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Abstract

The temperature-pressure behavior of proteins seems to be unique
among the biological macromolecules. Thermodynamic as well as
kinetic data show the typical elliptical stability diagram. This may be
extended by assuming that the unfolded state gives rise to volume and
enthalpy-driven liquid-liquid transitions. A molecular interpretation
follows from the temperature and the pressure dependence of the
hydration and cavities. We suggest that positron annihilation spec-
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troscopy can provide additional quantitative evidence for the contri-
butions of cavities to the dynamics of proteins. Only mature amyloid
fibrils that form from unfolded proteins are very resistant to pressure

treatment.

Introduction: Life close to the
extremes

Temperature and pressure extremes re-
quire different strategies compared to those
involved in chemical extremes such as low
water activity. In general, organisms cope
with the latter by maintaining non-extreme
internal conditions or by evolving very ef-
fective repair mechanisms (1). Cellular lip-
ids, proteins and nucleic acids are sensitive
to high temperatures. Hyperthermophile bac-
teria have ether lipids instead of the more
hydrolysis-sensitive ester lipids in meso-
philes. Enzymes from hyperthermophiles
show an unusual thermostability in the labo-
ratory and an important aspect of protein
chemistry research is to identify the stabiliz-
ing principles. Crude cell extracts of hyper-
thermophiles show the presence of heat-in-
ducible proteins, called chaperones, that as-
sist in the folding of proteins during cellular
synthesis. Of special interest is the observa-

tion that the inactivation kinetics of microor-
ganisms shows diagrams similar to those of
proteins (2). This suggests that proteins are
the primary target in the pressure and tem-
perature inactivation of organisms.

Kashefi and Lovley (3) isolated a new
archeal species, dubbed strain 121, which
grows at 121°C. This is 8°C higher than the
previously isolated Pyrolobus fumarii which
has a maximum growth rate at 113°C. Both
organisms have survival temperatures of
130°C (for 2 h) and 121°C (for 1 h).

The maximum pressure that microbial
cells can cope with is of the order of 100
MPa (4,5). But pressure-sensitive processes
such as motility, transport, cell division, cell
growth, DNA replication, translation, and
transcription are affected at much lower pres-
sures. Obviously, a report of the observation
of microbial activity at GPa pressure came as
a surprise (6). One possible explanation for
most of the described effects that was not
used in the discussion up to now may come
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Figure 1. The elliptical tempera-
ture-pressure stability phase dia-
gram characteristic of proteins.
Note the thermodynamic simi-
larities between the cold and
pressure unfolding and the con-
trast with heat unfolding. The
possible volume-driven (L1-L2)
and enthalpy-driven (L2-L3)
transitions are discussed in the
text. Modified from Ref. 14.
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from the limited availability of water in the
highly concentrated suspension of bacterial
cells that were observed in the small volume
of the diamond anvil cell.

Another example of the crucial role of
water activity in the behavior of organisms
under extreme conditions is given by small
organisms called Tardigrades. These small
animals shrink into a special state when the
humidity of the surroundings decreases. In
that state they can survive temperature from
-253°C up to 151°C and pressures up to 600
MPa (7). Under normal conditions they are
killed at 200 MPa. This behavior is quite
similar to that of bacterial spores and dry
proteins in which pressures of more than 1
GPa are not able to provoke any changes
(8,9). The fact that the Tardigrades can un-
dergo a transformation to an extreme dry
state may be much more exceptional than
the fact that they are resistant to extremes of
temperature and pressure in the dry state.

Finally, it should be pointed out also that
there is no agreement on whether the sur-
vival of organisms is a problem of protein
stability rather than of chemical stability of
small organic molecules.

The protein stability diagram

The pioneering work in high pressure
protein research is that of Bridgman (10)
who observed that a pressure of several 100
MPa will give the egg white an outlook
similar, but not identical, to that of a cooked
egg. Since Bridgman worked on various
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pure substances, he may not have realized
that egg white is basically an aqueous solu-
tion of a protein in which water plays a vital
role in the observed pressure effect. He also
made the unexpected observation that the
ease of the pressure-induced coagulation in-
creases at low temperatures. In other words,
he observed a negative activation energy for
a chemical process.

The modern area starts with the seminal
paper by Suzuki (11) on the stability of
ovalbumin and hemoglobin. Hayashi et al.
(12) analyzed the effect of pressure on egg
yolk. It is well known from the preparation
of a hard boiled egg that the yolk becomes
solid at a slightly higher temperature than
the white. The reverse is true for the effect of
pressure. It is now clear that these observa-
tions are the consequence of the unique
behavior of proteins.

The stability diagram: thermodynamic
aspects

The first systematic observations of the
behavior of proteins with respect to temper-
ature and pressure came from the kinetic
studies of Suzuki (11) and the thermody-
namic work of Hawley (13). Of particular
interest is the fact that the effects of heat,
cold and pressure on proteins are intercon-
nected.

The elliptic phase diagram is shown in
Figure 1. The shape originates from a Taylor
expansion of the free energy difference be-
tween the unfolded and the native state of
the protein as a function of temperature and
pressure, and the second order terms make a
significant contribution. Thus, the volume
change is not only pressure but also temper-
ature dependent:

AV(p,T) = AV° + Aa (T-Ty) - AB (p - py)
AV° refers to reference conditions. In this

equation AB is the compressibility factor
difference and Ao the difference of the ther-
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mal expansion factor between the denatured
and native state. The mathematical implica-
tions and assumptions that are usually made
in the analysis of the data have been recently
discussed (14). The physics behind the ellip-
tic phase diagram can be related to the de-
gree of correlation between the enthalpy and
volume change of the unfolding transition
(15).

The diagram shown in Figure 1 makes it
clear that pressure stabilizes the protein
against thermal unfolding. Considering the
correlation between the enthalpy and vol-
ume changes between the cold and the pres-
sure unfolding and the difference with the
heat unfolding, one may expect conforma-
tional similarities between the cold- and pres-
sure-denatured state and a quite different
conformation for the heat-denatured state.
This has indeed been observed with infrared
spectroscopy for myoglobin (16). On the
other hand, in several proteins a lowering of
the transition temperature has been observed
at higher pressure (13). In this case one does
expect no difference between the pressure-
and temperature-induced transitions since
the same thermodynamic conditions prevail,
i.e., the enthalpy change is positive and the
volume change is negative. Such a situation
has been observed for ribonuclease for which
the infrared spectra of the heat and pressure
unfolded states are similar (17).

Dubins et al. (18) have recently shown
for cytochrome c that for the native-to-un-
folded transition the native conformation is
stabilized by pressure, whereas for the mol-
ten globule-to-unfolded transition the mol-
ten globule conformation, at pH 2, is desta-
bilized. Whether this applies to other pro-
teins remains to be determined but the obser-
vation suggests that the assumption of the
two state unfolding, which is at the basis of
the phase diagram, might not be generally
valid. Various spectroscopic studies also
suggest that the conformation of the temper-
ature- and pressure-unfolded protein are not
similar. Fluorescence spectroscopy suggests

that the temperature-induced unfolding can
be presented as an exposure of the protein
core to water, whereas the pressure-induced
unfolding results from the pressure-induced
penetration of water into the protein matrix
followed by a disruption of the chain-chain
interactions (19).

Water-soluble synthetic polymers

The re-entrant phase diagram of proteins
has also been observed for a number of
water-soluble polymers (20). In most cases
the ability to form hydrogen bonds with the
solvent is located in the side chains whereas
the main chain is expected to be responsible
for the hydrophobic interactions. Atlow tem-
perature and pressure the polymers are in the
random coil state (homogeneous one-phase
region) and phases separate at high temper-
ature and/or pressure (heterogeneous two-
phase region). It is of interest to note that
some polymers show considerable aggrega-
tion in the two-phase region. This can be
reduced by the addition of detergents with-
out noticeable effect on the temperature or
the pressure at which the transition takes
place.

The introduction of polymer-water as well
as water-water interactions is important in
the modelling of the temperature-concentra-
tion behavior of poly(ethylene oxide) (21).
This suggests that the strong and highly
directional hydrogen bond formation in these
systems seems to be as important as the
hydrophobic interactions. One would expect
high pressure simulations to support this
hypothesis.

The shape of the gelatinization diagram
of starch as obtained by infrared spectros-
copy is also very similar to that of proteins
(22). This is quite remarkable given the ma-
jor differences in composition between these
polymers. We note also the important role of
water in the gelatinization process. In etha-
nol no pressure-induced swelling of starch is
observed.
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Liquid-liquid transitions in protein solutions?

The re-entrant or Tammann loop-shape
phase diagram as observed in proteins and
water-soluble polymers is also found in sol-
vent-free systems and has been connected to
exothermic disordering (23). In two cases,
the nematic-smectic A transitions in liquid
crystals and the phase behavior of a crystal-
line polymer, poly(4-methyl-pentene-1), the
phase behavior can be understood by con-
sidering the vibrational and configurational
contributions to the volume and the entropy
of the material in the various phases. Inverse
melting, another expression for the same
phenomena, has now been computer mod-
eled with a statistical mechanical model (24).
However, the challenge remains to simulate
the crucial role of water in the phase diagram
of water-based systems.

The theoretical and experimental interest
in polymorphic phase transitions in liquids
and glasses in solvent-free systems such as
phosphorous and polymers (25) raises the in-
teresting question of whether similar so-called
liquid-liquid transitions might occur in solu-
tions of proteins and water-soluble polymers.
Of course, one would expect experimental
difficulties in detecting these liquid-liquid tran-
sitions because of the small changes in ther-
modynamic parameters compared to liquid-
gas and liquid-solid transitions. But the sug-
gestion that the most promising candidates are
systems with locally tetrahedral molecular
structure such as C, SiO, and H,O (26) makes
aqueous solutions of biopolymers with the
predominant role of highly directional hydro-
gen bonding, good candidates.

Figure 1 includes two possible loci where
the so-called liquid-liquid transitions might be
expected in the case of unfolded proteins and
phase-separated water-soluble polymers. A
volume-driven or pressure-induced transition
could be observed between the points L1 and
L2. Kunugi and co-workers (20) of the Kyoto
Institute of Technology reported on such a
transition in the case of the hydrogel of poly(N-
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vinylisobutyramide). A possible source for
such a transition is the effect of pressure on the
aggregated state of unfolded proteins (14,27).
An enthalpy-driven or a temperature-induced
transition at high pressure might also be ex-
pected in these systems but has not been re-
ported so far. Note that such transitions are not
expected to take place in proteins where only
part of the upper part of the diagram is visible
as is the case for ribonuclease (13,17).

In nonaqueous systems such as in liquid
phosphorous, the low pressure phase con-
sists of a molecular fluid whereas at high
pressure a polymeric liquid exists (28). In
the case of poly(4-methyl-1-pentene), a non-
linearity of the specific volume of the poly-
mer in the liquid phase gives rise to a reen-
trant phase diagram with a high temperature
and a high pressure maximum (29).

The stability diagram: molecular aspects

A molecular interpretation of the thermo-
dynamic aspects of the stability diagram may
be based on a model for the partial molar
volume of a protein. Kauzmann (30) assumed
the additivity of the following contributions:

Vprotein = Vatom + Vcavilies + A\/hydration

Assuming that the volume of the atoms is
temperature and pressure independent, it fol-
lows that the thermal expansion and the
compressibility contain terms for the tem-
perature and pressure dependence of the
cavities and the hydration. Unless one has a
method that only probes the hydration or the
cavities, it will be difficult to make a quanti-
tative estimate of their contributions. Note
also the assumption of the additivity of the
solvent and the contribution of the hydrated
protein to the determination of the thermal
expansivity and the compressibility.

Molecular aspects: hydration

The role of water in the folding and un-
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folding of proteins is very clear from the
experimental fact that dry proteins cannot
unfold either by temperature or pressure (8).
This also explains the pressure and tempera-
ture sensitivity of vegetative cells when com-
pared to bacterial spores. It may also explain
the extreme resistance to pressure inactiva-
tion of prions (31,32).

On the basis of the negative activation
energies obtained for the denaturation of
proteins under high pressure conditions,
Suzuki (11) proposed the insertion of water
as the first step in the pressure-induced un-
folding of proteins

Protein + nH,0 < P(H,0), — Py

Computer simulations have also shown
that water penetration is the underlying mech-
anism for pressure-induced unfolding (33,
34). A more detailed picture of protein hy-
dration is obtained from X-ray and neutron
scattering experiments and molecular dy-
namics simulations (35). For lysozyme it
was found that the first hydration shell (ca.
3-A thick) is 15% denser than bulk water.
Smolin and Winter (36) concentrated their
efforts on the properties of water at the sur-
face of native staphylococcal nuclease. Tak-
ing the excluded volume effect into account,
they found that the density is about 0.3-0.6%
higher than the bulk water. Their analysis of
the water structure in terms of rings of hy-
drogen-bonded water molecules points to
the strong influence of the chemical and
topographical properties of the protein sur-
face.

The most frequently used method to ob-
tain compressibilities of proteins in dilute
solution is ultrasound (37). The interpreta-
tion of the data is based on the additivity of
the compressibilities of the solvent and the
solute. If, however, one assumes that the
sound propagation of the components is ad-
ditive, then this gives rise to the conclusion
that the contribution of hydration is usually
overestimated (38). Computer simulations

indicate that the experimental compressibili-
ties obtained from ultrasound can account
for the intrinsic compressibility (39). Other
computer simulations show, however, that
the contribution of hydration is predominant
(40). It is clear that we need additional input
from experimental data to resolve the dis-
crepancy between these results. Similar con-
siderations apply to a new approach that
measures the thermal expansion of solutions
with pressure perturbation calorimetry (41).
Unfortunately no computer simulations are
available which would allow an estimate of
the contributions of hydration and cavities
from temperature changes. The additivity of
volumes, compressibility and thermal ex-
pansion may also be viewed from a statisti-
cal mechanical treatment of the volume fluc-
tuations (42). When the coupling between
the fluctuations of the solvent and the pro-
tein is strong, as may be expected in hydro-
gen-bonded systems, then the additivity rule
does not apply.

Molecular aspects: cavities

The functional role of cavities has been
advocated on several occasions in the litera-
ture. Richards (43) has emphasized their
role in the dynamic behavior of proteins.
Gekko and Hasegawa (44) have attributed
the lower compressibility of lysozyme at
lower temperature in water to increased hy-
dration. Silva and Weber (45) have pointed
out the analogy between the volume changes
of protein-protein interactions and protein
unfolding and have attributed a role to the
imperfect packing at intersubunit surfaces.
Fusi et al. (46) created a cavity in the interior
of a small DNA-binding protein and ob-
served a drastic decrease in temperature as
well pressure stability. Silva et al. (47) have
recently reviewed the role of cavities in a
number of biochemical systems, with the
conclusion that their role has been underes-
timated so far.

An estimate of the effects of temperature
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and pressure on the size of the cavities may
be obtained from the structural changes of
proteins via NMR spectroscopy. This has
been done for hen egg white lysozyme as a
function of pressure (48) and for human
lysozyme as a function of temperature (49).
Some data are presented in Table 1. Despite
the considerable progress that has been made
in the quantitative characterization of cavi-
ties, there is a need for an independent ex-
perimental approach to quantify the temper-
ature and pressure dependence of the size of
cavities in proteins.

Positron annihilation lifetime spectroscopy

A possible source of new experimental
information on the role of cavities in the
compressibility and thermal expansion of
proteins is positron annihilation lifetime spec-
troscopy, which is being used extensively as
a direct probe for free-volume in polymers
and other materials. The size of the positro-
nium is similar to that of the hydrogen atom
and the lifetime of the free ortho-positro-
nium is 140 ns. The lifetime depends on the
size of molecular cavities but also on the
availability of electrons for pick-off annihi-
lation (50).

For the analysis of the protein in water
we need data on the temperature and pres-
sure dependence of the annihilation rates of
water. These data show that the activation
energy and volume are compatible with the
dependence of the surface tension on these
variables. The analysis of the protein data is
further complicated by the assumptions that
have to be made about the role of the water

Table 1. Effects of pressure and temperature on the total volume of the cavities in
proteins as obtained from NMR and molecular dynamics (MD) simulations.

Protein

Total cavity volume (conditions)

Method Ref.

Hen lysozyme
Human lysozyme
Hen lysozyme

1187 A3 (30 bar) - 1129 A3 (2 kbar) NMR 48
855 A3 (4°C) - 1302 A3 (35°C) NMR 49
5266 A3 (1 bar) - 4036 A3 (5 kbar) MD 40

Braz ] Med Biol Res 38(8) 2005
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that is closely connected with the protein
surface. The analysis is in progress in our
laboratory.

Intermolecular interactions of
unfolded proteins

The connection between protein folding
and the misfolding that occurs under certain
conditions and that gives rise to specific
fibril formation is now one of the most fasci-
nating topics of protein research (51). The
aggregation of misfolded proteins seems to
be a common feature of many proteins, and
some of them may lead to what is now
commonly called conformational diseases.
Highly soluble proteins are converted to in-
soluble filamentous fibrils that are rich in 8-
pleated structures. Pressure is a very valu-
able tool for the study of the mechanism of
aggregation (52,53).

Most biophysical investigations of fibril
formation have attempted to elucidate the
structural events that occur during amyloid
fibril assembly. A complementary approach
is to investigate the stability of amyloid
fibrils, a strategy analogous to the study of
protein unfolding that has provided many
details regarding the forces that drive pro-
tein folding and stabilize the native fold.

Recently, we studied the effects of hy-
drostatic pressure on the stability of amyloid
fibrils formed from the transthyretin 105-
115 peptide (TTR g5.115) using Fourier trans-
form infrared spectroscopy. The peptide cor-
responds to B-strand G of the protein and has
been shown to readily form amyloid fibrils
in vitro. Its small size makes it a useful
model system. Information on the morphol-
ogy of the species was obtained by atomic
force microscopy. More experimental de-
tails can be found elsewhere (32). The spe-
cies formed early in the aggregation process
were dissociated by relatively low hydro-
static pressure (220 MPa), whereas mature
fibrils were pressure insensitive up to 1.3
GPa, as shown in Figure 2. This stability of
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the mature fibrils is consistent with a fibril
structure in which there is an extensive hy-
drogen bond network in a tightly packed
environment from which water is excluded.
The fact that early aggregates can be dissoci-
ated by low pressure suggests, however, that
hydrophobic and electrostatic interactions
are the dominant factors stabilizing the spe-
cies formed in the early stages of fibril for-
mation.

Previous study by our group has shown
that insulin fibrils are also stable to pressures
of at least 1.2 GPa (54). Foguel and co-
workers (55), on the other hand, found that
amyloid fibrils of full-length TTR and o-
synuclein can be dissociated in the pressure
range of 200-300 MPa. It appears, therefore,
that there are significant differences in the
stability to pressure of amyloid fibrils formed
by different proteins as well as by the same
protein at various stages of the aggregation
process. High pressure will shift a system
towards the state that occupies the smallest
volume. Cavities, packing defects and
changes in hydration are expected to be
major contributors to volume changes and
their presence will make the system more
susceptible to pressure unfolding/dissocia-
tion. The observed pressure insensitivity of
the mature fibrils of the TTR peptide, there-
fore, suggests that these effects are largely
absent, a result consistent with the conclu-
sions from X-ray data for a microcrystal of
an amyloidogenic peptide that the B-sheets
are densely packed and exclude water (56).
Further evidence for the absence of water in
the fibrils comes from unpublished hydro-
gen-deuterium exchange experiments on in-
sulin fibrils that show that the exchange is
slow even at high pressures. Interestingly, a
similar difference in the pressure stability of
early and mature aggregates has been ob-
served for the amorphous aggregates of myo-
globin (57) and an amyloid-like structure of
the prion protein obtained by thermal treat-
ment (53).

The high stability of the mature fibrils is

reminiscent of the stability of bacterial spores
and dry proteins (8). In all of these cases, the
absence of water is the crucial factor. One
would therefore also expect a high tempera-
ture stability. This has indeed been observed
for the amorphous aggregates of myoglobin
(58). Another possible source of the high
pressure stability may be the presence of 8-
helices in amyloid fibrils. It is well known
that enzymes that contain B-helices are very
pressure stable (59).

Conclusions

From the various aspects of high pres-
sure and high temperature studies on pro-
teins that we have considered in this review,
it seems that the most crucial one is the
highly directional interaction capacity of
hydrogen bonds. Extending the phase dia-
gram along the lines that are being suggested
for other systems with directional interac-
tions, we predict the possibility of two addi-
tional transitions, one driven by volume at
high temperature and the other driven by
enthalpy at high pressure.

As to the contributions of the hydration
and the cavities, most models assume the
additivity of thermodynamic quantities such
as volume, compressibility and thermal ex-
pansion. A quite different picture emerges if

day 4 at
0.1 MPa
day 4 at
1GPa

day 4 at
0.1 MPa

day 3

day 2

I

day 1

1700 1680 1660 1640 1620 1600
Wave number/cm
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Figure 2. The amide I’ region of
the FTIR spectrum of transthyre-
tin 105-115 peptide as a function
of time and pressure. At day 1,
the pressure strongly affects the
spectrum (data not shown). At
day 4, pressure effects are only
affecting the vibrations of the hy-
drogen-bonded C=0 groups of
the peptide bond, indicating no
substantial changes in confor-
mation of the protein. Effects are
reversible as indicated. High hy-
drostatic pressure was gener-
ated in a diamond anvil cell.
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one considers the coupling between the sta-
tistical mechanical fluctuations that are re-
lated to these quantities. In view of the pre-
dominant role of hydrogen bonding, cavities
and hydration may be also considered, up to
a certain extent, as two sides of the same
phenomenon. A new experimental approach,
positron annihilation spectroscopy, might
help obtain more quantitative information
on the role of the cavities.

Pressure studies have been of special
interest in relation to protein unfolding and

K. Heremans

aggregation. The central question remains to
what extent these data apply to the highly
crowded medium of the cell. Pressure stud-
ies on cellular systems should be of great
help in this respect (60).
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