacity, Cp

s 2
H Ž .C s 9p 2k TB

and the isobaric expansion coefficient, a p

sV , H) Ž .a sVa s 10p p k TB

V is the appropriate volume of the system in
study. For example, it can be the partial specific
or partial molar volume of the protein. The usage
of the Boltzmann constant k in these equationsB
indicates that the relations refer to single pro-
teins. Equivalently all quantities can be formu-
lated per mole of protein. In that case k has toB

w xbe replaced by the gas constant R 3 .
Several of these relations were applied previ-

w x w xously to proteins 5]7 and also to lipids 8 .
However, the new aspect of the present study is
that we provide analytical solutions, which permit
a fit of the experimental data. The equations
developed here apply to the response functions of
transitions of monomeric proteins. These formu-
lae permit a powerful combination of data de-
rived from complementary thermodynamic meth-
ods.

2. Derivation of analytical solutions for the
response functions

In the simplest case protein folding can be
described by a two-state equilibrium with N and
D being the native and the denatured state of the
protein and K the equilibrium constant:

w xD Ž .N|D Ks 11w xN
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This system can be described statistically by the
w xrelative partition function Q 3

w x w xN q D Ž .Qs s1qK 12w xN

For the calculation of the response functions
the temperature and pressure dependence of the
equilibrium constant is required. The relations
are given by the following equations:

­ DG0 ­ln K D H 0
Ž .y s s 132ž /ž /ž /­T RT ­T p RTp

­ DG0 ­ln K DV 0
Ž .y s sy 14ž / ž /ž /­p RT ­p RTTT

The volume relative to the native state is then
given by

­lnQ RT ­K K 0VyV sy sy s DVN ž / ž /­g Q ­p QT T

0 Ž .s f DV 15D

where the fractional population of the denatured
state, f , has been defined by the relationD

w xK D Ž .f s s 16D w x w xQ N q D

The molar volume fluctuations relative to those
Ž .of the native state can becalculated using Eq. 5 :

20 0Ž .­DV DV K2 2s ys sRT f qV V , N D 2ž /­p RT QT

2) 0Ž . Ž .sRT f Dk q DV f 1y f .D T D D

Ž .17

Ž .With these relations and Eq. 8 the change in
isothermal compressibility relative to the native
state can be expressed as a function of the degree
of unfolding, f :D

2) ) 0Ž .k Dk DVT , N T Ž . Ž .k y s f q f 1y f 18T D D DV V VRT

The difference in compressibility between the
native and denatured state is defined by

) ) ) Ž .Dk sk yk sk V yk V . 19T T , D T , N T , D D T , N N

This relation for the change in compressibility
is closely analogous to that for the change in heat
capacity as the following equations demonstrate.
Starting with the relative partition function Q the
proportionality between the degree of transition
f and the experimental enthalpy, HyH , isD N
expressed by the relation

0 Ž .HyH s f D H 20N D

which holds, however, only for monomeric pro-
w xteins as shown previously by Rosgen and Hinz 3 .¨

The temperature course of the heat capacity is
then given by

20Ž .D H Ž . Ž .C yC s f DC q f 1y f 21p p , N D p D D2RT

The change in heat capacity on unfolding is
defined by

Ž .DC sC yC 22p p , D p , N

Finally, an important relation that describes
the correlation between volume and enthalpy

Ž .change can be obtained from Eq. 7 :

0­DV2s ys sRT fV , H V , H , N D ž /­T p

0D H K0 2 )qDV sRT f DaD p2 2RT Q

0 0 Ž . Ž .qDV D H f 1y f . 23D D

Ž .Using Eq. 10 the difference in isobaric expan-
sion between the native and denatured state is
defined in the following manner:

) ) ) Ž .Da sa ya sa V ya , V 24p p , D p , N p , D D p N N

D H 0 and DV 0 are the respective volume and
enthalpy changes at temperature T. If these val-
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ues are known the isobaric expansion coefficient
can be calculated in the following manner:

a) Da) 0 0DV D Hp , N p Ž .a y s f q f 1y fp D D D2V V V RT
Ž .25

V is the partial molar volume at temperature T
Ž .of the protein according to Eq. 15 , which is

w xexperimentally accessible by densimetry 9

3. Usage of the response functions for data
analysis

( )3.1. Constant atmospheric pressure

For the analysis of numerical data it is useful to
formulate the response functions in polynomial
form. In most cases first or second order Taylor
expansions are sufficient. The corresponding ex-
pressions are summarised in the following.

The heat capacity of the native state can usu-
ally be approximated well by a linear function of
temperature

Ž .Ž .C sC q TyT ­ C ,Ž .p , N p , N ,ŽT . 1r2 T p , N T1r2 1r2

Ž .26

while the heat capacity of the denatured state
w xrequires at least a second order polynomial 10

Ž .Ž .C sC q TyT ­ C Ž .p , D p , D ,ŽT . 1r2 T p , D T1r2 1r2

1 2 2Ž . Ž .q TyT ­ C , 27Ž .Ž .1r2 T p , D T1r22

The enthalpy difference between the two states
is then given by the equation:

0 0 Ž .D H sD H q TyT DCŽT . 1r2 p ,ŽT .1r2 1r2

1 2Ž . Ž .q TyT ­ DC Ž .1r2 T p T1r22
1 3 2Ž . Ž .q TyT ­ C . 28Ž .Ž .1r2 T p , D T1r26

The isothermal compressibilities of the native

and denatured state are assumed to be linear
functions of temperature

Ž .Ž . Ž .k sk q TyT ­ k 29Ž .TT , N T , N ,ŽT . 1r2 T T , N 1r21r2

Ž .Ž .k sk q TyT ­ k .Ž .TT , D T , D ,ŽT . 1r2 T T , D 1r21r2

Ž .30

The same assumption is made for the volumes
of the native and the denatured state:

Ž . ) Ž .V sV q TyT a 31N N ,ŽT . 1r2 p , N ,ŽT .1r2 1r2

Ž . ) Ž .V sV q TyT a 32D D ,ŽT . 1r2 p , D ,ŽT .1r2 1r2

Ž . Ž . 0Ž . Ž .C T , C T , D H T , k T ,p ,N 1r2 p ,D 1r2 1r2 p ,N 1r2
Ž . Ž . Ž .k T , V T and V T are the valuesp ,D 1r2 N 1r2 D 1r2

of the respective parameters at the transition
temperature T chosen as reference tempera-1r2
ture. The standard Gibbs energy difference
between the D and N state at temperature T is
w x3,11 :

TyT1r20 0Ž .DG T syD HŽT .1r2 T1r2

TqDC ? TyT yT lnp ,ŽT . 1r21r2 ž /T1r2

Ž .q ­ DC Ž .T p T1r2

T 2 yT 2
T1r2

= qTT ln1r22 Tž /1r2

Ž .­ DC Ž .T ,T p T1r2q 2
23 3 Ž .T yT TyT T1r2 1r2

= q ž /3 2ž
T2 Ž .yT T ln . 331r2 T /1r2

The symbols ­ and ­ indicate the first andT T ,T
second partial derivatives with respect to temper-
ature at T . The parameters that are de-1r2
termined from the experimental curves are the
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transition temperature T and the properties of1r2
the protein at this temperature: the enthalpy

0Ž .change D H T , the heat capacities C and1r2 p ,i
their first or second derivatives with respect to
temperature. The same holds for the compress-
ibility and the volume. Knowledge of the standard
Gibbs energy change DG0 permits calculation of
the equilibrium constant:

0 Ž .yDG TŽ . Ž .K T sexp 34ž /RT

To illustrate the application of the equations
Figs. 1]4a show representative heat capacity
curves of RNase A, lysozyme, cytochrome c and
a-lactalbumin. The experimental data are taken

w x Ž .from Hinz et al. 12 . A fit of the data to Eq. 21
results in the parameters given in Table 1. Figs.
1b]4b exhibit the change in partial specific volume
as a function of temperature for the same pro-
teins. These data can evidently be fitted with

Ž .excellent results to Eq. 15 , if the fraction of
unfolding, f , is taken as a known quantity fromD
the analysis of the heat capacity curves. The fits
are shown as grey lines in Figs. 1b]4b. The
isobaric expansion coefficient, a , can be ob-p
tained as a function of temperature from the

partial specific volume curves on the basis of Eq.
Ž .25 . The resulting values have also been included
in Figs. 1b]4b.

Figs. 1c]4c show calculated compressibility val-
ues for the four proteins. Since there is no infor-
mation on the isothermal compressibility of the
native and the denatured state, k and k ,T ,N T ,D
over a broad temperature range, we plotted only
the transitional contribution, which corresponds

Ž .according to Eq. 18

20Ž .DV Ž . Ž .k s f 1y f . 35T ,t r D DV RT

The experimental determination of the adia-
batic compressibility is usually achieved by ultra-
sound velocity measurements, i.e. at frequencies
in the order of MHz. The isothermal compress-
ibility, k , can be obtained from these values, ifT
the expansion coefficient a , the density r andp

w xthe isobaric heat capacity C are known 7,13 .p
Since protein folding is characterised by relax-
ation times between milliseconds and weeks, ul-
trasound cannot be expected to yield much infor-
mation on the folding process. The only com-
pressibility contributions that will be detected by
ultrasound measurements are those, which result

Table 1
Ž .Thermodynamic parameters at the transition temperature T obtained from a fit of the data in Figs. 1]4 according to Eqs. 151r2

aŽ .and 21

RNase A Lysozyme Cytochrome c a-Lactalbumin

pH 2.5 1.9 3.2 7
Ž . Ž .c DSC grl 14.4 8.3 16.1 7.17
Ž . Ž .c DSD grl 14.4 32.2 16.1 12.2

Ž .MW kgrmol 13.7 14.3 12.4 14.2
w Ž .x Ž . Ž . Ž . Ž .T K r8C 317.8 44.7 328.3 55.2 333.1 60.0 339.4 66.31r2

0 Ž .D H kJrmol 319 374 250 284
Ž .C kJrmol K 27.6 24.8 26.5 30.8p ,N
Ž .C kJrmol K 31.3 30.9 29.9 33.8p ,D

2Ž .­ C Jrmol K 177 142 152 87T p,N
2Ž .­ C Jrmol K 23 33 y67 115T p,D

Ž .V lrmol 9.379 10.359 8.562 10.636N
Ž .V lrmol 9.369 10.356 8.593 10.737D

0 Ž .DV mlrmol y10 y3 31 101
Ž .­ V mlrmol K 4.7 5.2 6.4 6.4T N
Ž .­ V mlrmol K 8.1 8.3 7.2 7.0T D

a w xThe experimental conditions are given in the figure legends and in Hinz et al. 12 .
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Fig. 1. Variation with temperature of the response functions
and the partial specific volume of RNase A at pH 2.5 in 0.1 M

Ž .sodium-phosphate buffer. The experimental data circles are
w x Ž . Ž .taken from Hinz et al. 12 . The fits to Eqs. 15 and 21 are

Ž .shown as grey lines. Parameters are given in Table 1: a heat
Žcapacity and baseline total heat capacity minus the transitio-

. Ž .nal contribution as a black line ; b volume of the protein and
Ž . Ž .volumes of the native dotted and denatured state dashed

wand expansion coefficient solid black line, calculated accord-
Ž .x Ž .ing to Eq. 25 ; c transitional compresssibility contribution

w Ž .xcalculated according to Eq. 35 .

from microscopic changes faster than microsec-
onds. Such changes are likely to reflect the con-
tributions to the compressibility of the pure states.

We can therefore draw the conclusion that
neither ultrasound measurements nor density
measurements alone will yield the full compress-
ibility function of a protein. However, a combina-
tion of the result of both methods with the heat
capacity data will accomplish that. The DSC mea-
surements provide the information on the popula-
tion sizes of native and denatured states, the
density measurements permit the calculation of
the contribution to the compressibility of the

w Ž . Ž .xtransition Eq. 35 or last term in Eq. 18 and
the ultrasound measurements yield the compress-

wibility of the pure states first term on the r.h.s. of
Ž .xEq. 18 .

It is worth noting that for the proteins studied
the volume difference between the two states
decreases with decreasing transition temperature
of the proteins. At the transition midpoint the
DV 0-value becomes even negative for RNase A,
which has the lowest T value among these four1r2
proteins. Up to now volume measurements on
proteins were mainly performed at relatively low
temperatures with different results. Negative DV 0

w xvalues were observed 14]17 but it was also
suggested that DV 0 could assume both positive or

w xnegative values 18 . In that context effects of

Fig. 2. Variation with temperature of the response functions
and the partial specific volume of lysozyme at pH 1.9 in 0.1 M

Ž .sodium phosphate buffer. The experimental data circles are
w x Ž . Ž .taken from Hinz et al. 12 . The fits to Eqs. 15 and 21 are

Ž .shown as grey lines. Parameters are given in Table 1: a heat
Žcapacity and baseline total heat capacity minus the transitio-

. Ž .nal contribution as a black line ; b volume of the protein and
Ž . Ž .volumes of the native dotted and denatured state dashed

wand expansion coefficient solid black line, calculated accord-
Ž .x Ž .ing to Eq. 25 ; c transitional compressibility contribution

w Ž .xcalculated according to Eq. 35 .
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Fig. 3. Variation with temperature of the response functions
and the partial specific volume of cytochrome c in 0.1 M
potassium phosphate buffer at pH 3.2. The experimental data
Ž . w x Ž .circles are taken from Hinz et al. 12 . The fits to Eqs. 15

Ž .and 21 are shown as grey lines. Parameters are given in
Ž . ŽTable 1: a heat capacity and baseline total heat capacity

. Ž .minus the transitional contribution as a black line ; b volume
Ž .of the protein and volumes of the native dotted and dena-

Ž . wtured state dashed and expansion coefficient solid black
Ž .x Ž .line, calculated according to Eq. 25 ; c transitional com-

w Ž .xpressibility contribution calculated according to Eq. 35 .

protein size on the sign of DV 0 were discussed
w x19 . Small proteins were suggested to exhibit
negative volume changes, while larger proteins
were associated with positive volume changes.
However, a generalisation is clearly not possible,
since experimental DV 0 data are available that
demonstrate that also small proteins can exhibit
positive volume changes on denaturation both at

w xroom temperature 20,21 and at higher tempera-
w xtures 12,22 . Therefore, the size of the protein

seems to be of lower importance for the volume
difference between the native and the denatured
state than the experimental conditions at which
the measurements are carried out.

The volume data of RNase A that were anal-
ysed in the present paper were determined in 0.1

w xM sodium-phosphate buffer at pH 2.5 12 . The
other volume data on RNase A in the literature

w xare those in Tamura and Gekko 16 . The protein
has been studied in water adjusted to low pH

Ž .values 1.6, 1.9 and 2.08 . Due to the different
buffer conditions these data obtained at related
but lower temperatures are not directly compara-
ble to the data derived from DSD temperature

w xscans 12 . However, if one neglects the larger
uncertainty involved in the extrapolation of the
volume of the native and the denatured state
resulting from the smaller number and the large

Fig. 4. Variation with temperature of the response functions
and the partial specific volume of a-lactalbumin in water at

Ž .pH 7. The experimental data circles are taken from Hinz et
w x Ž . Ž .al. 12 . The fits to Eqs. 15 and 21 are shown as grey lines.

Ž .Parameters are given in Table 1: a heat capacity and base-
Žline total heat capacity minus the transitional contribution as

. Ž .a black line ; b volume of the protein and volumes of the
Ž . Ž .native dotted and denatured state dashed and expansion

w Ž .xcoefficient solid black line, calculated according to Eq. 25 ;
Ž . wc transitional compressibility contribution calculated accord-

Ž .xing to Eq. 35 .
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scattering of data points in Tamura and Gekko
w x Ž16 it turns out that at the pH values studied pH

. 0 Ž . Ž1.6, 1.9 and 2.08 each DV T value y3201r2
.mlrmol, y490 mlrmol, y670 mlrmol is con-

siderably more negative than the value obtained
Ž .at pH 2.5 y10 mlrmol . In view of the present

results this can be rationalised, if one assumes
that the volume difference between the native
and the denatured state at a given temperature
decreases with decreasing T .1r2

3.2. Effect of pressure ¨ariation

A complete set of heat capacity, expansion and
compressibility data at atmospheric pressure
permits an extrapolation of the transition be-
haviour to other pressures. The extrapolation can
be based on an expression for the Gibbs energy at
different temperatures and pressures. Such a re-
lation is obtained by means of a two-dimensional
Taylor series expansion about a given tempera-
ture T and pressure p , for example T sT0 0 0 1r2
and p s1 bar. When using terms up to fourth0
order the expression reads

0 Ž . 0 Ž .DG T , p sDG T , p0

0 Ž .q ­ DG pypŽ .p 0Ž .T , p0 0

0 Ž .Ž .q ­ DG pyp TyTŽ .p ,T 0 0Ž .T , p0 0

­ DG0Ž .p , p Ž .T , p 20 0 Ž .q pyp02

­ DG0Ž .p ,T ,T Ž .T , p0 0 Ž .q pyp02

­ DG0Ž .p , p ,T Ž .T , p2 0 0Ž .= TyT q0 2
2Ž . Ž .= pyp TyT0 0

­ DG0Ž .p , p , p Ž .T , p 30 0 Ž .q pyp06

­ DG0Ž .p ,T ,T ,T Ž .T , p0 0 Ž .q pyp06
3Ž .= TyT0

­ DG0
p , p ,T ,T ŽT , p . 20 0 Ž .q pyp04

2Ž .= TyT0

­ DG0Ž .p , p , p ,T Ž .T , p 30 0 Ž .q pyp06

Ž .= TyT0

­ DG0Ž .p , p , p , p Ž .T , p 40 0 Ž .q pyp024
Ž .36

0 Ž .DG T , p is the temperature dependence of0
the Gibbs energy at constant pressure as given in

Ž .Eq. 33 . The various partial derivatives with re-
spect to pressure and temperature are abbrevi-
ated as before by ­ or ­ , etc. After intro-p ,p p ,p ,T
duction of the expressions for the partial deriva-

0 Ž . Ž .tives of DG T,p Eq. 36 is transformed as
follows:

0 Ž . 0 Ž .DG T , p sDG T , p0

0 Ž .Ž .qDV T , p pyp0 0 0

) Ž .Ž .qDa T , p pypp 0 0 0

Ž .= TyT0

) Ž .Dk T , p 2T 0 0 Ž .y pyp02
) Ž .­ Da T , pT p 0 0 Ž .q pyp02

2Ž .= TyT0

) Ž .­ Dk T , p 2T T 0 0 Ž .y pyp02
) Ž .­ Dk T , pp T 0 0Ž .= TyT y0 6

3Ž .= pyp0

) Ž .­ Da T , pT ,T p 0 0 Ž .q pyp06
3Ž .= TyT0

) Ž .­ Dk T , p 2T ,T T 0 0 Ž .y pyp04
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2Ž .= TyT0

) Ž .­ Dk T , pp ,T T 0 0 3Ž .y pyp06

Ž .= TyT0

) Ž .­ Dk T , pp , p T 0 0 4Ž . Ž .y pyp 37024

The only constants that can not be measured in
isobaric experiments are the pressure derivatives
­ Dk) , ­ Dk) and ­ k) s­ Da). How-p T p,p T p,T T p,p p

ever, spectroscopic measurements of protein tran-
sitions at different pressures can be used for the
evaluation of compressibilities, that are compara-
ble to the values obtained from purely thermody-
namic methods, by a determination of the

0Ž . w xDG T , p s0 curve 7 . This is maybe easiest
w xusing NMR 23 . Since spectroscopic techniques

appear to involve fewer problems at higher pres-
sures than, e.g. expansion, ultrasound or heat
capacity studies, values for the last three unde-
termined parameters are likely to result from
spectroscopic measurements. The strategy for ob-
taining the highest degree of information is then
to perform global fits that comprise the experi-
mental heat capacity, compressibility, volume and
spectroscopic pressure denaturation data. The
data should permit a reliable extrapolation of the
response functions into high-pressure regions.

To illustrate the temperature and pressure de-
pendence of a protein the stability of RNase A
was calculated as a function of temperature for a
variety of pressures using the parameters given in
Table 1 and a compressibility difference of 1.397

y7 Ž .=10 mlr Pa mol between the native and the
w xdenatured state 12,24 . Since not all experimental

parameters required for the calculation of protein
Ž .stability according to Eq. 37 are known the

accuracy of the stability curves is expected to be
best at a low pressure. For a more precise calcu-
lation of the Gibbs energy change at pressures in
the kilobar region more information is needed
both on the compressibility itself but also on the
pressure and temperature derivatives of the com-

Ž .pressibility Fig. 5 .

Fig. 5. Stability of RNase A as a function of pressure and
Ž .temperature. The curves were calculated according to Eq. 37

using the parameters given in Table 1 and a compressibility
) y7 Ž .difference of Dk s1.397=10 mlr Pa mol between theT

w xnative and the denatured state 12,24 .

4. Calculation of response functions that are not
experimentally accessible

If three response functions are known other
w xresponse function can be determined 13 . This

applies also to properties that are not experimen-
tally accessible. Some interesting response func-
tions that can be calculated from the ones given
above are the isochoric tension coefficient bV

a p Ž .b s 38V pkT

and the isochoric heat capacity CV

a2
p Ž .C sC y TV . 39V p kT

p, V and T are respectively pressure, volume
and temperature. A comparison of isochoric and
isobaric heat capacity for lysozyme is shown in

w xFig. 6. As noted previously 12 the isochoric heat
capacity of the protein could decrease on denatu-
ration while the isobaric heat capacity increases.
However, to verify this result further, particularly
with respect to compressibility data, sound veloc-
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Ž . Ž .Fig. 6. Isobaric } and isochoric ] ] heat capacity of
Ž .lysozyme calculated according to Eq. 39 using the data given

) y7 Ž . w xin Table 1 and Dk s1.397=10 mlr Pa mol 12,24 .T

ity measurements should be performed on both
the native and denatured protein over a broad
temperature range.

5. Conclusions

In the present study we have shown that a
combination of thermodynamic methods can yield
significant insight into the mechano-thermal
properties of proteins that is superior to the in-
formation obtained by the individual method. We
derived formulas that permit the extraction of
maximal information from the various thermody-
namic measurements. These equations link the
parameters obtained by different methods and
allow e.g. the calculation of the static compress-
ibility of proteins from a combination of calori-
metric, volumetric and sound velocity measure-
ments.

Acknowledgements

Financial support by the Deutsche Forschungs-
gemeinschaft GRK 234r1-96 and by the Fonds
der Chemischen Industrie is gratefully ac-
knowledged.

References

w x1 M. Toda, R. Kubo, N. Saito, Statistical Physics 1,ˆ
Springer-Verlag, Berlin, 1983.

w x2 R. Balian, From Microphysics to Macrophysics,
Springer-Verlag, Berlin, 1991.

w x3 J. Rosgen, H.-J. Hinz, Statistical thermodynamic treat-¨
ment of conformational transitions of monomeric and

Ž .oligomeric proteins, Phys. Chem. Chem. Phys. 1 1999
2327]2333.

w x4 J. Wyman, S.J. Gill, Binding and Linkage, University
Science Books, Mill Valley, 1990.

w x5 A. Cooper, Thermodynamic fluctuations in protein
Ž .molecules, Proc. Natl. Acad. Sci. USA 73 1976

2740]2741.
w x6 A. Cooper, Protein fluctuations and the thermodynamic

Ž .uncertainty principle, Prog. Biophys. Mol. Biol. 44 1984
181]214.

w x7 K. Heremans, L. Smeller, Protein structure and dy-
namics at high pressure, Biochim. Biophys. Acta 1286
Ž .1998 353]370.

w x8 T. Heimburg, Mechanical aspects of membrane thermo-
dynamics. Estimation of the mechanical properties of
lipid membranes close to the chain melting transition

Ž .from calorimetry, Biochim. Biophys. Acta 1415 1998
147]162.

w x9 O. Kratky, H. Leopold, H. Stabinger, The determination
of the partial specific volume of proteins by the mechan-

Ž .ical oscillator technique, Methods Enzymol. 27 1973
98]110.

w x10 M. Hackel, H.-J. Hinz, G.R. Hedwig, A new set of¨
peptide-based group heat capacities for use in protein

Ž .stability calculations, J. Mol. Biol. 291 1999 197]213.
w x11 J. Rosgen, B. Hallerbach, H.-J. Hinz, The ‘Janus’ nature¨

of proteins: systems at the verge of the microscopic and
Ž .macroscopic world, Biophys. Chem. 74 1998 153]161.

w x12 H-J. Hinz, T. Vogl, R. Meyer, An alternative interpreta-
tion of the heat capacity changes associated with protein

Ž .unfolding, Biophys. Chem. 52 1994 275]285.
w x13 K. Huang, Statistical Mechanics, Wiley & Sons, New

York, 1987.
w x14 D.N. Holcomb, K.E. van Holde, Ultracentrifugal and

viscometric studies of the reversible thermal denatura-
Ž .tion of ribonuclease, J. Phys. Chem. 66 1962 1999]2006.

w x15 H.B. Bull, K. Breese, Temperature dependence of par-
Ž .tial volumes of proteins, Biopolymers 12 1973

2351]2358.
w x16 Y. Tamura, K. Gekko, Compactness of thermally and

chemically denatured ribonuclease a as revealed by
Ž .volume and compressibility, Biochemistry 34 1995

1878]1884.
w x17 G.J.A. Vidugiris, C.A. Royer, Determination of the

volume changes for pressure-induced transitions of
Apo-myoglobin between the native, molten globule, and

Ž .unfolded states, Biophys. J. 75 1998 463]470.
w x18 A.A. Zamyatnin, Amino acid, peptide and protein

Ž .volume in solution, Ann. Rev. Biophys. Bioeng. 13 1984
145]165.

w x19 T.V. Chalikian, K.J. Breslauer, On volume changes ac-
companying conformational transitions of biopolymers,

Ž .Biopolymers 39 1996 619]626.



( )J. Rosgen, H. Hinz r Biophysical Chemistry 83 2000 61]71¨ 71

w x20 T.V. Chalikian, V.S. Gindikin, K.J. Breslauer, Volumet-
ric characterisations of the native, molten globule and
unfolded states of cytochrome c at acidic pH, J. Mol.

Ž .Biol. 250 1995 291]306.
w x21 T.V. Chalikian, V.S. Gindikin, K.J. Breslauer, Spectros-

copic and volumetric investigation of cytochrome c un-
folding at alkaline pH: characterisation of the base-in-

Ž .duced unfolded state at 258C, FASEB J. 10 1996
164]170.

w x22 T.V. Chalikian, J. Volker, D. Anafi, K.J. Breslauer, The¨
native and the heat-induced denatured states of a-
chymotrypsinogen A: Thermodynamic and spectroscopic

Ž .studies, J. Mol. Biol. 274 1997 237]252.
w x23 K.E. Prehoda, E.S. Mooberry, J.L. Markley, Pressure

denaturation of proteins: Evaluation of compressibility
Ž .effects, Biochemistry 37 1998 5785]5790.

w x24 J.F. Brandts, R.J. Oliveira, Thermodynamics of ribonu-
Ž .clease A, Biochemistry 9 1970 1038]1047.


