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Abstract
We review the results of compressibility studies on proteins and low molecular weight compounds that model the
hydration properties of these biopolymers. In particular, we present an analysis of compressibility changes accompanying
conformational transitions of globular proteins. This analysis, in conjunction with experimental compressibility data on
protein transitions, were used to define the changes in the hydration properties and intrinsic packing associated with nativeto-molten globule, native-to-partially unfolded, and native-to-fully unfolded transitions of globular proteins. In addition, we
discuss the molecular origins of predominantly positive changes in compressibility observed for pressure-induced
denaturation transitions of globular proteins. Throughout this review, we emphasize the importance of compressibility
data for characterizing protein transitions, while also describing how such data can be interpreted to gain insight into role
that hydration and intrinsic packing play in modulating the stability of and recognition between proteins and other
biologically important compounds. ß 2002 Elsevier Science B.V. All rights reserved.
Keywords: Globular protein; Conformational transition; Hydration; Intrinsic packing; Compressibility ; Ultrasonics

1. Introduction
The problem of protein folding remains a fascinating and much debated challenge of molecular biophysics [1^12]. After An¢nsen demonstrated that
proteins fold spontaneously and introduced the hypothesis that the native state of the protein corresponds to the global minimum of free energy
[13,14], thermodynamic characterizations of proteins
in their native and denatured states have emerged as
a major and fruitful approach to tackling the problem of protein folding [15^20]. The native state of the
protein is separated from the ensemble of its denatured states by highly cooperative transition of the
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all-or-none type [21^25]. Elucidation of the thermodynamic nature and relative importance of the forces
that govern the cooperativity of the folding/unfolding transitions of proteins is a key to understanding
and, ultimately, addressing the protein folding problem [26,27]. In recognition of this fact and to this
end, the thermodynamics of protein transitions has
been thoroughly studied based on temperature-dependent [15,17,20], pH-dependent [19,24,25], denaturant-dependent [16,28,29], and pressure-dependent
[18,30^34] protocols. In these studies, the equilibrium
between the native and denatured protein states is
perturbed by changing solution conditions (temperature, pressure, pH, salt, co-solvent, and denaturant
concentration) and the concomitant change in a thermodynamic state function is monitored.
The e¡ect of pressure on protein stability is determined by changes in volume, expansibility (the ¢rst
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temperature derivative of volume), and compressibility (the ¢rst pressure derivative of volume) associated
with the unfolding transition of the protein at the
experimental temperature and pressure [31]. The
volumetric properties (volume and its derivatives expansibility and compressibility) of proteins and their
low molecular weight analogs have proven uniquely
sensitive to solute^solvent interactions (hydration)
and intrinsic packing of globular proteins [35^38].
Consequently, any transition-induced change in protein hydration and/or intrinsic packing should be re£ected in the accompanying changes in volume, expansibility, and compressibility [38^41]. Therefore,
volumetric parameters represent a useful tool for
macroscopic characterizations of structural transitions of proteins. It should be noted that thermodynamic information on intra- and intermolecular interactions of proteins provided by pressure-related
volumetric observables (such as volume and compressibility) is complementary to that provided by
temperature-related calorimetric observables (such
as heat capacity and enthalpy). Hence, the combined
use of volumetric and calorimetric observables often
leads to more complete thermodynamic characterizations of protein systems and their conformational
transitions.
The current interest of the biophysical/biochemical
community toward compressibility as a tool for protein studies was ¢rst triggered several decades ago by
progress in development of high precision techniques
of sound velocity measurements and high-pressure
studies [42^45]. Subsequently, compressibility measurements have begun to ¢nd an increasing employment as an independent and e¡ective means for characterizing protein systems in a number of research
laboratories across the globe [46^55]. In this paper,
we review recent progress in the ¢eld of compressibility-based characterizations of structural transitions
of water-soluble globular proteins. This review is not
meant to be comprehensive with respect to critically
evaluating the existing literature data on protein
compressibility and microscopic interpretations of
these data in terms of protein hydration and intrinsic
packing. Instead, we focus on presenting our own
results while also describing selected studies from
other research groups. We begin by de¢ning the partial compressibility of a solute and describing how it
can be interpreted microscopically. Then, we brie£y
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review the data on the partial compressibility of amino acids, peptides, and native globular proteins.
Next, we present some theoretical considerations on
compressibility changes associated with protein transitions. Finally, we present a survey of published experimental data on changes in compressibility associated with temperature-, pressure-, denaturant-, and
pH-induced structural transitions of globular proteins. Throughout the review, we emphasize the signi¢cance of compressibility measurements for gaining insight into the forces that govern conformational preferences of polypeptide chains at given solution
conditions.

2. Partial compressibility of proteins
2.1. De¢nitions
The most comprehensive and thermodynamically
rigorous review of de¢nitions and calculations of solute compressibility and related state functions has
been recently presented by Blandamer et al. [56].
The isothermal compressibility, KT , of a system can
be de¢ned as the negative pressure derivative of its
volume, V, taken at constant temperature:
K T ¼ L T V ¼ 3ðD V =D PÞT

ð1Þ

where T is the absolute temperature; and
L T ¼ 3V 31 ðD V =D PÞT is the coe⁄cient of isothermal
compressibility.
Similarly, the adiabatic compressibility of a system
is the negative pressure derivative of its volume, V,
taken at constant entropy:
K S ¼ L S V ¼ 3ðD V =D PÞS

ð2Þ

where S is the entropy; and LS = 3V31 (DV/DP)S is the
coe⁄cient of adiabatic compressibility.
Coe⁄cients of isothermal, LT , and adiabatic, LS ,
compressibility are related to each other as follows:

L T ¼ L S þ T K 2 = b cP

ð3Þ

where b is the density; K = V31 (DV/DT)P is the coef¢cient of thermal expansion; and cP is the speci¢c
heat capacity at constant pressure.
The partial molar isothermal/adiabatic compressibility, K‡T=S , of a solute is de¢ned as the partial derivative of the isothermal/adiabatic compressibility of
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the solution with respect to the number of moles of
the solute, N:

K  S ¼ L S0 ð2V  32½U3M= b 0 Þ

K  T ¼ ðD K T =D NÞT;P

ð4Þ

K  S ¼ ðD K S =D NÞT;P

ð5Þ

where LS0 is the coe⁄cient of adiabatic compressibility of the solvent; V‡ = (DV/DN)T;P is the partial molar
volume of a solute; [U] = (U3U0 )/U0 C is the relative
molar sound velocity increment of a solute; and U
and U0 are the sound velocities in the solution and
solvent, respectively.
The partial molar volume, V‡, of a solute can be
calculated based on di¡erential solution-versus-solvent density measurements [59]:

For proteins, when it is often needed to compare
molecules with vastly di¡erent molecular weights, M,
the values of partial speci¢c isothermal, k‡T = K‡T /M,
and adiabatic, k‡S = K‡S /M, compressibilities are
more convenient for use than the partial molar values. The relationship between K‡T and K‡S is as follows [56]:
K  T ¼ K  S þ ðT K 20 = b 0 cP0 Þð2E  =K 0 3C  P = b 0 cP0 Þ
ð6Þ
where b0 is the density of the solvent; K0 is the coe⁄cient of thermal expansion of the solvent; cP0 is
the speci¢c heat capacity at constant pressure of the
solvent; E‡ is the partial molar expansibility of a
solute; and C‡P is the partial molar heat capacity
of a solute.
Sometimes, the so-called adiabatic, US = K‡S /V‡,
and isothermal, UT = K‡T /V‡, compressibilities of a
protein are used in volumetric studies. The use of
these characteristics is justi¢ed as far as there is a
clear understanding of the relationships between US ,
UT , K‡S , and KT . In this respect, it should be noted
that the relationship between US and UT is given by a
modi¢cation of Eq. 6 [U‡T = U‡S +(TK20 /V‡b0 cP0 ) (2E‡/
K0 -C‡P /b0 cP0 )] and not by Eq. 3.
2.2. Measurements
Currently, the most accurate method of determining the partial molar adiabatic compressibility, K‡S ,
of a solute is based on the Newton-Laplace equation
which relates the coe⁄cient of adiabatic compressibility, LS , of a medium with its density, b, and sound
velocity, U [49]:
U 2 ¼ ð L S b Þ31

ð7Þ

Di¡erentiating Eq. 7 with respect to the molar
concentration of a solute, C, and performing simple
arithmetical rearrangements one obtains the following relationship for in¢nitely diluted solutions
[57,58]:

V  ¼ M= b 0 3ð b 3 b 0 Þ= b 0 C

ð8Þ

ð9Þ

where b and b0 are the densities of the solution and
solvent, respectively.
Inspection of Eqs. 7, 8, 9 reveals that the partial
molar adiabatic compressibility of a solute can be
calculated from di¡erential solution-versus-solvent
measurements of density and sound velocity. Recent
developments of highly sensitive densimetric and
acoustic apparatuses have enabled di¡erential measurements of solution density and sound velocity in
liquid samples with the minimum required volume of
less than 1 ml and relative precision on the order of
1034 % [49,60^65]. This precision permits one to carry
out reliable compressibility measurements in solutions with solute concentration of V1 mg/ml or
less. The partial molar isothermal compressibility,
K‡T , of a solute can be recalculated from K‡S using
Eq. 6 provided that the partial molar expansibility,
E‡, and heat capacity, C‡P , have been determined independently. Signi¢cantly, by conducting densimetric
and acoustic measurements in a protein solution as a
function of temperature, pressure, pH, salt, or denaturant concentration (all of which may perturb the
equilibrium between the native and denatured protein
species), one can determine the change in compressibility associated with a temperature-, pressure-, pH-,
salt-, or denaturant-induced protein transition.
An alternative way of calculating the change in
isothermal compressibility, vKT , accompanying the
pressure-induced denaturation of a protein is based
on a two-state analysis of the transition pro¢le monitored by some physical (often spectroscopic) observable [31,44,45,66]. In this approach, a two-state analysis is used to describe the pressure dependence of
the free energy, vG, of protein denaturation. The
change in compressibility is determined from approx-
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imation of the pressure dependence of vG by the
function [31]:

v G ¼ v G 0 þ v V ðP3P0 Þ þ 0:5v K T ðP3P0 Þ2

ð10Þ

where vG0 is the free energy of protein denaturation
at reference pressure, P0 ; and vV and vKT are, respectively, the changes in volume and isothermal
compressibility accompanying the pressure-induced
denaturation of the protein.
Finally, in one recent study, the partial speci¢c
isothermal compressibility, k‡T , of the globular protein staphylococcal nuclease was determined from
direct density measurements as a function of pressure
over the range of 1 to 1000 bar [67]. Even though
this promising approach represents the most straightforward way of determining k‡T , its relative precision
is still low. Consequently, high protein concentrations are required for experiments. For example, Seemann et al. have used a protein concentration of
V40 mg/ml for evaluating k‡T of staphylococcal nuclease [67].
2.3. Interpretations
The partial molar adiabatic compressibility, K‡S ,
of a solute can be represented by the sum of intrinsic,
KSM ,
and
hydration,
vKSh ,
contributions
[37,38,48,49,68]:
K  S ¼ K SM þ v K Sh ¼ L SM V M þ nh ðK Sh 3K S0 Þ
ð11Þ
where KSM is the intrinsic adiabatic compressibility
of a solute; VM is the intrinsic volume of a solute;
LSM is the intrinsic coe⁄cient of adiabatic compressibility of a solute; vKSh is the compressibility e¡ect
of hydration; KS0 and KSh are the partial molar adiabatic compressibilities of water in the bulk state and
in the hydration shell of a solute, respectively; and nh
is the ‘hydration number’ which corresponds to the
number of water molecules in the hydration shell of a
solute.
The partial molar isothermal compressibility, K‡T ,
of a solute can be interpreted in terms of hydration and
intrinsic contributions using a similar relationship:
K  T ¼ K TM þ v K Th ¼ L TM V M þ nh ðK Th 3K T0 Þ
ð12Þ
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In Eqs. 11, 12, the intrinsic volume, VM , represents
the geometric volume of the solute that is not penetrable by surrounding water molecules. For a globular protein, VM is equal to the sum of the van der
Waals volumes, VW , of all constituent atoms plus the
volume of intraglobular voids, VV , resulting from its
imperfect internal packing. Consequently, VM re£ects
the spatial architecture of protein interior. The intrinsic coe⁄cient of adiabatic, LSM , or isothermal,
LTM , compressibility of a globular protein represents
a measure of intraglobular interactions and, consequently, re£ects the tightness of intrinsic packing. In
addition, LTM re£ects the dynamic properties of a
protein since the mean square volume £uctuation
of a solute molecule, GV2M f, is directly proportional
to LTM [69,70]:
GV 2M f ¼ kB T L TM V M

ð13Þ

where kB is Boltzmann constant.
The hydration terms, vKSh and vKTh , in Eqs. 11,
12 represent the change in solvent compressibility
induced by solute^solvent interactions. Being so,
vKSh and vKTh are sensitive to the amount (nh )
and strength (KSh and KTh ) of solute^solvent interactions in the vicinity of solute molecule. Consequently, the values of vKSh and vKTh depend on
the number and chemical nature (charged, polar,
and nonpolar) of solvent-exposed protein groups.
Based on the foregoing discussion, it is clear that
any transition-induced change in protein hydration,
interior packing, or size of the solvent-inaccessible
core should be re£ected in the values of K‡S and
K‡T . Hence, compressibility measurements can be
used as an e¡ective means for detecting and characterizing protein transitions. Eqs. 11, 12, 13 in conjunction with the accumulated volumetric database
on globular proteins and their low molecular weight
model compounds form the basis for microscopic
interpretations of compressibility data.

3. Partial compressibility of low molecular weight
protein analogs and unfolded polypeptide chains
In an attempt to better understand and, ultimately,
predict the hydration properties of proteins, their low
molecular weight analogs, including amino acids and
short oligopeptides, have been widely used as model
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systems. To this end, the volumetric properties of
these relatively simple compounds have been studied
as a function of temperature, pressure, and pH [71^
91]. One important advantage of small molecules for
modeling protein hydration is that their intrinsic
compressibility, KM , which is determined mostly by
the compressibility of covalent bonds and external
electron shells, is small and can be neglected in
Eqs. 11, 12 [37,38,49]. Consequently, as is seen
from Eqs. 11, 12, the partial compressibility of a
low molecular weight model compound is predominantly determined by its solute^solvent interactions
as re£ected in the values of vKSh and vKTh .
Based on model compound studies, the compressibility contributions of charged, polar, and nonpolar
groups have been determined as a function of temperature. Fig. 1A presents the temperature dependence of the adiabatic compressibility contribution
of an independently hydrated pair of the charged
3
amino ^NHþ
(b) termini in
3 and carboxyl ^COO
long K,g-aminocarboxylic acids [79]. Fig. 1B presents
our data on the adiabatic compressibility contributions of an independently hydrated methylene ^CH2 group in K,g-aminocarboxylic acids [79] (a), peptide
^CONH- group in oligoglycines [81] (F), hydroxyl ^
OH group in pentoses and hexoses [92] (E), and benzene ^C6 H5 ring in the GlyGlyPhe tripeptide [88]
(7) plotted against temperature. In addition, Fig.
1B presents the literature data on the temperature
dependence of the adiabatic compressibility contribution of the hydroxyl ^OH group in long K,g-diols
(8) [77]. The data presented in Fig. 1A,B in conjunction with Eq. 11 enable one to quantitatively
characterize the hydration properties of charged, polar, and nonpolar groups and evaluate the di¡erential compressibility of water of hydration and bulk
water. Within the entire temperature range studied,
waters solvating charged groups are less compressible
than bulk water [37,49,77,79]. Water molecules solvating aliphatic groups are less compressible than
bulk water below 35‡C while exhibiting a greater
compressibility at higher temperatures [37,49,77,79].
Hydration of a polar group depends on its position
relative to other polar or charged groups in the solute molecule, with the two extreme cases represented
by ‘closely located’ and ‘single’ polar groups [77].
For closely located polar groups (such as the ^OH
groups in pentoses and hexoses), the compressibility

Fig. 1. The temperature dependences of compressibility contributions of di¡erent atomic groups: (a) a pair of the charged
3
amino ^NHþ
(b) termini in long K,g3 and carboxyl ^COO
aminocarboxylic acids [79] ; (b) an aliphatic ^CH2 - group in
K,g-aminocarboxylic acids [79] (a), peptide ^CONH- group in
oligoglycines [81] (F), hydroxyl ^OH group in pentoses and
hexoses [92] (E), aromatic benzene ^C6 H5 ring in the GlyGlyPhe tripeptide [88] (7), and the hydroxyl ^OH group in long
K,g-diols (8) [77].

of water of hydration is reduced compared to that of
bulk water and weakly depends on temperature. By
contrast, for a single polar group (such as, the ^OH
groups in alcohols and long K,g-diols), the compressibility of water of hydration is signi¢cantly larger
than that of bulk water, but the di¡erence steeply
decreases with increasing temperature (see Fig. 1B).
Recently, the thermodynamics of water solvating
atomic groups of di¡erent chemical nature has been
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analyzed and rationalized based on the two-state representation of liquid water [93].
Volumetric studies on amino acids and systematically altered oligopeptides have been used to determine the compressibility contributions of glycyl unit
(-CH2 CONH-) and di¡erent amino acid side chains
[71,73,77,79^81,83,84,88,90]. These contributions are
required to develope additive algorithms for calculating the partial molar (or speci¢c) adiabatic compressibility of an extended polypeptide chain of a known
primary sequence [77,83,94]. However, a survey of
the relevant literature reveals that the magnitude
and even the sign of the compressibility contribution
of a given amino acid side chain strongly depends on
the model compound used. For example, the compressibility contribution of the Phe side chain calculated as the di¡erence between the partial molar
adiabatic compressibilities of the amino acids Phe
and Gly equals 37.54U1034 cm3 mol31 bar31 [71].
The same contribution determined from di- and
tripeptide studies is equal to 31.79U1034
cm3 mol31 bar31 (GlyPhe/GlyGly) [75], 5.8U1034
cm3 mol31 bar31
(GlyPheGly/GlyGlyGly)
[83],
1.2U1034 cm3 mol31 bar31 (PheGlyGly/GlyGlyGly),
and 0.6U1034 cm3 mol31 bar31 (GlyGlyPhe/GlyGlyGly) [88]. These disparities, which result from
unaccounted intramolecular interactions between
the side chain and the rest of the solute molecule,
make it very di⁄cult to choose a satisfactory set of
data for modeling the compressibility contributions
of amino acid residues in a polypeptide chain. In this
respect, free amino acids are the least reliable models
since, in these molecules, the closely located side
chain and zwitterionic skeleton may strongly interact
with each other via overlap of hydration shells.
Hence, the side chain of a free amino acid can hardly
be considered independently hydrated. Perhaps, amino acid side chains in Gly-X-Gly tripeptides and uncharged N-acetyl amino acid amides represent the
best models for mimicking amino acid residues
in proteins. Unfortunately, systematic volumetric databases on these promising substances are still lacking.
The compressibility contribution of glycyl unit
(-CH2 CONH-) obtained on the basis of similar (but
not identical) peptide systems also can be quite different. For example, in two recent studies on the
homologous series of oligoglycines (glycine to penta-
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glycine), similar values for the compressibility contribution of glycyl unit equal to 3(1.1 þ 0.5)U1034
cm3 mol31 bar31 [81] and 3(1.08 þ 0.08)U1034
cm3 mol31 bar31 [90] have been obtained. By contrast, the same contribution obtained from the Ala,
AlaGly, AlaGly2 , AlaGly3 , and AlaGly4 series
is signi¢cantly more negative and equals
3(2.75 þ 0.03)U1034 cm3 mol31 bar31 [81]. The reason(s) for the observed disparity is (are) yet to be
uncovered.
In the aggregate, a wealth of information on the
partial molar adiabatic compressibilities of amino
acids and oligopeptides has been accumulated to
date. Nevertheless, reliable derivation of the compressibilty contributions of amino acid residues required for calculating the partial compressibility of
individual polypeptide chains of known primary sequences is not yet possible. It should be noted however that, in a recent publication, an additive method
for calculating the partial compressibility of an unfolded polypeptide chain has been put forward [94].
Based on this method, the author calculated the
compressibility e¡ects of complete unfolding for a
number of globular proteins [94]. In our opinion,
the proposed additive method is of limited applicability for experimental analyses and practical predictions. In this method, amino acid residues of polypeptide chains have been somewhat arbitrarily
modeled by zwitterionic amino acids. The use of
free amino acids may be the source of large, unaccountable calculation errors since, as noted above, in
these compounds, the side chain is not independently
hydrated. Hence, free amino acids make a poor model for mimicking amino acid residues in polypeptide
chains.
Another strategy for estimating the partial compressibility of an unfolded protein is to focus on an
‘average’ polypeptide chain rather than to attempt
discriminating between individual polypeptides differing in primary sequences. The partial compressibility of an average unfolded protein can be obtained
based on the following assumption: the average unit
î 2 ) of an unfolded prohydration (normalized per 1 A
tein, independent of its exact amino acid sequence, is
roughly similar to that of short, structureless oligopeptides of mixed composition, such as tripeptides.
Based on this assumption, the average unit compresî 2 ) of a polypeptide
sibility contribution (per 1 A
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surface, Q, should be roughly equal to the arithmetic
mean of unit contributions of a large number of
relatively short oligopeptides [95]. For example,
for the X-Gly-Gly and Gly-Gly-X families of tripeptides (where X is an apolar amino acid), the
values of Q range from 310U1036 to 314U1036
î 32 as can be calculated by dividcm3 mol31 bar31 A
ing the partial molar adiabatic compressibilities, K‡S ,
of a tripeptide by its solvent accessible surface area,
SA (Q = K‡S /SA ) [88]. In our analysis below, we will
assume that the unit compressibility contribution of
an unfolded protein, QU , is equal to (312 þ 2)U1036
î 32 . This approach does not permit
cm3 mol31 bar31 A
one to discriminate between speci¢c polypeptides,
but rather provides an estimate of the partial speci¢c
adiabatic compressibility of an ‘average’ fully extended polypeptide chain. An implicit assumption
of this approach is that the partial speci¢c adiabatic
compressibility, k‡S , of an unfolded polypeptide
chain is roughly similar to that of short oligopeptides. Based on our tripeptide data, we estimate the
partial speci¢c adiabatic compressibility, k‡S , of an
‘average’ unfolded protein to be 3(18 þ 3)U1036
cm3 g31 bar31 [88].

4. Partial compressibility of native globular proteins
The largest set of partial speci¢c adiabatic compressibilities, k‡S , of native globular proteins at
25‡C has been reported by Gekko and coworkers
[46,47]. Subsequently, Gekko and Hasegawa [96]
and Chalikian et al. [97] studied the e¡ect of temperature on the partial compressibility of native globular
proteins. Analysis of the available data on protein
compressibility reveals that native globular proteins
predominantly exhibit positive values of k‡S . Microscopic interpretation of data on the partial speci¢c
adiabatic compressibility of proteins conventionally
relies on an expanded version of Eq. 11 [98]:
k S ¼ kSM þ v kSh þ krel

ð14Þ

In this equation, kSM = KSM /M is the speci¢c intrinsic
compressibility of a protein; M P
is the molecular
weight of a protein; v kSh ¼ M 31 i nShi ðK Shi 3K S0 Þ
is the compressibility e¡ect of hydration; KShi is the
partial molar adiabatic compressibility of water solvating the ith solvent-exposed protein group; nhi is

the number of water molecules in the hydration shell
of the ith solvent-exposed protein group; krel is the
relaxation contribution to protein compressibility,
which can be presented as the sum of the pH-dependent, krel (pH), and pH-independent, krel0 , terms:
krel ¼ krel0 þ krel ðpHÞ

ð15Þ

The pH-independent term, krel0 , results from £uctuations (subtransitions) within the ensemble of
nearly isoenergetic, native-like conformational states
of the protein, which are, nevertheless, distinct with
respect to their partial volumes. Based on the theory
of chemical relaxation [99], it can be shown that the
pH-independent relaxation contribution to protein
compressibility is given by the following expression:
X
krel0 ¼ M 31 ½v V j ðv V j 3K v H j = b cP Þ=RT
j

½K j =ð1 þ K j Þ2 ð1 þ g 2 d 2j Þ31

ð16Þ

where vVj is the di¡erential volume of the two native-like conformational substates of the jth subtransition; vHj is the enthalpy of the jth subtransition;
K, b, and cP are the coe⁄cient of thermal expansion,
density, and speci¢c heat capacity of the protein solution, respectively; Kj is the equilibrium constant
for the jth subtransition; g is the angular frequency
of ultrasonic waves used for sound velocity measurements; dj = kfj +krj is the relaxation time of the jth
subtransition; and kfj and krj are the rate constants
for the forward and reverse processes of the jth subtransition, respectively. The characteristic range of
relaxation times for a native globular protein is on
the order of 1039 to 1033 s [98].
The pH-dependent term, krel (pH), becomes important only at acidic and alkaline pH and is related to
proton transfer reactions accompanying protonation/
deprotonation of acidic (^COO3 +Hþ 0 ^COOH)
3
and basic (^NHþ
3 +OH 0 ^NH2 +H2 O) groups
[72,78,98^108]:
X
krel ðpHÞ ¼ M 31 ½v V k ðv V k 3K v H k = b cP Þ=RT
k

y k ð1 þ g 2 d 2k Þ31

ð17Þ

where vVk and vHk are the volume and enthalpy of
the kth proton transfer reaction; dk is the relaxation
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time for the kth proton transfer reaction. For acidic
pH, the concentration-dependent coe⁄cient yk can
be calculated from the relationship:
pH3pKak
y 31
þ 10pKak3pH Þ=C k  þ 10pH
k ¼ ½ð2 þ 10

ð18Þ
where Ck is the molar concentration of the kth
atomic group being titrated; and pKak is the dissociation constant of the kth atomic group being titrated.
For alkaline pH, yk is given by the relationship:
pH3pKak
y 31
þ 10pKak3pH Þ=C k  þ 10143pH
k ¼ ½ð2 þ 10
ð19Þ

For acidic pH, the relaxation time, dk , can be calculated from the equation:
pKak3pH
d 31
Þ þ 103pH þ 103pKak 
k ¼ kfk ½C k =ð1 þ 10
ð20Þ

where kfk is the rate constant for the forward kth
proton-transfer reaction.
For alkaline pH, dk is give by the following relationship:
pH3pKak
d 31
Þ þ 10pH314 þ 10pKak314 
k ¼ kfk ½C k =ð1 þ 10
ð21Þ

Experimentally, the net relaxation contribution to
protein compressibility, krel , can be determined from
measurements of the excess ultrasonic absorption per
wavelength, KV, in the protein solution [72,78,98,
99,108]:
X
krel ¼ 3 L S0 =ðZ g Þ ½K V j;k =d j;k
ð22Þ
j;k

where [KV]j;k = [(KV)j;k 3(KV)0 ]/c; (KV)j;k is the excess
ultrasonic absorption per wavelength in the protein
solution caused by the jth (subtransition between the
native-like protein states) or kth (proton-transfer reaction) relaxation process; (KV)0 is the ultrasonic
absorption per wavelength in the neat solvent; and
c is the speci¢c protein concentration. Signi¢cantly,
[KV] = gj;k [KV]j;k is the net speci¢c increment of ultrasonic absorption per wavelength which can be mea-
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sured directly. Based on a careful analysis of ultrasonic data, Sarvazyan and Hemmes [98] have
demonstrated that the relaxation contribution, krel ,
to the partial speci¢c adiabatic compressibility, k‡S ,
of globular proteins does not exceed V10%. This
contribution is well within experimental error of
most k‡S measurements. Therefore, as a ¢rst approximation, the relaxation term, krel , in Eq. 14 can be
neglected, and the partial speci¢c adiabatic compressibility, k‡S , of a globular protein can be viewed as
the sum of the intrinsic, kSM , and hydration, vkSh ,
contributions.
Our ability to interpret protein compressibility
data in terms of microscopic events ultimately depends on our ability to resolve k‡S into its kSM and
vkSh contributions. This separation is model-dependent and can be performed only based on some assumptions. Below, we discuss some current approaches to evaluating the intrinsic and hydration
contributions to the partial speci¢c adiabatic compressibility of a globular protein.
4.1. Intrinsic compressibility
The protein material is very tightly packed as can
be judged by the value of the packing density of the
protein interior [109,110]. From this point of view,
the protein interior is solid-like with the mean packing density of V0.75 which is close to the maximum
value for closely packed spheres (0.74) and corresponds to the upper limit of the packing densities
of organic crystals [97,109,110]. The amount of the
interior empty space is only on the order of 25% of
the total protein volume although may vary somewhat from protein to protein [111]. As pointed out
by Richards and Lim [110], the packing density is
not uniform inside the protein. For example, packing
of the backbone of the polypeptide chain is much
denser than that of the side chains.
Analogous to packing density, the intrinsic compressibility of a globular protein falls within the
range typical for organic crystals and characterizes
the protein interior as a solid-like material [38,46,
47,97,112^114]. Compressibility is not uniform inside
the protein structure in which rigid (low compressibility) and soft (high compressibility) packing domains can be intermixed [115^122]. In particular, it
has been suggested that helices and loops exhibit
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larger microscopic compressibilities than L-strands
[118]. There have been numerous attempts to evaluate the intrinsic compressibility of globular proteins
[42,46,47,51,97,112,122^128]. Most of these evaluations yield the values of the coe⁄cient of adiabatic
(LSM ) or isothermal (LTM ) compressibility of the protein interior within the range of 10U1036 to
30U1036 bar31 . In these estimates, the di¡erence
between LTM and LSM is thought to be smaller than
the calculation uncertainties and, therefore, can be
neglected. It is out of the scope of this paper to
describe and/or critically analyse all methods and
approaches that have been used to estimate the compressibility of the protein material. We believe that
the most reliable estimate of the intrinsic compressibility of a globular protein reported to date is
25U1036 bar31 . This value was originally determined by Chalikian et al. [97] based on the ¢rst
thermodynamic characterization of protein hydration
and interior packing that does not depend on model
compound data but rather is based exclusively on
macroscopic (volumetric) and microscopic (X-ray)
measurements on protein molecules themselves. Speci¢cally, acoustic and densimetric techniques were
used to measure k‡S for 15 globular proteins over a
temperature range of 18^55‡C [97]. For the subset of
the 12 proteins with known three-dimensional structures, the molecular volumes, VM , and the solventaccessible surfaces of the constituent charged, Sc ,
polar, Sp , and nonpolar, Sn , atomic groups were calculated. Assuming that the partial speci¢c adiabatic
compressibility, k‡S , of a protein is the sum of its
intrinsic compressibility and hydration contributions
of charged, polar, and nonpolar groups, one obtains
the following linear relationship [97]:
k S ¼ ð L M V M þ Bc S c þ Bp S p þ Bn S n Þ=M

ð23Þ

where Bc , Bp , and Bn are the unit compressibility
î 2 ) of the solvent accessible
contributions (per 1 A
surfaces of charged, polar, and nonpolar atomic
groups, respectively.
This regression analysis allows determination, as a
function of temperature, of the intrinsic coe⁄cient of
adiabatic compressibility, LM , and the average hydraî 2 of the charged,
tion contributions to k‡S of 1 A
polar, and nonpolar solvent-accessible protein surfaces. The value of LM was found to be (25 þ 1)U1036

bar31 and practically independent of temperature between 18‡C and 55‡C [97].
Another way to estimate the intrinsic compressibility of globular proteins was proposed several years
ago by Kharakoz and Sarvazyan [112]. It is based on
an analysis of the correlation between the partial
molar adiabatic compressibility, K‡S , and solvent accessible surface area, SA , of a globular protein. Recall that K‡S = KM +vKSh = LM VM +QN SA , where QN is
î 2 ) of the surface
the average unit contribution (per A
of a native protein to its partial molar adiabatic compressibility. The partial speci¢c adiabatic compressibility, k‡S , of a globular protein is then given by the
relationship:
k S ¼ K  S =M ¼ kM þ v kSh ¼ L M vM þ Q N S A =M
ð24Þ
where vM = VM /M is the speci¢c intrinsic volume of a
globular protein (in cm3 g31 ).
Using this method and a spherical approximation
of a globular protein (SA was set to be proportional
to M2=3 ), Kharakoz and Sarvazyan [112] calculated
the value of LM equal to 14U1036 bar31 relative to
our value of 25U1036 bar31 . However, as emphasized by Miller et al. [129], because of the roughness
of the protein surface, the solvent accessible surface
area, SA , of a globular protein cannot be approximated as proportional to M2=3 . In fact, Miller et al.
have shown that SA is proportional to M0:73 [129].
Consistent with this estimate, our own data (not
shown) on the solvent accessible surface areas, SA ,
for 20 monomeric globular proteins yield a slope of
0.76 þ 0.03 for the dependence of log(SA ) on log(M).
î 2 ) = (4.7 þ 0.2)
Speci¢cally, we found that SA (A
0:760:03
M
. Hence, based on Eq. 24, k‡S should be
proportional to M30:24 and not to M31=3 as proposed
in [112]. Fig. 2 presents the values of k‡S for native
globular proteins obtained at 25‡C as a function of
M30:24 . Note that the data presented in Fig. 2 can be
approximated reasonably well by a straight line. The
intercept of this line on the y-axis (at M30:24 = 0)
yields the value of LM vM (see Eq. 24) equal to
16U1036 cm3 g31 bar31 . The intrinsic volume, VM
î 3 ), of a globular protein is related to its molecular
(A
î 3 ) = (1200 þ 500)+(1.04 þ 0.02)M
weight via VM (A
[97]. Consequently, the speci¢c intrinsic volume, vM
(cm3 g31 ) = NA VM /M (where NA is Avogadro’s num-
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ber), of a globular protein is equal to 700/M+0.626.
For a very large protein, for which M30:24 is zero, vM
equals 0.626. Using this value, one estimates the intrinsic coe⁄cient of adiabatic compressibility of a
globular protein, LM , of 25U1036 bar31 (16U1036 /
0.626). This value is signi¢cantly larger than the original value of 14U1036 bar31 calculated by Kharakoz
and Sarvazyan [112] and coincides with our previous
estimate of 25U1036 bar31 [97]. It should be noted
however that, in his subsequent publications, Kharakoz emphasized that 25U1036 bar31 is the most
reliable estimate of LM [113,114].
Importantly, the value of 25U1036 bar31 is in
good agreement with the pressure dependent X-ray
crystallographic data presented by Katrusiak and
Dauter [125], who determined the unit cell dimensions and the volume of hen egg-white lysozyme
crystals (orthorhombic form) at pressures from 1 to
1000 bar. A nonlinear exponential approximation of
the pressure dependence of the crystal volume yields
at 1 bar a coe⁄cient of isothermal compressibility,
LM , of 20U1036 bar31 [38].
In the aggregate, the most reliable estimate of the
intrinsic coe⁄cient of protein compressibility is
25U1036 bar31 . This value characterizes the protein
interior as a rigid, tightly packed, solid-like substance. For comparison, the coe⁄cients of adiabatic
compressibility, LS , of liquid water, benzene, and
hexane are equal to 45U1036 , 96U1036 bar31 , and
165U1036 bar31 , respectively. However, the protein
interior is much more £exible (softer) than most of
the crystalline solids: for example, LS of ice is
13U1036 bar31 . In a way, this observation ‘makes
sense’: certain level of dynamic £exibility of the polypeptide chain and amino acid residues is required for
the protein molecule to ‘breath’ and perform its biological function [130].
4.2. Hydration contribution to compressibility
A major question related to protein solvation is
whether low molecular weight model compounds
can model the hydration properties of native globular proteins. Alternatively, this question can be reformulated as whether the hydration characteristics
of atomic groups at the protein surface are identical
to those of similar groups in small molecules. One
way to answer this question is to compare the aver-
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Fig. 2. The dependence of the partial speci¢c adiabatic compressibility, k‡S , of globular proteins at 25‡C [47,97] on M30:24
(where M is the molecular weight). The straight line represents
the best-¢t linear approximation of the data.

î 2 of protein
age compressibility contribution of 1 A
surface, QN , with that of small molecules. As is seen
from Eq. 24, the value of QN can be obtained if the
di¡erence between K‡S and LM VM is plotted against
the protein solvent accessible surface areas, SA . Fig.
3 shows such plots for 12 globular proteins at 18, 25,
35, 45, and 55‡C (the data are taken from our previous work [97]). The data presented in Fig. 3 have
been approximated by straight lines with slopes equal
to the average values of QN at speci¢c temperatures
studied.
Fig. 4 shows the temperature dependence of QN
between 18‡C and 55‡C. Inspection of Fig. 4 reveals
that the average unit compressibility contribution of
the protein surface, QN , is highly negative and slightly
changes with temperature. The temperature dependence of QN can be approximated reasonably well
by a second order polynomial. At 25‡C, QN is equal
î 32 . Note that
to (323 þ 3)U1036 cm3 mol31 bar31 A
this value is almost twice as small (more negative)
as the average unit contribution of an unfolded
polypeptide chain, QU , of (312 þ 2)U1036 cm3
î 32 (see Section 3). For comparison,
mol31 bar31 A
this value is even more negative than the unit compressibility contribution of glycine, the hydration
shell of which is predominantly dictated by electrostatic solute^solvent interactions! At 25‡C, the partial molar adiabatic compressibility, K‡S , of glycine is
326.6U1034 cm3 mol31 bar31 [71,77,79] while its sol-
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î 2 . Hence,
vent accessible surface area, SA , is 136 A
the unit compressibility contribution for glycine is
î 32 (326.6U1034 /136).
320U1036 cm3 mol31 bar31 A
The highly negative value of QN suggests that the
native state of a globular protein is extensively hydrated with the pattern of hydration being distinct
from that of low molecular weight model compounds. We propose that this distinction is related
to the di¡erential hydration of polar groups in proteins and small molecules. In fact, a polar group in a
protein is characterized by a three times more negative unit compressibility contribution than a similar
group in a small molecule [97]. This disparity may
re£ect the cooperative formation of networks of
water molecules adjacent to the rigid matrix of
closely located polar protein groups, with these networks involving waters from the second and third
coordination spheres. Such cooperative networks
have not been observed in small molecules.
Based on the foregoing discussion, the hydration
properties of native globular proteins cannot be satisfactorily modeled based on additive calculations
using small molecule data. In contrast to this notion,
in two recent publications it has been suggested that

Fig. 3. The dependences of the di¡erence (K‡S 3LM VM ) on the
solvent accessible surface area, SA , for globular proteins at
18‡C (b), 25‡C (a), 35‡C (F), 45‡C (E), and 55‡C (8). The
data on the partial molar adiabatic compressibility, K‡S , intrinsic volume, VM , and solvent accessible surface area, SA , of
globular proteins are from [97]. The value of the coe⁄cient of
intrinsic compressibility, LM , of a globular protein is 25U1036
bar31 . The straight lines represent the best-¢t linear approximations for each data set.

Fig. 4. The temperature dependence of the average unit compressibility contribution, QN , of the surface of a native globular
protein.

hydration of protein groups is identical to that of
similar groups in small molecules [94,112]. Based
on this suggestion, additive calculations have been
performed to determine the hydration contributions
to compressibility, vkSh , and intrinsic compressibilities, kM = LM vM , for some globular proteins [112].
However, these calculations have produced signi¢cantly underestimated values of the intrinsic coe⁄cient of protein compressibility, LM , which undermines the validity of such additive analyses.
In the aggregate, the unit compressibility contribution of the surface of the native globular protein, QN ,
is 50% smaller (more negative) than the average unit
contribution of an unfolded polypeptide chain, QU .
At 25‡C, QN is equal to (323 þ 3)U1036 cm3 mol31
î 32 . This value is re£ective of cooperative
bar31 A
water networks adjacent to the polar protein surface
and underscores the limitations of additive models of
protein hydration based on small molecule data.

5. Compressibility changes associated with protein
transitions: Theoretical considerations
5.1. The magnitude of compressibility changes
Some time ago, based on analysis of experimental
data on compressibility changes associated with protein transitions, vkS , we proposed that a general relationship exists between the class of protein confor-
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mational transitions and the sign and magnitude of
vkS [40]. Speci¢cally, we found that native-to-compact intermediate (such as native-to-molten globule)
transitions are accompanied by small increases in k‡S
of +(1^4)U1036 cm3 mol31 bar31 , native-to-partially
unfolded transitions are accompanied by small decreases in k‡S of 3(3^7)U1036 cm3 mol31 bar31 ,
and native-to-fully unfolded transitions are accompanied by large decreases in k‡S of 3(18^20)U1036
cm3 mol31 bar31 [40]. In other words, we proposed
that for single-domain globular proteins, changes in
k‡S correlate with the type of transition being monitored, independent of the speci¢c protein. To rationalize the observed correlation, we o¡ered a qualitative explanation based on the interplay between the
changes in intrinsic, kM , and hydration, vkSh , compressibilities associated with each transition type [40].
Below, we present a more quantitative analysis that
shows that the observed correlation between vkS and
the transition type can be obtained theoretically
based on the interior packing, size of the solventinaccessible protein core, and solvent-accessible surface areas of each of the three protein states (R.
Fil¢l, T.V. Chalikian, unpublished results).
From Eq. 24, the net change in compressibility,
vkS , associated with a conformational transition of
a globular protein can be presented as the sum of the
changes in the intrinsic, vkM , and hydration, vvkSh ,
compressibilities:

v kS ¼ v kM þ v v kh

ð25Þ

where vkM = kMD 3kMN ;
kMN = vMN LMN
and
kMD = vMD LMD are the intrinsic compressibilities of
the native and denatured protein states, respectively;
vMN and vMD are the intrinsic volumes of the native
and denatured protein states, respectively; LMN and
LMD are the intrinsic compressibilities of the native
and denatured protein states, respectively; vvkSh =
vkhD 3vkhN ; vkhN and vkhD are the hydration contributions to compressibility for the native and denatured protein states, respectively.
The denatured protein, while exposing to the solvent a substantial number of previously buried
atomic groups, generally retains a water-inaccessible
core of loosely packed amino acid residues. The
water-inaccessible core may be sizeable, as in molten
globules, or insigni¢cant, as in random coil-like, fully
unfolded polypeptide chains. Quantitatively, the
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water-inaccessible core can be described in terms of
the degree of unfolding, c, of a protein. The degree
of unfolding, c, can be de¢ned as the ratio of the
number of amino acid residues in the unfolded, random coil-like domains of the polypeptide chain to
the total number of amino acids. Clearly, the value
of c equals zero for the native state and unity for the
fully unfolded state.
î 3 ), of a
Recall that the intrinsic volume, VM (A
native globular protein of a molecular weight, M,
is equal to 1200+1.04M [97]. Consequently, the speci¢c intrinsic volume, vMN (cm3 g31 ), is equal to (NA /
M) (1200+1.04M). Since, the molecular weight of the
solvent-inaccessible core of the protein in its denatured state is equal to M(13c), the value of vMD is
(NA /M) [1200+1.04M(13c)]. As discussed above, the
intrinsic coe⁄cient of compressibility of the tightly
packed, solid-like interior of the native protein state,
LMN , is 25U1036 bar31 . By contrast, the loosely
packed solvent inaccessible core of a denatured protein is liquid-like. Its intrinsic compressibility should
be close to that of organic liquids (V100U1036
bar31 ). With this notion in mind, we assume that
the intrinsic compressibility of the denatured state,
LMD , linearly changes with increasing c from
25U1036 bar31 at c = 0 to 100U1036 bar31 at
c = 1: LMD = 25U1036 +75U1036 c. Consequently,
one obtains the following relationship for the denaturation-induced change in the intrinsic compressibility of a protein, vkM :
v kM ¼ kMD 3kMN ¼ ðN A =MÞf½1200 þ 1:04Mð13c Þ

ð25U1036 þ 75U1036 c Þ3ð1200 þ 1:04MÞ25U1036 g
ð26Þ
Further, we assume that the hydration contributions to the partial compressibility of both the native,
vkhN , and denatured, vkhD , protein states correlate
to the solvent-exposed surface area, SA . Recall that,
î 2 ) is equal to 4.7 M0:76 .
for the native state, SAN (A
Consequently, the hydration contribution to compressibility for the native state is given by the expression:

v khN ¼ M 31 SAN Q N ¼ 4:7M 30:24 Q N

ð27Þ
3

cm mol bar31
where QN is equal to 323U10
î 32 .
A
For the denatured state, the total solvent accessi-
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ble surface area, SAD , can be broken down into two
contributions. The ¢rst contribution comes from the
unfolded part of the chain. The solvent accessible
î 2 ) of an extended polypeptide chain
surface area (in A
is equal to 1.45 M [109]. Hence, the solvent-accessible area of the unfolded domain of the polypeptide
chain can be set equal to 1.45 cM. The hydration
contribution to compressibility of the unfolded domain is equal to 1.45 cMQU (where QU is equal to
î 32 ). The second con312U1036 cm3 mol31 bar31 A
tribution to SAD comes from the solvent accessible
surface area of the compact domain of the polypeptide chain which can be set to be equal to 4.7
[M(13c)]0:76 . In this representation, we assume that
the unit compressibility contribution of the compact
domain linearly changes with increasing c from QN at
c = 0 to QU at c = 1. Consequently, for the denatured
state, vkhD is given by the relationship:

v khD ¼ M 31 f4:7½Mð13c Þ0:76 ½ Q N þ ð Q U 3 Q N Þc þ
1:45M c Q U g ¼ 4:7M 30:24 ð13c Þ0:76
½ Q N þ ð Q U 3 Q N Þc  þ 1:45c Q U

ð28Þ

Combining Eqs. 27, 28, one derives the following
relationship for the change in the hydration contribution to compressibility, vvkh , associated with protein denaturation:

v v kh ¼ v khD 3v khN ¼ 4:7M 30:24 ð13c Þ0:76
½ Q N þ ð Q U 3 Q N Þc  þ 1:45c Q U 34:7M 30:24 Q N

ð29Þ

Finally, substituting Eqs. 26 and 29 into Eq. 25,
one obtains the expression for calculating the change
in adiabatic compressibility, vkS , associated with the
protein transition. We used Eqs. 25, 26, 29 to calculate the change in compressibility, vkS , associated
with protein denaturation as a function of the degree
of unfolding, c. Fig. 5 shows results of these calculations for proteins with molecular weights, M, of 10,
15, 20, 30, 50, and 80 kDa. Inspection of Fig. 5
reveals a number of signi¢cant observations.
Firstly, for any molecular weight, M, the c-dependence of vkS is parabolic-like. At small values of c
(when c is smaller than 0.560.6), vkS is positive
while becoming negative at larger values of c.
Secondly, recall that, in molten globules, 40^60%
of previously solvent inaccessible protein groups be-

Fig. 5. The calculated dependences of the change in adiabatic
compressibility, vkS , accompanying protein denaturation on the
degree of unfolding, c, for proteins with molecular weights, M,
of 10 (red), 15 (orange), 20 (dark yellow), 30 (magenta), 50
(blue), and 80 kDa (green). Calculations have been performed
using Eqs. 25, 26, 29.

come exposed to the solvent. This estimate was made
by comparing the changes in hydrodynamic and partial speci¢c volumes accompanying native-to-molten
globule transitions as well as from di¡erential scanning calorimetric measurements [131^133]. By extension, the value of c for the molten globule state can
be set to be 0.460.6. Hence, inspection of Fig. 5
reveals that the range of vkS values for native-tomolten globule transitions is 33U1036 to 6U1036
cm3 g31 bar31 . These values are in excellent agreement with the experimentally observed range of
vkS values for native-to-molten globule transitions
of 1U1036 to 4U1036 cm3 g31 bar31 [40]. Note
that in this treatment, there is no need to assume
that water penetrates the intrinsic core of the molten
globule as proposed in ref. [134].
Thirdly, the solvent accessible surface area of a
protein in its partially unfolded state is about 70^
80% of the value expected for the fully extended
conformation [38,95,108,135^138]. Thus, the degree
of unfolding, c, for the partially unfolded state can
be set to be 0.760.8. With this estimate, inspection
of Fig. 5 reveals that, for native-to-partially unfolded
transitions, the values of vkS are between 32U1036
and 312U1036 cm3 g31 bar31 , in agreement with the
experimentally observed range of 33U1036 to
37U1036 cm3 g31 bar31 [40].

BBAPRO 36554 23-4-02 Cyaan Magenta Geel Zwart

N. Taulier, T.V. Chalikian / Biochimica et Biophysica Acta 1595 (2002) 48^70

Fourthly, for native-to-fully unfolded transitions
(c = 1), the values of vkS are between 316U1036
and 325U1036 cm3 g31 bar31 , in excellent agreement
with experimental values of vkS on the order of
320U1036 cm3 g31 bar31 [40].
In the aggregate, the observed correlation between
vkS and the transition type can be accounted for
by simple theoretical calculations based on Eqs. 25,
26, 27, 28, 29. The excellent numerical agreement
between our calculated values and the observed
range of experimental values of vkS for each transition type lends credence to the assumptions
and approximations employed in our analysis (including the speci¢c choice of the values of the QN
and QU ).
5.2. Transition pro¢les
Recently, Ro«sgen and Hinz [139,140] presented a
comprehensive theoretical analysis of the thermodynamics of conformational transitions of proteins. For
the simplest case of a monomeric protein that may
exist only in two conformational states (native, N,
and denatured, D), the partial speci¢c volume, v‡,
at any given solution condition can be presented as
follows:


v ¼ vN þ f D v v

ð30Þ

where vv = vD 3vN ; vN and vD are the partial speci¢c
volumes of the native and denatured states, respectively; fD = K/(1+K) is the fraction denatured; and
K = [D]/[N] is the equilibrium constant.
The partial speci¢c isothermal compressibility, k‡T ,
of the protein can be found by di¡erentiating Eq. 30
with respect to pressure:
k T ¼ 3ðD v =D PÞT ¼ kTN þ f D v kT 3ðD f D =D PÞT v v
ð31Þ
where kTN = 3(DvN /DP)T is the partial speci¢c isothermal compressibility of the native state; vkT =
kTD 3kTN ; kTD = 3(DvD /DP)T is the partial speci¢c
isothermal compressibility of the denatured state.
It can be shown that the pressure slope, (DfD /DP)T ,
is given by the relationship:
ðD f D =D PÞT ¼ 3ðv v=RTÞf D ð13f D Þ

ð32Þ

Substituting Eq. 32 into Eq. 31 and taking into
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account that fD = K/(1+K), one obtains the following
relationship for k‡T :
k T ¼ 3ðD v =D PÞT ¼ kTN þ ½K=ð1 þ KÞv kT þ
ðv v2 =RTÞ½K=ð1 þ KÞ2 

ð33Þ

Using a similar line of reasoning, it can be shown
that the partial speci¢c adiabatic compressibility, k‡S ,
of a protein determined from ultrasonic velocity
measurements is given by the equation:
k S ¼ kSN þ ½K=ð1 þ KÞv kS þ ½v vðv v3K v h= b cP Þ=RT

½K=ð1 þ KÞ2 ð1 þ g 2 d 2 Þ31

ð34Þ

where vkS = kSD 3kSN ; kSN and kSD are the partial
speci¢c adiabatic compressibilities of the native and
denatured states, respectively; vh is the di¡erential
speci¢c enthalpy (per gram of protein) of the denatured and native states; g is the angular frequency of
ultrasonic waves; and d is the relaxation time of the
native-to-denatured protein transition.
Since the coe⁄cient of thermal expansibility, K, of
an aqueous solution is small while its speci¢c heat
capacity, cP , is large, Eq. 34 can be simpli¢ed to the
form:
k S ¼ kSN þ ½K=ð1 þ KÞv kS þ
ðv v2 =RTÞ½K=ð1 þ KÞ2 ð1 þ g 2 d 2 Þ31

ð35Þ

Inspection of Eq. 35 reveals that the transitioninduced change in protein compressibility, k‡S 3kSN ,
consists of the two terms. The structural term, [K/
(1+K)]vkS , is frequency-independent and re£ects the
transition-induced change in the equilibrium distribution between the native and denatured protein
species. The relaxation term, (vv2 /RT)[K/(1+K)2 ]
(1+g2 d2 )31 , is frequency-dependent and re£ects the
pressure-induced change in the distribution between
the two species. It should be noted that, the structural term in Eq. 35 can be either positive or negative
(depending on the sign of vkS ), while the relaxation
term is always positive. If the ultrasonic velocity
measurements were performed at very low frequencies (gW0), the relaxation term in Eq. 35 would
exhibit its maximum value. An increase in frequency,
however, will bring about a decrease in the relaxation
term, which, at very high frequencies (gdE1), subsides to zero.

BBAPRO 36554 23-4-02 Cyaan Magenta Geel Zwart

62

N. Taulier, T.V. Chalikian / Biochimica et Biophysica Acta 1595 (2002) 48^70

Relaxation times, d, for protein folding/unfolding
transitions are, typically, between milliseconds and
days. On the other hand, due to technical di⁄culties,
frequencies of ultrasonic velocimetric measurements
are usually limited to the range of 1 to 10 MHz (i.e.,
gdE1). Consequently, as emphasized by Ro«sgen
and Hinz [140], in protein compressibility studies
performed by means of ultrasonic measurements,
the relaxation term in Eq. 35 is negligible and cannot
be used for gaining practical information about the
kinetics of protein folding/unfolding transitions.
However, should a high precision method for direct
measurements of isothermal compressibility in protein solutions be developed, the relaxation term can
be determined based on Eq. 33.
Fig. 6 presents our calculated high-frequency and
low-frequency pro¢les for the heat-induced denaturation of a hypothetical protein which exhibits either
a positive (Fig. 6A) or a negative (Fig. 6B) value of
vkS . Inspection of Fig. 6 reveals that the high-frequency transition pro¢les have a classical sigmoidal
shape expected for a cooperative, two-state transition. In contrast, the low-frequency pro¢les deviate
from the sigmoidal shape with the deviation being
proportional to vv2 . Thus, in principle, the di¡erence
between the low-frequency and high-frequency pro¢les can be used to evaluate the transition volume. In
addition, inspection of Eq. 35 reveals that frequencydependent studies may yield kinetic information
about the relaxation time of the transition, d. However, such low-frequency ultrasonic studies are not
yet possible due to unresolved technical di⁄culties.
Therefore, all reported ultrasonically detected transition pro¢les for temperature-, pH-, denaturant-, salt, and cosolvent-induced conformational changes of
proteins are of the high frequency, sigmoidal type.

6. Compressibility changes associated with protein
transitions: Experimental observations

Fig. 6. The temperature dependence of the partial speci¢c adiabatic compressibility, k‡S , of a hypothetical globular protein as
calculated from Eq. 35: (a) vkS = 3U1036 cm3 g31 bar31 ; (b)
vkS = 35U1036 cm3 g31 bar31 . The transition volume, vv, is
0.005 cm3 g31 . The equilibrium constant, K, is given by (T/
TM )vCp=R exp[(TM vCP 3vH‡)(T31 3T31
M )/R], where the denaturation temperature, TM , is 50‡C; the heat capacity change, vCP ,
associated with protein denaturation is 1 kcal mol31 K31 ; and
the transition enthalpy, vH, is 100 kcal mol31 . The solid and
dashed lines represent the calculations performed for low
(gdW0) and high (gdW1) frequencies of ultrasonic waves, respectively.

Proteins may exist in their native, molten globule
(compact intermediate), partially unfolded, or fully
unfolded states. Transitions between these states
can be induced by altering temperature, pressure,
pH, salt, denaturant, and cosolvent concentration.
Compressibility measurements have been applied to
characterizing transition pro¢les, although such mea-

surements are still relatively scarce. For the simplest
case of two-state, sigmoidal transitions (with the exception of pH-induced transitions), the change in
compressibility can be determined by extrapolating
the ‘native’ and ‘denatured’ baselines to the transition midpoint and calculating the di¡erence.
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For a pH-induced transition, the situation is more
complex since an alteration in the solution pH results
in a change in the state of ionization of protein titrable groups with a concomitant change in hydration. By itself, a change in the state of ionization of
titrable groups may or may not result in a global
change in protein conformation. However, independent of the conformational state of the protein, the
change in protein hydration due to protonation/deprotonation of ionizable groups will bring about a
change in compressibility. The overall pH-induced
change in protein compressibility can be presented
as the sum of the three terms:

v kS ðpHÞ ¼ v kion þ v kconf þ v krel

ð36Þ

where the relaxation term, vkrel , is mostly related to
proton-transfer reactions as discussed above in Section 4.
The ionization term, vkion , in Eq. 36 is due to the
change in hydration of ionizable groups upon their
protonation/deprotonation. For protonation reactions, which predominantly occur at acidic pH,
vkion is given by the expression:

v kion ¼ M 31

X
v K si ð1 þ 10pH3pKai Þ31

ð37aÞ

i

For deprotonation reactions, which predominantly
occur at alkaline pH, vkion is given by the expression:
X
v kion ¼ M 31 v K Si ð1 þ 10pKai3pH Þ31
ð37bÞ
i

where pKai is the dissociation constant of the ith
titrable group; vKSi is the molar change in adiabatic
compressibility upon complete protonation/deproto-
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nation of the ith group; and M is the molecular
weight of the protein.
Assuming a two-state transition for protein unfolding, the pH-dependence of the structural term,
vkconf , in Eq. 36 can be expressed by a sigmoidal
function:

v kconf ¼ v kS K=ð1 þ KÞ

ð38Þ

where K is the equilibrium constant that can be calculated if the pKa values of all ionizable groups are
known for the native and denatured protein states
[24,25]; vkS is the pH-independent ‘conformational’
change in adiabatic compressibility equal to the difference in the partial speci¢c adiabatic compressibility, k‡S , between the denatured and native protein
states determined at the same pH.
6.1. Atmospheric pressure experiments
6.1.1. Native-to-molten globule transitions
Table 1 presents compilation of literature data on
changes in adiabatic compressibility, vkS , accompanying native-to-molten globule (compact intermediate) transitions of globular proteins. There are only
¢ve proteins, for which the changes in compressibility upon the native-to-molten globule (N-to-MG)
transition have been determined. Speci¢cally, the following transitions have been studied: the acidinduced N-to-MG transitions of cytochrome c
[54,95], human [134] and bovine [141] K-lactalbumin;
the sorbitol-induced N-to-MG transition of cytochrome c [142]; the heat-induced N-to-MG transitions of ribonuclease A [143] and K-chymotrypsinogen A [136]; and the base-induced N-to-MG of
bovine K-lactalbumin [141].

Table 1
Changes in adiabatic compressibility associated with native-to-molten globule transitions of globular proteins
vkS , 1036 cm3 g31 bar31

Protein/transition

Cytochrome c (acid-induced in 200 mM NaCl at 25‡C)
0.3a
Cytochrome c (acid-induced in 200 mM CsCl at 25‡C)
1.7a
Human K-lactalbumin (acid-induced in 50 mM KCl at 25‡C)
1.8a
Bovine K-lactalbumin (acid-induced in 2 mM CaCl2 at 25‡C)
30.6a
1.6a
Bovine K-lactalbumin (base-induced in 2 mM CaCl2 at 25‡C)
Cytochrome c (sorbitol-induced in water at 20‡C)
11.2
Ribonuclease A (heat-induced in V10 mM HCl at pH 1.9; TM = 26‡C)
4.0
3.6
K-Chymotrypsinogen A (heat-induced in 10 mM glycine bu¡er at pH 2.0; TM = 41‡C)
a

Ionization e¡ects have been taken into account according to Eqs. 36, 37a, 37b, 38.
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Table 2
Changes in adiabatic compressibility associated with native-to-partially unfolded transitions of globular proteins
Protein/transition

vkS , 1036 cm3 g31 bar31

Ref.

Cytochrome c (acid-induced in water at 25‡C)
Cytochrome c (base-induced in water at 25‡C)
Staphylococcal nuclease (acid-induced in 20 mM NaCl at 25‡C)
L-Lactoglobulin (base-induced in 10 mM NaCl at 25‡C)
Myoglobin (acid-induced in 100 mM acetic bu¡er at 20‡C)
Equinatoxin II (acid-induced in water at 25‡C)

33.8a
33.9a
36.3a
37.0a
34.8
39.5a

[95]
[108]
[137]
[144]
[145]
[138]

a

Ionization e¡ects have been taken into account according to Eqs. 36, 37a, 37b, 38.

Inspection of the data presented in Table 1 reveals
that compressibility changes associated with N-toMG transitions of globular proteins are generally
positive (or slightly negative) ranging from
30.6U1036 to 11.2U1036 cm3 g31 bar31 . It should
be noted that that the outstanding value of
11.2U1036 cm3 g31 bar31 obtained for the sorbitolinduced N-to-MG transition of cytochrome c [142]
may be an overestimate, since this value was determined by a linear extrapolation to zero of very
‘noisy’ compressibility data obtained at high concentrations of sorbitol. As discussed above (see Section
5.1), experimental values of vkS accompanying N-toMG transitions of globular proteins can be accounted for by a relatively simple analysis which
takes into account transition-induced changes in the
intrinsic and hydration contributions to protein compressibility. The mostly positive values of vkS for
N-to-MG transitions re£ect the increase in the intrinsic compressibility, kM , which prevails over the decrease in the hydration compressibility, vkh .
6.1.2. Native-to-partially unfolded transitions
Table 2 presents compilation of literature data on
changes in adiabatic compressibility, vkS , accompanying native-to-partially unfolded (N-to-PU) transitions of globular proteins. Speci¢cally, Table 2
presents the data for the base-induced N-to-PU transition of cytochrome c [108] and L-lactoglobulin [144]
and the acid-induced N-to-PU transitions of cyto-

chrome c [95], staphylococcal nuclease [137], equinatoxin II [138], and myoglobin [145].
Inspection of the data presented in Table 2 reveals
that the compressibility changes associated with
N-to-PU transitions of globular proteins are all negative ranging from 33.8U1036 to 39.5U1036
cm3 g31 bar31 . As discussed above (see Section 5.1),
the observed values of vkS for N-to-PU transitions
of globular proteins can be accounted for by decreases in the intrinsic and hydration contributions
to protein compressibility.
6.1.2. Native-to-fully unfolded transitions
Table 3 presents the data on changes in adiabatic
compressibility, vkS , accompanying the GuHCl-induced native-to-fully unfolded (N-to-FU) transitions
of ribonuclease A [143] and lysozyme [146]. These
changes are equal to 311U1036 to 318U1036
cm3 g31 bar31 , respectively. As discussed above (see
Section 5.1) such large decreases in compressibility
are anticipated for N-to-FU transitions of globular
proteins when the intrinsic compressibility diminishes
practically to zero and the majority of protein groups
becomes exposed to solvent.
6.2. Pressure-induced transitions
Table 4 presents compilation of literature data on
changes in isothermal compressibility, vkT , accompanying pressure-induced denaturation of chymotrypsi-

Table 3
Changes in adiabatic compressibility associated with native-to-fully unfolded transitions of globular proteins
Protein/transition

vkS , 1036 cm3 g31 bar31

Ref.

Ribonuclease A (GuHCl-induced at pH 2.0 and 15‡C)
Lysozyme (GuHCl-induced at pH 4.0 and 25‡C)

318
311

[143]
[146]
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Table 4
Changes in isothermal compressibility associated with pressure-induced denaturation of globular proteins
vkT , 1036 cm3 g31 bar31

Protein/transition
Ribonuclease A (pressure-induced at pH 2.0^4.0 and temperatures of 20^50‡C)
Chymotrypsinogen (pressure-induced at pH 2.07 and 0‡C)
Metmyoglobin (pressure-induced at pH 4.0^6.0 and 20‡C)
Ribonuclease A (pressure-induced at pH 2.0 and 22‡C)
Staphylococcal nuclease (pressure-induced at pH 7.0 and 45‡C)
Staphylococcal nuclease (pressure-induced at pH 5.3 and 24‡C)

nogen [44], ribonuclease A [45,66], metmyoglobin
[147], and staphylococcal nuclease [67,148]. Inspection of the data presented in Table 4 reveals that
pressure-induced conformational transitions of globular proteins are generally characterized by positive
values of vkS . In other words, the partial compressibility of the pressure-induced denatured state of a
protein is generally larger than that of the native
state. It is di⁄cult to unequivocally rationalize this
observation. Four explanations can be hypothesized.
Firstly, in all of these studies (except [67]), the values
of vkT have been calculated based on a two-state
analysis of the denaturation pro¢les monitored by
spectroscopic observables. Hence, should the transitions deviate from the two-state behavior (in other
words, if intermediates are accumulated at some
stage of the transition), calculations based on a
two-state analysis may yield erroneous results.
Secondly, the pressure-induced denatured state of
a globular protein may retain a sizeable core of
loosely packed, water-inaccessible amino acid residues. In this respect, the pressure-induced denatured
state of a protein may resemble a molten globule
thereby exhibiting an enhanced compressibility.
Thirdly, as proposed by Kharakoz [94], the partial
compressibility of the unfolded state may increase
with increasing pressure more steeply than that of
the native state. Consequently, at some elevated pressure, the compressibility di¡erence between the denatured and native states will become positive even if
the initial di¡erence at atmospheric pressure was negative. In this scenario, the pressure-induced denatured state of a protein may be either unfolded or
molten globule-like, in both cases exhibiting a partial
compressibility greater than that of the native state.
Finally, it would not be unexpected if, in future
studies (especially when vkT is measured directly),
some proteins will be found to exhibit negative val-

0.7^1.5
1.2
30.2
1.1
2.4
0.9

Ref.
[45]
[44]
[147]
[66]
[67]
[148]

ues of vkT for their pressure-induced conformational
transitions. Clearly, further pressure-related studies
on a larger set of globular proteins are required to
determine the validity of each of the above outlined
possibilities/explanations.

7. Concluding remarks
Recent advances in the development of highly sensitive, small volume densimetric, acoustic, and highpressure spectroscopic instrumentation have facilitated compressibility studies on protein systems.
This experimental capability is signi¢cant since compressibility data are uniquely sensitive to the hydration properties and intrinsic packing of proteins,
while providing complementary information to other
techniques for de¢ning the nature of the forces that
control stability and conformational transitions of
proteins. In this article, we have reviewed recent
progress in volumetric investigations of conformational transitions of proteins, with particular attention given to the partial compressibility of the native
and denatured protein states.
Despite the limited number of compressibility
measurements that have been conducted on proteins
and their low molecular weight analogs, it already is
clear that this characteristics is exquisitely sensitive
to intrinsic packing and hydration properties. This
sensitivity is particularly important considering the
role of hydration and intraglobular interactions in
stabilizing protein structure and in modulating protein recognition events. We believe that compressibility measurements represent a relatively untapped yet
powerful means of probing and characterizing all
interactions stabilizing/destabilizing the native and
denatured protein states, particularly, as they relate
to the problem of protein folding.
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