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Insights into the role of hydration in
protein structure and stability obtained
through hydrostatic pressure studies
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Abstract

A thorough understanding of protein structure and stability requires
that we elucidate the molecular basis for the effects of both tempera-
ture and pressure on protein conformational transitions. While tem-
perature effects are relatively well understood and the change in heat
capacity upon unfolding has been reasonably well parameterized, the
state of understanding of pressure effects is much less advanced.
Ultimately, a quantitative parameterization of the volume changes (at
the basis of pressure effects) accompanying protein conformational
transitions will be required. The present report introduces a qualitative
hypothesis based on available model compound data for the molecular
basis of volume change upon protein unfolding and its dependence on
temperature.
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Introduction

In discussions of the use of pressure to
study protein stability, it has often been sug-
gested that pressure is a better variable than
temperature or chemical denaturants for a
variety of reasons. The implication of such
statements is that one should preferentially
carry out pressure perturbation studies in
order to obtain some useful information.
Clearly a large body of knowledge of protein
structure and stability has been amassed us-
ing alternative approaches. Rather, a funda-
mental understanding of the behavior and
properties of matter requires a fundamental
characterization and comprehension of the
response of the matter under consideration
to the two fundamental thermodynamic vari-
ables, temperature and pressure. No further
justification of the use of pressure to investi-

gate the physicochemical properties of pro-
teins is necessary. A detailed understanding
of what pressure does to proteins and the
molecular basis for these effects will provide
invaluable insight into the factors (particu-
larly hydration) that control protein structure
and stability, an insight that is complemen-
tary to that obtained using temperature.

What does pressure do to proteins?

While in recent years a number of studies
from many of the contributors to this confer-
ence, as well as others, have provided a
significant amount of reliable data describ-
ing the physical effect of pressure on protein
structure, the molecular basis for these
changes has remained elusive. Prior to any
discussion of the molecular basis for pres-
sure effects it is important to present clearly
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what pressure does to proteins. Too often in
the past, I and my colleagues in the field
have exhibited the tendency to generalize
the effects we have observed for a particular
protein, under particular conditions, to pro-
teins in general, under all conditions. There-
fore, first of all it is important to stress that
the only general comment one can make
about the effect of pressure on protein struc-
ture is that it tends to favor protein confor-
mations that occupy smaller specific vol-
umes. Which of the conformations in its
energy landscape a protein will adopt under
particular conditions of temperature, pres-
sure and solution composition depend upon
the energy landscape of the protein, and
implicate the relative stabilities (enthalpy
and entropy), heat capacities, specific vol-
umes, compressibilities, and expansivities
of all of the possible configurations of the
chain under those particular conditions. Thus,
some proteins such as bovine pancreatic tryp-
sin inhibitor, for example (1-8), undergo no
major conformational changes upon appli-
cation of pressures that are attainable in
liquid type cells. The only observed changes
in any spectroscopic property related to the
structure of the protein indicate that pressure
simply results in the compression of the
native state of this protein. For other protein
systems, the relative free energies and dif-
ferences in specific volume between the na-
tive, folded state and conformational states
that lie near this state and that have been
referred to as low-lying excited states by
Akasaka and Li (9) are such that the applica-
tion of relatively modest pressures leads to
the non-negligible population of these states.
When the energy landscape of proteins is
such that the population of folding interme-
diates (differentiated from the low-lying ex-
cited states by a significantly higher degree
of disorder) is not so highly unfavorable,
pressure will often favor such states because
their specific volumes are intermediate be-
tween that of the folded state and the un-
folded state, and their relative stability ren-

ders them accessible by pressure perturba-
tion. This is clearly the case for apo-myoglo-
bin (9-15), for which moderate pressure re-
sults in the population of a species with
structural characteristics quite similar to those
of the intermediates observed by chemical
perturbations. Finally, a relatively large per-
centage of the proteins that have been stud-
ied using pressure perturbations can be un-
folded completely in a pressure range acces-
sible in liquid cells (<10 kbar) (16-26). Al-
though it is important to note that the mean-
ing of the phrase completely unfolded is
subject to debate, can change with tempera-
ture and solution conditions and depends
upon the protein under study, and this re-
gardless of the perturbation used. In any
case, one must take care in stating what it is
that pressure does to proteins, given that this
depends (first of all) upon the protein, and
then upon the conditions under which the
pressure has been applied. One very impor-
tant parameter that is often ignored in dis-
cussions of pressure effects is the concentra-
tion of the protein. Often dictated by the
technique used to observe the effects of pres-
sure, changes in this parameter can lead to
very different observations, since aggrega-
tion phenomena are favored at high concen-
trations. Thus, pressure-induced aggregation
is often observed in high-pressure Fourier
transform infrared studies in which high con-
centrations of protein are required (27-32).
In one case at high-Fourier transform infra-
red concentration, pressure led to the popu-
lation of a partially unfolded dimer, whereas
for the same system at the lower concentra-
tions used in fluorescence, pressure led to
total dissociation and unfolding (26).

Why does pressure do what it does?

In the following discussion of the under-
lying contributions to volume changes for
protein conformational transitions, we will
refer only to the transitions between folded
and unfolded structures, since these transi-
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tions involve the entire protein structure and
are thus the largest in magnitude. Despite the
elusive nature of the underlying causes of
the effects of pressure on protein structure,
we understand in general what factors make
a contribution. First, compression is rela-
tively straightforward. All conformational
states of proteins will undergo compression
upon application of pressure. Such changes
can occur up to the point at which it is
energetically more favorable to undergo a
transition to a different state (unfolded, in-
termediate, aggregate). This situation is
analogous to that of the effect of tempera-
ture, in which heating leads to expansion of
the native state until, at some temperature,
the protein unfolds. Hydration changes that
accompany protein conformational transi-
tions are largely responsible for pressure-
induced protein structural transitions. Dif-
ferences in specific volume between protein
conformational states constitute the basis for
the effects of pressure on the equilibrium
between these states. Unarguably, proteins
are highly densely packed in their folded
states. Nonetheless, their interiors present
void volumes that exclude solvent and pro-
tein moieties due to their size and distribu-
tion in the structure. Thus, the opening up of
protein structure allowing a solvent to oc-
cupy an internal volume previously excluded
from interaction with it constitutes a clear
contributor to changes in the degree of hy-
dration upon changes in conformation. Sec-
ondly, unfolded proteins present overall more
surface area to the solvent, and thus their
degree of solvation is larger than for folded
proteins. In addition, folded proteins bury a
higher percentage of non-polar as opposed
to polar residues in their native structures,
and hence, the nature of the hydration of the
protein surface is different in the folded state
compared to more open, disordered states.
Thus, both the degree and type of hydration
will contribute to the differences in specific
volume between folded and unfolded states.
Whether these differences in hydration re-

sult in overall decreases or increases in spe-
cific volume accompanying the transition
will depend upon the type of hydration and
the temperature at which the unfolding tran-
sition occurs.

We know that changes in solvation be-
tween protein conformational states consti-
tute the fundamental basis of the effects of
pressure on protein structure, but we are a
long way from a quantitative parameteriza-
tion of these volume changes (33-39). One
problem in quantifying the underlying con-
tributions to the volume change is centered
upon how to evaluate the contribution of
internal cavities to the value of the volume
change upon unfolding. Some success has
come from experimental attempts at making
a quantitative measurement of this effect
(22,40). The magnitude and even the sign of
the volume change associated with hydro-
phobic hydration are still under debate
(36,38). And while the solvation of polar
moieties is thought to contribute to an over-
all decrease in volume, the magnitude of this
effect is difficult to predict.

Experimentally it has been observed fairly
consistently that the volume change upon
unfolding, which is typically negative and
relatively large in magnitude (0.5-1% of the
total protein volume) at low temperature,
decreases in absolute value with increasing
temperature (41-43). This change in the vol-
ume change of unfolding as a function of
temperature corresponds to the difference in
thermal expansivity between the folded and
unfolded states, and indicates that the ex-
pansivity of the unfolded state is larger than
that of the folded state, experimentally by
about 1 x 10-3 K-1. Using densitometry, we
have measured the volume of staphylococ-
cal nuclease as a function of both tempera-
ture and pressure, allowing the determina-
tion of both the expansivity and compress-
ibility of the folded and unfolded states un-
der conditions of temperature and pressure
where each is stable (44). It is clear from our
results that the volume of the folded state
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does not increase linearly with temperature,
i.e., that the expansivity of the folded state is
temperature dependent.

Brandts and co-workers (45) introduced
the pressure perturbation calorimeter (PPC),
which permits a direct measurement of the
change in heat capacity as a function of
pressure. Since this quantity corresponds to
the opposite of the thermal expansivity, α, at
the temperature studied multiplied by the
temperature and the volume at that tempera-
ture, measurement of the heat released or
taken up upon a small pressure perturbation
yields the value of the expansivity. Meas-
urements are carried out over a broad tem-
perature range, and integration of the expan-
sivity over the temperatures of the unfolding
transition yields the volume change of the
transition (at the transition temperature).

As demonstrated by Brandts et al. (45), at
3ºC, water exhibits a negative expansivity,
i.e., the heat capacity of water increases as
the pressure is raised. A negative value of α
can be understood at the molecular level as
follows: at this low temperature, water is
highly structured, much like ice. As it is
heated, the structure breaks down and the
density of the water actually increases. This
effect is large enough to overcome the tem-

perature-induced increases in bond length.
Likewise, the increase in heat capacity with
pressure at this temperature can be under-
stood in the same light. As pressure is in-
creased, the denser more disordered struc-
ture of water is favored, and this structure
has a higher heat capacity than does the
ordered structure, which exhibits fewer de-
grees of freedom. Above 4ºC, the expansivity
of water becomes positive because the low
density structure is melting out and the ef-
fects of thermal motion come to dominate.
Addition of solutes (such as proteins) to
water will alter the expansivity in a manner
that depends upon whether the solutes favor
the denser or the more structured form of
their hydrating water.

In discussing expansivity of proteins one
must distinguish between the expansivity of
the protein chain itself, and the expansivity
due to hydration. The intrinsic expansivity
of the folded chain has been shown to be
smaller than the expansivity of bulk solvent
(46-48) and is limited by the interactions of
the folded structure. The intrinsic expansiv-
ity of the unfolded chain is difficult to pre-
dict since this will depend upon the residual
structure in the unfolded state. It is assumed
here that the major contribution to the ex-
pansivities of both the folded and the un-
folded states arises from hydration effects.
Brandts and co-workers (45) have measured
the expansivities of hydrophobic, polar and
aromatic amino acids (Figure 1). Like most
other aspects of protein thermodynamics (and
as one should have expected), it would ap-
pear that actual values of the thermal expan-
sivities of proteins result from the combina-
tion of relatively large and opposite effects
(45,49,50).

The expansivity of folded proteins ap-
pears to be dominated by the contributions
of polar amino acids since the values are
positive (near 1 x 10-3 K-1 at around 4ºC) and
decreases in a fashion similar to the curve of
serine in Figure 1 before undergoing tem-
perature-induced unfolding. The expansivity

Figure 1. Expansivities of amino
acids as a function of tempera-
ture determined by pressure per-
turbation calorimetry (PPC). The
values of α were estimated from
the data presented by Brandts
and co-workers (45) and plotted
on the same graph for compari-
son. T = temperature.
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of unfolded proteins has only been meas-
ured at the very high temperatures at which
unfolded states are populated. Since unfolded
proteins expose a larger fraction of hydro-
phobic surface area to the solvent than do
folded proteins, one might imagine that the
expansivity of unfolded proteins might be
lower than that of folded proteins at lower
temperature and higher than that of folded
proteins at high temperature. Thus, the over-
all expansivity of the unfolded state will
have a positive contribution to the tempera-
ture dependence of α from the exposed hy-
drophobic residues. This will tend to attenu-
ate the negative contribution to the tempera-
ture dependence of α from the polar resi-
dues. Thus, overall, the temperature depend-
ence of α (Figure 2) for the unfolded state
may be smaller than that for the folded state.
Of course, if this is true, then ∆α is not
constant with temperature. Such an idea is
borne out by the measure of the expansivity
of a solvated hydrophobic elastin-like pep-
tide GVG(VPGVG) (51,52), which is largely
unstructured below 40ºC and undergoes a
transition to a ß-type structure as the temper-
ature is increased. Between 0 and 20ºC, the
decrease in α for this peptide is very small
(1.05 to 0.85 10-3 K-1).

Given these considerations, we can be-
gin to raise some hypotheses about the con-
tributions of hydrophobic hydration, polar
hydration and cavities to the value of the
volume change as a function of temperature.
At low temperature, the hydration of hydro-
phobic residues exposed upon unfolding
should lead to an increase in volume because
the density of the water around the polar
residues is smaller than the bulk. But, at the
same time, exposure of polar residues and
their subsequent hydration, as well as the
elimination of cavities should lead to a de-
crease in volume. As the temperature in-
creases, because the expansivity of the folded
state has a stronger negative temperature
dependence than does the unfolded state, the
volume of the folded state increases signifi-

cantly at low temperature, but much less so
as temperature is raised. In the meantime,
the volume of the unfolded state, while much
lower than that of the folded state at low
temperature, should increase more steadily
as the temperature is raised, thus diminish-
ing the differences between the two and
eventually leading to a change in sign of
∆Vu (Figure 3). Thus, generally the depend-
ence of ∆Vu on temperature is due to the
increasing role of hydrophobic hydration
and the decreasing role of polar hydration as
temperature is raised.

Presented here is a qualitative proposal
for the temperature dependence of the pres-
sure effects on proteins. Confirming this
hypothesis will require new densitometric
and pressure perturbation calorimetry data
for more model compounds, small peptides
of varying composition and finally very small
proteins. This would allow us to begin to
quantitatively parameterize the contributions
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Figure 2. Hypothetical plots of
the temperature (T) depend-
ence of the expansivities of the
folded (F) and unfolded (U)
states based on the behavior of
model compounds.

Figure 3. Hypothetical tempera-
ture dependence of the volumes
of the folded (F) and unfolded
(U) states based on the hypo-
thetical temperature (T) depend-
ence of α in Figure 2. (∆Vu is
given by the arrows at several
temperatures).
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of hydration to the specific volumes of folded
and unfolded states of proteins as a function
of temperature. The contribution of cavities
to the overall volume change can be esti-
mated based on estimation of the intrinsic
volume of the cavities from X-ray crystallo-

graphic data. In addition it will be important
to take into consideration the type of resi-
dues exposed upon cavity elimination and
the temperature dependence of their hydra-
tion contributions to the specific volume.
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