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Pressure perturbation calorimetry (PPC) is a relatively new and efficient technique, to study the volumetric
properties of biomolecules in solution. In PPC, the coefficient of thermal expansion of the partial volume of the
biomolecule is deduced from the heat consumed or produced after small isothermal pressure jumps (typically±
5 bar). This strongly depends on the interaction of the biomolecule with the solvent or cosolvent as well as on its
packing and internal dynamic properties. This technique, complemented by ultrasound velocity and densitometry,
provides valuable insight into the basic thermodynamic properties of solvation and volume effects accompanying
phase transitions and interactions of biomolecular systems. Here we review data on protein folding, ligand binding
processes, and phospholipid phase transitions, together with discussion of interpretation and further significant
applications.
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1. Introduction

Pressure perturbation calorimetry (PPC) is a novel type of calorimetric
technique that has become available in recent years in a form suitable for
studying dilute samples in solution [1]. This calorimeter has basically the
same architecture as a power-compensation differential scanning
calorimeter (DSC), but measures the heat flow into or out of a sample
upon small isothermal pressure changes. The method can be applied to
study the thermal expansion coefficient (α) and relative volume changes
of aqueous solutions and dispersions of chemical and biochemical
systems, including amino acids, proteins, DNA and phospholipid vesicles,
micellar systems, and polymers [1–16].

In general, the conformational stability of complex biomolecules such
as proteins depends on temperature, pressure, hydration capacity and on
the solvent properties. An important factor contributing to macromolec-
ular stability is also the relative affinity towards aparticular reagent (e.g., a
cosolvent) in comparison to water or buffer solution. The influence of the
protein surface on adjacent water and how this might be reflected in the
apparent expansivity data of the protein has been discussed extensively
by Lin et al. [1]. Their results indicate that exposed hydrophilic groups,
such as charged or polar side chains of proteins, show a pattern
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Fig. 1. (A) Diagram showing the basic principles of the PPC modification of the VP-DSC.
(B) Example of raw PPC data showing the heat flux responses to consecutive pressure
pulses (up/down) for a dilute aqueous protein solution at 25 °C.
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characteristic of water structure breakers, with a positive apparent
expansion coefficient of the protein, in particular at low temperature,
which decreases drasticallywith increasing temperature. On the contrary,
apolar, hydrophobic amino acid side groups act in the reverse manner, as
structure makers, by enhancing the space-consuming hydrogen-bonded
network structure of water. Increasing thermal energy, however, may
allow the water molecules to be released from the low-entropy denser
layered structure or fromthe latter expanded less dense ordered solvation
states. An example of such an effect is the gradual breakdown of low-
density, ice-like clusters of water between 0 and 4 °C, a process that has a
negative value ofα. Hence, in general, for proteins in aqueous solution, the
temperature dependent thermal expansion coefficient is potentially
significantly influenced by protein–water interactions and therefore also
by the magnitude of the solvent accessible surface area (SASA) of the
protein. Moreover, irrespective of whether cosolvents directly interact
with or are repelled by theprotein, they are expected to induce changes in
the quantity of hydration water and its associated properties, with
consequences that will be reflected in the PPC data.

Complementary to densimetricmeasurements, the PPC technique has
the very high sensitivity necessary to detect the small volumetric changes
anticipated here. In fact, the relative volume changes of biomolecular
systems, which can be either positive or negative, are usually very small
(typically ΔV/Vb1%; for comparison, freezing of water causes a relative
volume increase of 9%) [17–22]. Although densimetry has the advantage
of providingabsolutevaluesof partial or apparentvolumes, its precision in
yielding expansitivies, and in particular expansivity peaks, accompanying
phase and structural transitions is limited compared to PPC.

Because changes in solvation and packing also play a central role in
the thermodynamics of non-covalent interactions in aqueous solution,
PPC has also proved valuable in studying biomolecular interactions in
solution, which are generally accompanied by changes in volumetric
(packing) and solvation properties. This has recently been applied to
the determination of expansibility changes associated with a range of
non-covalent binding processes in solution, including protein–protein
and protein–ligand interactions, together with comparable measure-
ments on more rigid cyclodextrin host–guest complexes [23–27].

Here, after outlining the principle of the technique, we describe how
PPC can be used to obtain volumetric properties of proteins in different
conformational states, as well as upon ligand binding. In addition, we
show how PPC can be used to study volumetric properties of model
biomembrane systems undergoing phase transformations. Moreover,
the use of combining PPC data with densitometric and ultrasound
velocity data for yielding complementary thermodynamic information
is discussed. Finally, wewill discuss the complexities and ambiguities in
interpretation of PPC and related data.

2. PPC and related techniques

2.1. PPC methodology

Pressure perturbation calorimetry measurements are typically car-
ried out on the MicroCal (GE Healthcare) VP-DSC calorimeter equipped
with the PPC accessory—see Fig. 1. This allows measurement of heat
effects inducedby small periodic changes of gas pressure (Δp=±5 bar)
applied equally to the sample and reference solutions. Multiple
pressure-jumps in both directions are normally carried out automati-
cally at a series of specified temperatures. The measurable is ΔQ—the
heat released upon a pressure change of Δp at temperature T—which
arises fromdifferences in the heat generated reversibly fromdifferences
in the pressure×volume work on the sample and reference during
compression or relaxation. This is related to the expansibility as follows.

Thermodynamics relates the pressure coefficient of the heat
reversibly exchanged, (∂Qrev/∂p)T, to the coefficient of thermal
expansion, α=(1/V)(∂V/∂T)p, of the sample volume. For a sufficiently
dilute solution containing m grams of solute and m0 grams of solvent,
the volume is given by V=m0V0+mVo, where V0 is the specific volume
of the solvent and Vo the partial specific volume of the solute. One then
finds [1]:

∂Q rev=∂pð ÞT = −T Vα = −T m0V0α0 + mVoαo� �
: ð1Þ

where α0=(1/V0) (∂V0/∂T)p and α=(1/V ∘)(∂V ∘/∂T)p are the co-
efficients of thermal expansion associated with the solvent volume
and the solute partial volume, respectively.

In the actual differential PPCexperiment,with sample solution in the
sample cell and buffer in the reference cell, both cells are subjected to
the same pressure change, so that the net heat change will be equal to
the difference between Eq. (1) for the sample cell and that for the
reference cell. If the two cells have an identical volume, the heat change
arises because the volume occupied by the solute in the sample cell,
mV ∘, is replaced by the same volume of solvent in the reference cell, and
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Eq. (1) can be integrated to yield the working equation

ΔQ rev = −T mV∘α∘−mV∘α0
� �

Δp ð2Þ

which then rearranges to

α∘ = α0−
ΔQ rev

TmV∘Δp : ð3Þ

α0 is determined in a separate PPC experiment, with buffer in the
sample cell and pure water in the reference cell. For simplicity, in the
remainder of this review, the value of the partial specific volume, Vo,
and the coefficient of thermal expansion of the solute, αo, will be
replaced by their apparent values, denoted V and α, respectively.

The relative volume changes ΔV/V at the phase transitions of the
biomolecular systems, taking place in the temperature interval from Ti
to Tf (the onset and completion temperature of the peak, respectively)
are obtained by:

ΔV
V

= ∫
Tf

Ti

α Tð ÞdT: ð4Þ

From the relative volume changesΔV/V, the absolute specific volume
changes ΔV can be determined using the relation ΔV=(ΔV/V)/c, where
c is the concentration of the sample (given in mg mL-1).

For the case of a two-state processes, Schweiker et al. [15,16]
proposed a method of analyzing the data to determine the enthalpy
and relative volume changes more accurately by simultaneous fitting
both the DSC and PPC data.

2.2. Ultrasound velocity and densitometric measurements

Complementary techniques can be used to provide additional
volumetric parameters that assist in evaluation and interpretation
of PPC data [28,29]. The ultrasound velocity u in liquid samples may
be determined using a differential ultrasonic resonator device (e.g.
ResoScan, TF Instruments, Heidelberg, Germany) operating in a
frequency range of 7.2 – 8.5 MHz [28,29]. The sound velocity in the
sample is typically determined relative to that in the buffer solution
at the same temperature in terms of the velocity number, [u], defined as

u½ � = u−u0ð Þ= u0c; ð5Þ

where u and uo denote the sound velocities in the solution and in the
solvent, respectively, and c is the solute concentration. The technique
is applied to lipid solutions, here.

The densities, ρ and ρ0, of the lipid solution and the solvent,
respectively, can be measured using a high-precision density meter,
the DMA 5000 (Anton Paar, Graz, Austria) for example, which is based
on the mechanical oscillator principle. After correction for viscosity-
induced errors, data may be used to evaluate the apparent specific
volume of the sample, V, which, at low enough concentrations,
approaches the partial specific volume, V o.

The adiabatic compressibility coefficient, βS=-1/V (∂V/∂p)S, the
speed of sound propagation, u, in the medium, and the density, ρ are
related by the expression βS=(u2 ρ)-1. Slow relaxation processes,
which appear, for example, around Tm of the gel-to-fluid lipid phase
transition, may not be detected by βS as measured by ultrasound
velocity. The more meaningful thermodynamic parameter is the
isothermal compressibility that can be obtained from the adiabatic
compressibility when the thermal expansion and the heat capacity
data are available. One obtains for of binary system of a solute in
solvent ([28] and refs. therein):

koT = koS +
Tα2

0

ρ0Cp;0
2
Eo

α0
−

Co
p

ρ0Cp;0

 !
ð6Þ
where kT
o is the partial specific isothermal compressibility, kSo the

partial specific adiabatic compressibility, α0 and Cp,0 are the thermal
expansion coefficient and the specific heat capacity of the solvent,
respectively; Eo=V oαo and Cp

o are the partial specific expansivity and
the partial specific heat capacity of the sample, respectively. The
corresponding isothermal compressibility coefficient of the sample is
obtained by βT=kT

o/Vo. Also in this case, apparent instead of partial
specific quantities have been assumed, since the differences are
expected to be rather small at the low concentrations normally used
in these experiments.

The square average of the volume fluctuations 〈ΔV 2〉 of the solute
is related to the isothermal compressibility data. Assuming that the
partial specific volume is largely determined by the lipid itself, i.e. Vo

reflects essentially the “real” volume of the lipid molecule, the relative
volume fluctuations are given as [30–32]

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ΔV2
D E
V2

vuut
=

ffiffiffiffiffiffiffiffiffiffiffi
RTβT

MVo

r
ð7Þ

where M is the molar mass of the solute.
Following such procedures, it is usually possible to determine the

sound velocity with a relative error smaller than 10−3%, corresponding
to a precision higher than 5×10−5 mL g−1 in [u]. Density values
typically carry relative errors smaller than10−3%, so the accuracy inVo is
better than 10−4 mL g−1. Therefore, considering the relative errors of
[u] and Vo, the uncertainty in kS

o is within 10−12 mL g−1 Pa−1.

3. Observations and interpretations

Earlier applications of PPC were directed towards establishing
the effectiveness of the technique, focusing on volumetric properties
of simple amino acids and peptides in solution, together with changes
associated with simple thermal transitions in globular proteins
and related systems. This work has been well covered elsewhere
[1,4,16] and will not be revisited in detail here. Rather, we wish to
concentrate on more recent observations involving a broader range of
possiblymore challenging systems, together with discussion of possible
interpretations.

Before looking at more specific cases, it is worth mentioning some
general considerations. As introduced by Chalikian et al. [19–21,33],
changes in partial (or apparent) specific volume, and hence in the
expansion coefficient α of a protein may be dissected into essentially
three different contributions: 1) the intrinsic volume, Vintr, which
originates from the van derWaals volume of the constituent atoms plus
the volume of intrinsic voids within the water-inaccessible protein
interior, 2) a hydrational term, δVhydr, also denoted “interaction
volume,” describing–with regard to the bulk solvent–changes of the
solvent volume associated with the hydration of solvent-accessible
protein atomic groups, i.e., from solute–solvent interactions around the
charged (electrostriction), polar (hydrogen-bonding), and nonpolar
(hydrophobic hydration) atomic groups on the protein surface, and
3) the thermal volume, Vtherm, which results from thermally induced
mutual molecular vibrations and re-orientations of the solute and the
solvent. The effect of the thermal volume is to expand the solvent away
from the surface of the protein, such that solvent-free volume elements
form around the protein. Altogether, one obtains: V≈Vintr+δVhydr+
Vtherm. The thermal expansivity of the protein interior is generally
thought to be rather small [19–21], though this tentative conclusion
may need to be re-evaluated as more data become available. The
thermal volume is expected to increase with temperature, leading to a
positive contribution to α. The solvation effect is also positive but,
expected to decreasewith increasing temperature as thermal activation
leads to a continuous release of this low-entropy “condensed” water
from the protein surface. Once the water is released, it no longer con-
tributes to the partial volume of the protein and hence to α. Such a
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behavior has indeed been found in recent experiments on amino acids
andpeptides, pointing to the fact that thehydrational termplays amajor
role in determining α(T) [8,9,34], at least for relatively small molecules
with large surface-to-volume ratio. The negative volume change of
unfolding observed for most proteins implies that at the transition
temperature Tm, the opening of void volume and the increase in
accessible surface area with more charged and polar groups upon
unfolding overcompensate the positive effects of thermal volume and
the decrease in the hydrophilic to hydrophobic balance of the SASA.

3.1. PPC measurements of proteins in various thermodynamic states

Recent work has investigated the solvation and volumetric proper-
ties of monomeric proteins such as ribonuclease A (RNase A) and
staphylococcal nuclease (SNase), in their native andunfolded states. The
effects of various chaotropic and kosmotropic cosolvents (e.g., glycerol,
sucrose, urea, guanidinium hydrochloride (GdmCl),) on the solvation
and unfolding behavior of the proteins were investigated [8,9,34,35].
The cosolvents not only markedly change the stability of proteins, but
also their solvation, and they may also alter the conformation of the
proteins in their unfolded, denatured states. The magnitude and even
sign of the volume change of unfolding drastically depends on the
cosolvent concentration. However, the volume change that accompa-
nies the unfolding transition of a protein also depends markedly on
the unfolding temperature, Tm. Addition of kosmotropic osmolytes (e.g.,
glycerol, sorbitol, sucrose) stabilizes the folded state, such that the Tm
increases with increasing osmolyte concentration, and the relative
volume change upon unfolding of RNase A, d(ΔV/V)/dT, decreases
roughly at a rate of 5×10−4 K−1. Since the volume change of unfolding
decreases with increasing temperature, we may conclude that at least
part of the observed effect of the stabilizing cosolvents on ΔV is due to
the increase in temperature (leading to an increase of Vtherm) and not
solely due to differential conformational effects. Such an explanation
should also hold for the observed slight increase in the absolute value of
ΔV as a function of increasing urea or GdmCl concentration (d(ΔV/V)/
dT≈4.7×10−5 K−1 for RNase A), as these cosolvents destabilize the
folded state of the protein leading to a decrease in the Tmwith increasing
denaturant concentration. The differences in d(ΔV/V)/dT values
observed for the different cosolvent types implies, however, that the
different ΔV values observed for the various types of cosolvents can
only partially be explained by the temperature dependence of ΔV. An
additional contribution must be due to differences in the structure of
the unfolded state ensemble.

It isworthmentioning inpassing that PPChas also beenused recently
to determine the volume and expansivity change of the temperature-
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Fig. 2.DSC data of native BLA (at pH 7) and of the acidic-inducedmolten globule state of
BLA (at pH 2) in the presence of 2 mM Ca2+.
induced helix-coil transition of polynucleotides, such as poly[d(A−T)]
[14,36]. The transition, which depends on the ionic strength, is accom-
panied by a negative volume change and an increase in expansion
coefficient. Similar to the case of protein unfolding, these results are
consistent with a substantial increase of hydration in the unfolded coil
form.

Returning to proteins, here we would like to further address the use
of the PPC method in characterizing volumetric properties of proteins
in various conformational states, including the molten globule class of
structures. Besides the compact native state and the denatured unfolded
state, proteins can often adopt a rather compact denatured state that is
generally referred to as “molten globule.” The characteristics of amolten
globule are: i) largely preserved native-like secondary structure,
ii) partially disrupted tertiary structure, and iii) a compact structure
with moderately increased radius of gyration [37].

α-Lactalbumin, a small Ca2+-binding protein with 14.2 kDa molec-
ularmass, is one of themost extensively studied and best characterized
proteins and exhibits a stablemolten globule state at low pH (e.g., at pH
2), at intermediate denaturant (urea, guanidinium hydrochloride) con-
centrations or in its calciumdepleted form uponmoderate heating [37].
DSC and PPC measurements have been carried out on native bovine
α-lactalbumin (BLA) at pH7 and on BLA in itsmolten globule state at pH
2. As shown in Figs. 2 and 3 no significant heat absorption or volume
change is detected in theDSCorPPCmeasurements, respectively, for the
acid-inducedmolten globule form at pH 2 as a function of temperature.
Conversely, the native BLA at pH 7 shows an endothermic unfolding
transition peak at 66 °C. The absence of pronounced calorimetric
differences of the molten globule suggests that similar thermody-
namic properties are shared by the thermally unfolded and the acidic
molten globule state at high temperatures. The CD spectral ellipticity
of the molten globule state at around 220 nm decreases monoton-
ically with increasing temperature, even at high temperatures,
indicating a gradual variation in the secondary structure only [38].
As depicted in Fig. 3, the expansion coefficientα of themolten globule
is significantly larger than that of the natively folded protein, indi-
cating a stronger hydration and possibly also larger void volume
in the molten globule state. This would also be in agreement with
the observation of an increased hydrophobic surface in the acidic-
induced molten globule state as revealed by fluorescence spectro-
scopic andmethylene radioactive labeling experiments [39–41]. Also
the compressibility study by Kharakoz et al. [42] suggests that, in the
molten globule state, the water molecules penetrate into the protein
interior and interact with previously buried atomic groups, thus
resulting in an increase in solvent accessible surface and enlarged
hydration. It is also clearly seen that α(T) displays a slightly stronger
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temperature dependence than the native protein at low tempera-
tures (20–40 °C): (dα/dT)20–40=−3.8×10−6 K−2 for the molten
globule and (dα/dT)20–40=−1.4×10−6 K−2 for the native protein.

A positive change in specific volume ΔV of 0.4% is observed in the
PPC measurement of native α-lactalbumin upon thermal unfolding at
T=66 °C. At first glance, this result seems incompatible with most
observations of negative volume changes accompanying protein
unfolding. The relatively large positive volume increase for native
α-lactalbumin implies an unusual unfolding pattern, however.
FTIR and CD studies [43–45] of the thermal unfolding transition of
α-lactalbumin revealed that, in the presence of calcium ions, the
tertiary structure unfolds cooperatively during the thermal transition,
while the secondary structure changes only gradually, resulting in a
rather compact, partially unfolded structure with well conserved
secondary structure [43–46], which shares almost similar character-
istics with the acidic molten globule state.

Hence, the thermally unfolded state comprises a compact but
expanded, lower density intrinsic structure with a relatively large
void volume, and the expansion of its intrinsic volume compensates
for the negative ΔV expected upon elimination of internal void
typically observed for full unfolding of proteins at not too high
temperatures. Besides the acidic-molten globule, the calcium deplet-
ed form (apo-form) of BLA reveals some interesting thermodynamic
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Fig. 5. PPC data of the calcium bound (open squares) and calcium depleted (filled
squares) form of BLA. The calcium bound protein is measured in the presence of 2 mM
Ca2+ and the calcium depleted upon addition of 2 mM EDTA.
characteristics as well. DSC experiments show that the apo-form of
BLA undergoes an unfolding transition at 37 °C, i.e. at a much lower
temperature compared to the Ca2+ bound form of the protein,
indicating marked destabilization of the protein by removal of Ca2+

ions (Fig. 4). Corresponding PPC measurements of the apo-form of
BLA are depicted in Fig. 5. They reveal a positive volume change at the
transition at this temperature as well. At such relatively low tem-
peratures, proteins generally display negative volumes of unfolding.
CD and proteolysis studies of BLA have shown that the apo-form of
BLA exists as molten globule state [46,47], i.e. the transition can rather
be described as native to molten globule kind of transition, which
seems to be generally accompanied by positive volume changes. The
volume increase is 0.24%, i.e. smaller than that of the calcium bound
BLA. This would be in agreement with the general finding that the
volume change of unfolding increases with increasing temperature,
owing to the fact that the expansivity of the unfolded state is, to a first
approximation, temperature independent, while that of the folded
state decreases with increasing temperature [8].

In a recent study on SNase mutants it has been shown that at low
temperatures the defining contribution to ΔV comes mainly from
excluded volume differences and ΔV for unfolding is negative [8]. In
contrast, at high temperatures, differential solvation due to the increased
exposed surface area of the unfolded state and, in particular, its larger
thermal volume linked to the increased conformational dynamics of the
unfolded state ensemble takes over and ΔV for unfolding eventually
becomes positive. As seen in this study [8], exceptions from such
behavior are due to incomplete unfolding of the protein, such as upon
formation of molten globule kind of structures that exhibit a higher
flexibility and larger volume fluctuations, accompanied by a larger
internal void volume and increased solvent accessible surface area.

One technical problem that can arise when estimating volume
changes from PPC data is the difficulty in estimating an appropriate
baseline for integration over the thermal transition region. However, a
recent PPC study by Tsamaloukas et al. [48] has shown that, at least for
fully unfolded proteins, the temperature dependence of the thermal
expansion coefficient is well represented by a simple empirical
polynomial expression. Moreover, the absolute value of α(T) for an
unfolded protein is an additive function of the expansion coefficients
of the individual amino acids. This seems physically reasonable for
unfolded polypeptides, but is unlikely to be true for folded protein or
other conformational states because of higher-order effects from void
volumes and other features of more compact structures.

3.2. Protein–ligand interactions

Volumetric changes during ligand binding or other non-covalent
protein interactions should yield potentially valuable information
about solvation and other changes unrelated to major conformational
change. In principle, one might anticipate that experimental data in
such cases might be more readily interpreted, especially in examples
where the structures of the proteins and their complexes are known,
without the complexities arising from more extensive structural
changes. However, as recent work has shown [26], even here the
interpretation is not necessarily straightforward. Initial experiments
[23,25] using PPC to explore volumetric changes upon binding of
simple inhibitors at enzyme active sites, using both lysozyme:
trisaccharide and ribonuclease:2’-CMP as representative models,
showed significant changes in thermal expansivity upon complexa-
tion. Similar effects appeared in protein–protein binding experiments,
using the pseudoazurin:cytochrome c peroxidase protein–protein
interaction system [23,25]. In all cases, the thermal expansion co-
efficient (α) for the enzyme-inhibitor or protein–protein complex
was found to be less than the sum of the thermal expansion coef-
ficients for the separate components alone. The simplest explana-
tion for this ubiquitous decrease in a range of protein interaction
systems is that it arises predominantly from the reduction in total
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amounts of solvated water in the vicinity of the binding site and the
ligand upon complex formation. The problem with this interpreta-
tion is that the (macro)molecules involved are inherently flexible
structures, and it is not immediately possible to rule out volumetric
changes related to ligand-induced effects on structural rigidity and
packing densities within the protein–inhibitor complex [23]. Similar
ambiguities arise in interpreting volumetric effects accompanying
protein unfolding and other conformational transitions in biological
macromolecules [19,20]. One route to clarification of the origins of
thermal expansivity changes associated with non-covalent interac-
tions in water has been described recently [26] using a combination
of PPC, isothermal titration calorimetry (ITC) and standard volumet-
ric (density) techniques applied to the cyclodextrin:adamantane host:
guest system [24]. The advantage of this model system is that both
the host (cyclodextrin) and the guests (adamantanes) are relatively
rigid small molecules (compared to proteins), whose structures and
interaction thermodynamics have been extensively studied [49]. This
potentially allows comparison of thermodynamic binding parameters
with associated volumetric and solvation changes in the absence of
competing effects from conformation changes and dynamic modifica-
tions in the participating molecules.

As might be anticipated, the changes in thermal expansion
coefficient and expansibility (E°=∂V°/∂T=V°α) upon complex
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Fig. 7. DSC data (on the left) and PPC data (on the right) of
formation are usually somewhat smaller than those found during
major conformational transitions, so experiments can be quite
challenging, but some interesting trends have emerged [26]. This is
illustrated in Fig. 6, where changes in molar expansivity (ΔEo) are
compared with loss of solvent accessible surface area (ΔASA) upon
binding for the various systems considered. Firstly, although the
protein-based systems exhibit an apparently linear correlation
between ΔEo and ΔASA, the molar expansivity does not extrapolate
to zero for the (hypothetical) case of ΔASA=0. Secondly, expansibil-
ity changes are relatively much smaller for the much more rigid
cyclodextrin:adamantane systems, and these do not follow the same
trend as for protein binding. Both these observations indicate that, at
least for protein binding interactions, loss of solvation (as expressed
by decrease in solvent-accessible surface area) can explain only part
of the loss of expansibility in these systems.

This is emphasized by estimates of the numbers of water
molecules released (Δnh) during binding. If one assumes that changes
in expansibility are simply due to loss of hydration during binding,
then ΔEo=Δnh(Eh−Eo), where Eh is the averagemolar expansivity of
the nh watermolecules in the hydration shell, and Eo is the expansivity
of water molecules in the bulk phase. Estimates for (Eh−Eo) typically
lie in the range 0.006–0.01 cm3 mol−1 K−1, based on the volumetric
properties of small molecules in water [50,51]. For the β-cyclodextrin
complexes, using the PPC-derived ΔEo data [26], this gives estimates
of Δnh of order 15–25 water molecules released upon adamantane
binding. Such numbers are consistent with expectations from struc-
tural considerations and are in agreement with estimates obtained
for similar complexes using volumetric and osmotic stress-related
techniques [51,52]. Unfortunately, no such convenient comparison is
found for the protein–ligand or protein–protein binding examples,
where PPC-based estimates of Δnh bear little relation to (equally
questionable?) values obtained by other means.

Consequently, the overall conclusion from this reasonably
comprehensive PPC study of binding in solution that solvation
effects are only part of the story for protein interactions and that
changes in macromolecular flexibility and dynamics may contribute
extensively to binding thermodynamics and expansibility changes
[26]. In particular, focusing on changes in solvent accessible surface
area (ΔASA) alone might be misleading. Interestingly, a similar
conclusion arises out of re-examination of heat capacity (ΔCp) effects
in protein systems [53]. In this context, it would perhaps not be
surprising to see some degree of correlation between ΔCp and ΔEo,
since both quantities reflect the temperature dependence of
extensive thermodynamic properties (enthalpy, H, in the case of
ΔCp, molar volume, V°, for ΔEo), and both depend–at least in part–on
thermal excitation of interatomicmotions (bear inmind that thermal
expansion arises from heat-induced increases in interatomic or
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aqueous dispersions of DPPC large unilamellar vesicles.
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intermolecular distances as a result of thermal excitation of
anharmonic molecular motions (dynamic effects) as well as from
thermal redistribution of molecules or groups into different
structural environments). It is to be expected, therefore, that such
quantities might involve changes in dynamics dissipated throughout
the macromolecule, and not simply confined to intermolecular
surfaces.

3.3. PPC studies of model biomembrane systems

Studies of volumetric properties of lipid membranes supply
important information about the intrinsic packing properties and
hydration of the membrane. Densitometry and dilatometry have
previously been used to determine the specific volume of lipids in
Fig. 9. Phase diagram of the ternary lipid mixture (DOPC/DPPC-d62/Chol) at T=10 °C. Diffe
(1) so+lo, (2) so+ld, (3) so+lo+ld, (4) lo+ld) and phase boundaries are determined thro
solution [54–56]. However, measurements employing these techni-
ques often meet practical limitations such as precise temperature
control and high consumption of sample, so that PPC has turned out
to be equally useful in studies of lipid mesophases and their phase
transitions. As an example, the thermal expansion coefficient, α, of
dispersions of 1,2-dipalmitoyl-sn-phosphatidylcholine (DPPC) is
shown and compared to the corresponding DSC data in Fig. 7. Like
the specific heat data, the expansion coefficient shows a similar sharp
peak at the gel-to-fluid (main) transition temperature. The similarity
in shape of the Cp(T) and α(T) curves suggests a direct correlation
between the enthalpy and volume changes at the phase transition. As
shown below, they are also correlated with increasing amplitudes of
volume fluctuations when approaching the phase transition temper-
ature Tm [57].

Integration of the α(T) curve provides the relative volume change
ΔV/V at the main transition, which is 3.2% for DPPC, in good agree-
ment with the results based on previous densitometry and dilatom-
etry data [54–56]. Using the α(T) values obtained from PPC, we can
also calculate the partial specific volume of DPPC as a function of
temperature. As seen in Fig. 8, reasonable agreement is obtained
with the result obtained from direct densitometric measurements.
Please note that the derivative of V(T), i.e., the temperature de-
pendence of the expansivity, can more accurately be obtained from
PPC measurements.

Upon addition of various amounts of cholesterol to DPPC, and their
mixtures with disordered phospholipids, different physico-chemical
membrane properties can be obtained, including liquid-ordered (lo)
phases. Cholesterol causes a well known “condensing effect” in fluid
membranes, and a liquid-ordered phase develops with increasing
cholesterol concentration. PPC data on DPPC–cholesterol mixtures
exhibit a drastic broadening of the main transition with increasing
cholesterol content [28], corresponding to a continuous decrease of
the volume change accompanying the phase transition, which is due
to the increasing amount of liquid-ordered phase.
rent phase regions (so—gel phase, lo—liquid-ordered phase, ld—liquid-disorded phase,
ugh 2H-NMR spectroscopy (adopted from [58]).
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Coexistence of liquid-ordered and liquid-disordered phases has
been found for ternary lipid mixtures, such as for DOPC/DPPC/cho-
lesterol mixtures at particular concentrations of their lipid constitu-
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Fig. 12. 2Left: DSC thermogramsof pureDPPC andDPPC-gramicidinmixtures in excesswater
thermal expansion, α, of pure DPPC and DPPC-gramicidin mixtures (pH 7.4). To facilitate bett
ents. This is illustrated in the phase diagram (Fig. 9) for deuterated
DPPC at 10 °C. This was used in 2H-NMR studies to determine the
phase behavior of the system (please note that deuteration generally
lowers the phase transition temperatures by a few degrees) [58]. The
Gibbs phase triangle shown in Fig. 9 depicts the various lipid phases,
representing single and coexisting phase regions and their corre-
sponding lipid compositions.

PPC measurements have been carried out in order to explore the
usefulness of this methodology in determining minor differences in
the volumetric data of these different lipid mixtures. As illustrated in
Fig. 10, the DSC and PPC peaks of ternary mixtures share the same
shape at the corresponding phase transitions, indicating highly
correlated enthalpy and volume changes. Fig. 11 shows PPC data of
the DOPC:DPPC 1:9 mixture for different cholesterol concentrations.
Since the lipid mixtures measured refer to different phase regions,
the lipid samples undergo different types of phase transitions with
increasing temperature. The absolute α-values do not furnish un-
ambiguous evidence for distinguishing different phases as the dif-
ferences in α-values are very small. On the other hand, however, the
volume changes accompanying the phase transitions are quite
distinct. The lipid mixture DOPC:DPPC=1:9+10% Chol (i.e. DOPC:
DPPC:Chol 9:81:10molar ratio) undergoing the gel (solid-ordered, so)
to fluid (ld phase) phase transition (so→ ld) transition exhibits the
largest ΔV/V value of 2.8%, which is thus comparable to the chain
melting transition of pure DPPC dispersions. Upon increasing the
cholesterol or DOPC content, the volume change decreases. A sample
(DOPC:DPPC=1:9+30% Chol) undergoing the so+lo→ ld transition
exhibits a relative volume change of 1.0%. As might be expected, the
temperature-induced fluid-fluid lo→ ld transition (as observed for
the DOPC:DPPC=1:9+40% Chol mixture) can hardly be detected
anymore (the relative volume change can still be estimated to be
~0.3%). The lo+ld→ ld miscibility transition of the sample DOPC:
DPPC=1:2+30% Chol exhibits a ΔV/V value of 0.8%, and that for the
so → ld transition (DOPC:DPPC=1:1+0% Chol—data not shown) a
relative volume change of 1.5%.

As shown by these data, cholesterol incorporation in the lipid
mixtures has a strong potential for reducing the volume change
accompanying the phase transitions. The rationale is as follows: on one
hand, the cholesterol molecule perturbs the organization and packing
of the ordered gel phase and increases the partial volumeofmembrane
lipids; on the other hand, it increases the order parameter of the liquid-
disordered phase and reduces the corresponding partial lipid volume
in this phase. The counteracting disordering and ordering effects cause
the drastically reduced volume change observed for the constant
DOPC:DPPC ratio upon increasing the cholesterol contents (Fig. 11).
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Finally, these data also show that PPC is in fact able to determine
minute volume changes in complex lipid mixtures.

As a last example, we discuss the effect of peptide insertion into
phospholipid bilayers on the volumetric properties of the system.
Gramicidin D (GD) was incorporated into DPPC bilayers at mole
fractions of up to 10%. The apparent specific volume, the relative volume
changes, and the thermal expansion coefficients of the lipid-GD
mixtures were determined using PPC and densitometry, together with
complementary bilayer membrane compressibility data by molecular
acoustics (ultrasound velocimetry, densitometry) measurements. The
membrane compressibility is also closely related to the lipid chain
ordering and to changes in the lipid bilayer hydration.

One of thefirst knownantibiotics, gramicidin, belongs to a family of
linear pentadecapeptide compounds produced by Bacillus brevis, a soil
bacterium. Gramicidins are composed of alternating D- and L-amino
acids and form β-type helices with a hydrogen-bonding pattern of the
backbone similar to that in β-sheets. The primary interest of
gramicidin lies in its ability to form ion channels in lipid membranes
[59]. Gramicidin has no charged or hydrophilic chains, and its aqueous
solubility is low. As both the amino and carboxy termini of the
molecule are blocked, gramicidin has been found to partition strongly
into the hydrophobic region of phospholipid membranes [59–65].

The DSC and PPC measurements were carried out at concentrations
of 1, 2.5, 5, 7.5, and 10 mol% of gramicidin. Fig. 12 shows the DSC heat
capacity traces (as stacked plot) of DPPC dispersions containing
different concentrations of gramicidin. Pure DPPC displays the sharp
main transition at Tm=41 °C, as well as a small endothermic peak due
to the Lβ’–Pβ’ pretransition, appearing at 35 °C. At concentrations of
GD as low as 1%, we already observe significant broadening (with a
small asymmetry at the low temperature end) of the main transition
and a shift to a lower temperature. This behavior suggests that there
is a higher peptide-lipid interfacial energy in the gel phase, so that
intercalation of the peptide between gel and fluid domains lowers the
overall line tension and thus the cooperativity, i.e., ΔH, of the melting
transition [66]. At 2.5% and higher GD concentrations, the main peak
position remains essentially unchanged, while the transition becomes
more broadened. At 2.5% GD, a broad shoulder at the low-temperature
side of the DSC peak is observed, which suggests appearance of an
ordered-fluid two-phase region. Since the fluid lipids are shorter than
the gel lipids, one may expect a better matching of the fluid lipids with
GD, and therefore a shift of the Cp-profile to lower temperatures.

Fig. 12 reveals the corresponding PPC data as well. Again, the PPC
peaks exhibit the same shape as the DSC traces, indicating that the
membrane enthalpy and volume changes share a common origin
(probably packing and hydration effects). Generally, Cp and α are
directly related to fluctuation parameters. The square average of the
enthalpy fluctuations, 〈ΔH2〉, is determined by the heat capacity, Cp, of
the system, and the covariance betweenH and V fluctuations, 〈ΔHΔV〉,
is related to the thermal expansion coefficient [30–32]: 〈ΔH2〉=RT2Cp,
and 〈ΔHΔV〉=RT2Vα. Below the main transition temperature of
DPPC, α increases nearly linearly with temperature. Around the phase
transition temperature, α undergoes a sharp increase, reaches a
maximum of about 0.12 K−1 at Tm (41 °C), and then rapidly decreases
with increasing temperature, to reach a value nearly equal to that
obtained below the transition temperature (α is ~0.93×10−3 K−1

below the pretransition (20 °C) and ~1.0×10−3 K−1 above the main
transition (65 °C)). The observed α-value of pure DPPC is similar to
the thermal expansivity of pure liquid hydrocarbons, such as
tetradecane (α=0.9×10−3 K−1), but an order of magnitude larger
than that of bulk water ([28] and refs. therein). A slight increase in α
below the pretransition is observed with increasing gramicidin
concentration. For example, α=1.12×10−3 K−1 for 5 mol%, and
α=1.25×10−3 K−1 for 7.5 mol% GD at 20 °C, while in the fluid phase
at 65 °C, no significant change in α is detected.

The relative volume changes, ΔV/V are obtained by integration
over the PPC peaks (Eq. 4). ΔV/V=0.04±0.007 (4%), corresponding
to an absolute volume change of 29 mL mol-1 for pure DPPC; ΔV/V is
0.028±0.001 for 1 mol%, 0.026±0.002 for 2.5 mol%, 0.023±0.002 for
5 mol% GD, and continues to decrease with further increasing
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gramicidin concentration, finally reaching ΔV/V=0.013±0.002 at
10 mol% GD.

Ultrasound velocimetry and densitometry techniques have been
used to measure the velocity number, [u], and the apparent specific
volume V of the DPPC-gramicidin mixtures as well (Fig. 13). At points
distant from the lipid main phase transition temperature, Tm, [u]
decreases gradually with rise in temperature, finally leading to the
typical anomalous dip in the vicinity of Tm typical for pure phospholipid
bilayers [28,67–69]. Addition of gramicidin leads to a broadening of
the peak around Tm and a slight shift towards lower temperatures.
Compared to pure DPPC dispersions, [u] is smaller below Tm and larger
above Tm. The temperature dependence of the apparent specific volume
is also shown in Fig. 14. An increase of V with temperature is observed
throughout thewhole melting transition regime. For pure DPPC, a step-
like 4% change in specific volume at the transition temperature Tm
is observed. For the DPPC–GD mixtures, the specific volume is larger
below Tm and smaller above Tm. The adiabatic compressibility data
derived from both data sets are shown in Fig. 14.

Finally, from the combined ultrasound, densitometric and PPCdata,
the isothermal compressibility and hence relative volume fluctuations
(which are related to spontaneous pore formation and the perme-
ability of the membrane) can be determined (Eq. 7). The isothermal
compressibility peak at the main transition drops drastically (~75%)
upon addition of GD concentrations as low as 1 mol% (data not
shown). This decrease in βT corresponds to a similar strong decrease
(80%) of the thermal expansion coefficient (Fig. 12), again indicating
the close relationship between the corresponding fluctuations (〈ΔV2〉

and 〈ΔHΔV〉, respectively. At GD concentrations higher than 5 mol%,βT

is greater than βS in the gel–fluid region by ~ 10–20%. The relative
volumefluctuations are depicted in Fig. 15. They reach theirmaximum
value of 12% for DPPC at the main transition, and are already strongly
damped at a GD concentration of 1 mol%. Only a gradual further
decrease with GD concentration is observed between concentrations
of 1 and 10 mol%.
4. Concluding remarks

PPC is not an easy technique to apply, and analysis and inter-
pretation of resulting data can still pose problems. At the experimen-
tal level, sensitivity is often limited by the large thermal transients or
oscillations induced by the pressure pulses (see Fig. 1 for example).
The origin of these transients is not clear, but an appropriate choice
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of baseline for integration can be difficult in this region. Moreover,
the pressure-induced heat effects are usually quite small, such that
current instruments require relatively high concentrations of biomo-
lecules, and this can limit applicability. There also remain difficulties
in unambiguously separating solvation from conformational dynam-
ics or other volumetric effects.

Generally, however, the examples shown above demonstrate that
the PPC technique has the potential to provide an exquisitely sensitive
handle on measurements of volumetric and hydration properties of
biomolecules such as lipids and proteins, the understanding of which
is prerequisite to the comprehension of their stability and conforma-
tional dynamics. The PPC results on proteins in various chaotropic and
kosmotropic cosolvents show that the cosolvent not only markedly
changes the stability of proteins, but also its solvation, and it may also
alter the conformation of the protein in its unfolded, denatured state.
The magnitude and even sign of the volume change of unfolding
drastically depends on the cosolvent concentration, but is also
markedly temperature dependent. Moreover, conformational changes
of the protein are clearly reflected in their volumetric properties and
can thus be uncovered by PPC measurements. We have come to
understand, at least qualitatively, the underlying molecular contribu-
tions to the volumetric properties of the various states of proteins and
how these change with temperature. These results underscore the
complexity of volumetric properties of biomolecules and demonstrate
that their interpretation in terms of solvation coupled with confor-
mational transitions should be interpreted in the context of their
complete temperature dependence. What is also clear, however, is
that further efforts are needed to establish quantitative models for
interpretation of PPC data.
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