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Abstract—The development of high-pressure scanning microcalorimetry and the first results studying transitions in proteins,
lipids, and model polymers are reviewed. Special attention is given to changes (increments) in volume parameters upon
transitions as well as the nature of these changes. It is demonstrated that the use of the model of compound transfer reac-
tion in its purest form for assessment of denaturation volume effects failed due to serious difficulties.
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Developing novel research methods is a basis for
emerging technologies for obtaining new knowledge.
Information breakthrough in any area of science is usual-
ly preceded by the development of a new technique or
approach providing the possibility of obtaining informa-
tion that was not available previously, or its acquisition
was extremely difficult.

From the thermodynamic point of view, the interest
in the effect of high pressure on molecules is no less than
the effect of temperature. Nevertheless, thousands (if not
tens of thousands) of articles are published annually with
the results of investigation of the effect of temperature on
various materials, while the number of publications on
the effect of pressure is by at least an order of magnitude
less. This fact reflects the lack of highly sensitive com-
mercially available equipment for such studies. Rapid
growth in the number of publications investigating the
effect of high pressure conducted using in-house-made
instrumentation reflects increasing interest in the possi-
bilities that this area of science can offer. The results of
such studies can be very useful both for investigation of
fundamental issues of molecular biology and biophysics,
as well as being applied for solving various problems of
biotechnology [1-5].

First, it is known that the investigation of the effect
of pressure on conformational transitions of macromole-
cules reveals denaturation and activation volumes, which
is rather difficult to do under constant pressure.
Measurements of these parameters for various objects

allow accumulation of certain statistics on the correlation
between the structure of a macromolecule and changes of
its partial volume as a result of transition. This, in turn,
could be a basis for developing a semiempirical theory
relating the structural parameters of a macromolecule
with denaturation and/or activation volumes.

Second, the possibilities for biotechnological appli-
cations of high pressure are very broad. In particular, high
pressure can be used for industrial enzyme production
(medicinal drugs and industrial enzymes). It is a well-
known fact that the main problem in production of
recombinant proteins by expressing any gene in bacteria
often involves renaturation of the produced proteins,
which are frequently accumulated in inactive form in
inclusion bodies [6]. On the other hand, kinetic investiga-
tions of renaturation show that the main problem in the
selection of renaturation conditions is aggregation of
intermediate partially folded protein forms [7-11]. High
pressure noticeably suppresses aggregation [12, 13],
which suggests that significantly higher yields of an active
product could be formed during renaturation under high
pressure.

Third, the application of high pressure in food indus-
try is also of interest [14, 15]. This is because proteins can
denature under high pressure even at room temperature.
On the other hand, protein denaturation is a key issue in
most food technology processes. Denaturation of pro-
teins in food materials results in formation of product
structures that define their appeal to consumers. In addi-
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tion, protein denaturation in pathogenic organisms pres-
ent in the raw material offers sterilization, and hence
safety and extended shelf life of the food product [16].
Protein denaturation in traditional food technology
occurs by heating to high temperatures (above 100°C).
Denaturation during the heating is accompanied by sev-
eral undesirable processes of decay or modification of
many food components, such as vitamins, aroma forming
compounds, amino acids, lipids, and carbohydrates.
Hence, the possibility of reducing denaturation tempera-
ture by increasing pressure seems especially attractive.
This method can, for example, be used for manufacturing
food products with extended shelf life and composition
corresponding to physiological requirements of humans
to a high degree.

Elucidation of the principles of self-organization and
maintenance of structure of macromolecules in living
organisms inhabiting large depths at very high pressure
(up to 1000 atm) is another fundamental question. The
same issue is important for proteins in hyperthermophiles
[17, 18]; in contrast to most proteins from other sources,
they can be stabilized by high pressure.

Regarding the abovementioned, the detailed and sys-
tematic investigation of thermodynamic stability of
macromolecules under high pressure as well as of the
nature of volume changes upon conformational transi-
tions is necessary for the wide implementation of high
pressure in scientific studies, biotechnology, and food
technology. The significant growth in the number of pub-
lications devoted to investigation of the effect of high
pressure on very different biologically significant macro-
molecules and living organisms indicates growing interest
in these problems.

The change in volume resulting from various
processes is a very important thermodynamic parameter
defining the effect of increasing pressure. However, scien-
tific knowledge on the nature of volume changes occur-
ring upon conformational transformations of macromol-
ecules is insufficient. On the other hand, knowledge of
the dependence of enthalpy of any conformational tran-
sition on temperature and pressure could enable calculat-
ing volume changes upon transition as well as increments
of isobaric thermal expansion and isothermal compress-
ibility.

In 2007-2009, the Institute of Protein Research of
the Russian Academy of Sciences developed and manu-
factured, in collaboration with the Vereshchagin Institute
of High Pressure Physics of the Russian Academy of
Sciences, a unique scanning microcalorimeter capable of
operating at pressures up to 6000 atm [19, 20]. Testing
showed that this instrument had no analogs. Not more
than 0.3 mg of biological material (proteins, nucleic
acids, lipids, etc.) is required to make reliable measure-
ments. Similar instruments known from international
publications can work at the pressure of 200 atm at best
and demonstrate an order of magnitude lower sensitivity.
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The Russian instrument provides information on the
dependence of enthalpy of conformational transitions of
biologically important macromolecules (proteins,
polynucleic acids, lipids, polysaccharides) on tempera-
ture and pressure, which in turn provides the beginning of
systematic investigations of volume changes upon confor-
mational transitions of biologically important macromol-
ecules. The goal of this review is to demonstrate the
potential of high-pressure scanning microcalorimetry and
to present results obtained in recent years.

PHOSPHOLIPIDS

Lipids are an important structural class of biological
molecules. Lipids are amphiphilic compounds; their mol-
ecules are comprised of a polar headgroup and one or sev-
eral possible hydrophobic “tails”. Phospholipids are
esters of polyhydric alcohols and long-chain fatty acids.
They contain a residue of phosphoric acid with an
attached additional group of different chemical nature.
Lipids in water can form a bilayer structure — the main
element of cell membranes. In a bilayer, lipid molecules
are stacked as two parallel monolayers facing each other
by their hydrophobic surfaces. The lipid bilayer can
undergo a phase transition with rising of temperature
(Fig. 1). The low temperature state (gel-like state) is an
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Fig. 1. Temperature-dependences of excess partial molar heat
capacity of DPPC (1,2-diacylpalmitoylphosphatidylcholine) dis-
persion in water at different pressures (bottom part). From left to
right: 0.0981, 53.4, 84.1, 116.6, 164.3, 186.7 MPa. In the upper
part of the figure, schematic representation of phase transition in
lipid bilayer membrane from the low-temperature gel phase (on
the left) to the high temperature liquid crystal phase (on the right).
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analog of the solid state. The high temperature state (lig-
uid-crystal state) is more like the liquid state but has a
certain degree of order [21, 22].

Physiological temperatures as a rule correspond to
the lipid membranes’ phase transition region, which
enables a high level of fluctuational mobility of the mem-
branes. The level of fluctuation is determined among
other things by the expansion and compression factors.
On the other hand, mechanical properties of membranes,
which determine such biologically important processes as
fusion of cells and bending of the membrane, are also
determined by volume parameters [23-25]. Hence, it is
important to know the features of changes in energy and
volume parameters of lipid membranes upon the gel to
liquid-crystal transition.

Using high pressure calorimetry, we investigated in
detail the behavior of the main conformational transition
(gel to liquid-crystal) for a group of homologous phos-
pholipids — 1,2-diacylphosphatidylcholines with differ-
ent length of hydrophobic “tails” [26-29]. The melting
curves for DPPC (16:0 PC, 1,2-dipalmitoyl-sn-glycero-
3-phosphocholine) under different pressures are present-
ed as an example in Fig. 1. It was found that the transition
temperature increased nonlinearly with increasing length
of the “tail”. Increasing pressure to 200 MPa (~2000 atm)
increased the lipid melting temperature by approximately
34°C.

We developed a mathematics allowing to analyze the
experimental calorimetric data and to interpret the results
[30, 31]. We were able to estimate the changes of the main
partial thermodynamic functions upon the transition
including increments of volume, as well as increments of
isothermal compressibility and isobaric thermal expan-
sion. The dependence of thermodynamic functions’
increments on pressure and acyl chain length was ana-
lyzed.

We found that the lipid bilayer increased its partial
volume upon the transition by no more than a few percent
(3.2% for DPPC) under ambient pressure. It is interesting
to note that the melting heat of lipids of this class per
methylene group (CH,) of the hydrophobic “tail” is close
to the value for melting of alkanes and polyethylene.
Hence, from the energy point of view, the cost of acquir-
ing a certain degree of mobility of CH, groups in polymer
materials and in hydrophobic “tails” of phosphatidyl-
cholines is almost the same. The availability of water to
both sides of the lipid bilayer has practically no effect on
the “energy cost” of the methylene group movement.

We found that the melting heat (enthalpy) of homol-
ogous lipids with the same polar “head” but different
hydrophobic acyl chain length was proportional to the
length (number of carbon atoms N) of this chain at any
pressure [22, 27, 28, 32-34]. The same is true for the vol-
ume change on the transition:

AH = Ahgy (N_NAH=O)7 (1
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AVy = AVCHZ (N - NAV:O) ) (2)

where N,y—and N,,—, are the number of carbon atoms in
one acyl chain at which enthalpy and volume increments
turn to zero; Ahcy, and Avgy,, are the incremental (per
methylene group) transition enthalpy and volume,
respectively. Such behavior is related to the fact that the
increase in sufficiently long lipid “tails” by one methyl-
ene group does not change the number of groups in the
boundary region of the hydrophobic monolayer. Only the
number of practically equivalent methylene groups fully
immersed in the hydrophobic layer changes. It is obvious
that such linear dependences will be maintained under
any conditions (pH, ionic strength, pressure, tempera-
ture).

An important conclusion follows from the equations
of classic thermodynamics. If the enthalpy of transition
becomes zero at a certain acyl chain length N,g—,, then
the volume increment of the same lipid under the same
conditions must be zero as well. This follows from the
Clausius—Clapeyron relation, for example:

dInT,
dP

AV, =AH,, (3)

Here T,, is the absolute temperature of transition, and P
is the pressure.
Hence, in Egs. (1) and (2), Nyy—g = Nay—y, and

AVy =Avey (N= Ny ). 4)

In other words, the change in enthalpy and the
change in volume of the transition must be zero for the
same acyl chain length. Two non-trivial conclusions can
be drawn from these results.

(i) The ratio of the volume change to the enthalpy
change for homologous lipids with different acyl chain
length is a constant value depending only on pressure, but
not on N:

AV,
P)=—X 5
v(P) i (5)

N

Relation (5) can be obtained by simple division of
Eq. (4) by Eq. (2).

The constancy of the ratio of volume change to
enthalpy change was first established empirically [23, 24]
by comparing the data of scanning microcalorimetry and
densitometry under ambient pressure, but later it was
confirmed and explained in our studies [27-29] using the
high-pressure microcalorimetry technique.

(ii) The second nontrivial consequence based on
above-mentioned reasons looks as follows. Plots of the
logarithm of the transition temperatures versus pres-
sure are always parallel for transitions in homologous
lipids. In other words, the pressure derivatives of the log-
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arithm of transition temperature are identical for all
homologous lipids under any conditions.

This follows from the Clausius—Clapeyron relation
(Eq. (3)) and relation (5). Indeed:

dInT,
dP

Taking into account that the absolute values of transition
temperatures change insignificantly, it becomes clear that
the plots of temperatures versus pressure will be also close
by their slopes. The dependences of the gel to liquid crys-
tal transition temperatures for phosphatidylcholines are
presented in Fig. 2 [27].

It should be noted that though the nature of the polar
“head” of a lipid molecule can affect the stability of tran-
sitions, it does not result in violation of the above regular-
ity because the melting of all lipids is analogous to that of
alkanes. This means that for lipids with another “head”
but with the same acyl chains, the both consequences will
be also valid. Moreover, the ratio of enthalpy to volume
change for any lipids with two saturated acyl chains but
with other polar heads will be similar.

We established an interesting trend during theoreti-
cal analysis of the effect of pressure on a single-step tran-
sition [31]. We found that depending on the relation both
of the apparent expansion coefficient of transition o, =
(1/AV)(0AV/dT)p and the inverse transition temperature,
the enthalpy (heat) of transition can either decrease or
increase. At a,, > T,' the enthalpy will decrease with
pressure growth (dAH,,/dP < 0), while at o, < T,! it will
increase (dAH,,/dP > 0). At o,,, = T,,' the enthalpy will be
independent of pressure (dAH,,/dP = 0). Here AH,, and
T, are enthalpy and temperature of melting, respecti-
vely.

We observed such behavior of the melting enthalpy
with increasing pressure during investigation of dia-
cylphosphatidylcholines with hydrophobic “tails” of dif-
ferent length [28]. The transition enthalpy increases in
the case of short lipids, while it decreases in the case of
long ones, which is related to the fact that the coefficient
a,, changes correspondingly. Considering that the
dependence of AH,, on N is linear, it is clear that there is
such a length N, for a virtual lipid for which the transition
enthalpy would not depend on pressure. We have shown
that such lipid in the case of phosphatidylcholines will
have the length N, = 15.5 and enthalpy AH,, , = 31 kJ/mol.
It follows from the above that the graphical displays of the
linear function of the enthalpy increment versus N with
growing pressure will merely rotate around the point with
coordinates N, and AH,, ,, which corresponds to this vir-
tual lipid (Fig. 3). It can also be seen from the figure that
the intercept point of the dependence of enthalpy on N
with abscissa axis, N,y—o(P), shifts towards the area of
shorter lipids with increasing pressure. For example,
Nyp=o = 10.9 under ambient pressure, and this point shifts
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Fig. 2. Dependences of melting temperatures of multilamellar
vesicles of 1,2-diacylphosphatidylcholines in water on pressure
(data from [27]). Solid lines represent the best approximations of
the experimental dependences. The dependences correspond to
(from top to bottom) lipids with acyl chain lengths from 14 car-
bon atoms (14:0 PC) to 19 carbon atoms (19:0 PC). The follow-
ing symbol designations are used: 14:0 PC (open squares), 15:0
PC (open triangles), 16:0 PC (inverted open triangles), 17:0 PC
(open circles), 18:0 PC (open rhombi), and 19:0 PC (open hexa-
gons).
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Fig. 3. Dependences of melting enthalpy of 1,2-diacylphos-
phatidylcholines in water on the length of acyl chain N (adapted
from [28]). The solid line represents the best linear approxima-
tion of the experimental dependence obtained under ambient
pressure. The dashed line corresponds to 200 MPa pressure (cal-
culated based on experimental data).

to Nyy=y = 9.1 under 200 MPa. The availability of the
intercept point indicates that the gel phase is energy-wise
disadvantageous for short lipids (N < 12), and such lipids
will be in liquid-crystal form at any temperature, if they
are able to form a bilayer structure at all. The gel state,
however, can probably be observed in lipids with N of 10
and 11 carbon atoms under pressure of 2000 atm and
above.

The availability of the indicated specific correlation
between the length of the lipid hydrophobic “tail”, its
enthalpy of melting, and pressure imposes certain limita-
tions on the dependence of the coefficients of thermal
expansion and isothermal compression on the length of
the lipid “tail”. As we reported earlier [28], these coeffi-
cients demonstrate nonlinear dependence on N, but the
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Fig. 4. Dependency of the difference between the apparent coef-
ficient of isobaric expansibility of transition and inverse tempera-
ture of transition at ambient pressure versus parameter (N —
N,)/(N — Ny=) (see text), which is appropriate to the different
acyl chain length N (top abscissa axis). Data adapted from [28].
The solid line represents the best linear approximation of the
dependence.

function becomes linear if the parameter (N — N,)/(N —
N,p—) is used as an argument (Fig. 4).

COIL-GLOBULE TRANSITION IN MODEL
POLYMERS VERSUS TEMPERATURE

The “smart” stimulus-responsive polymers that are
capable of self-organization in aqueous medium are very
promising for application in various biomedical fields —
from targeted drug delivery to gene expression and mod-
eling of behavior of proteins and enzymes [35, 36].
Elucidation of the principles and mechanisms of self-
organization of such polymers in aqueous solutions as
well as theoretical description of their behavior is of fun-
damental importance for polymer science. In the case of
amphiphilic polymers, self-organization is governed by
the balance of hydrophobic and hydrophilic elements in
their structure. External factors can shift this balance,
causing inter- and intramolecular association of chemical
groups in the polymer and formation of ordered structure
(globules, micelles, networks, and others). Temperature is
one of the most important parameters of the environ-
ment. Some thermosensitive polymers can undergo coop-
erative reversible transitions of the “coil—globule” type in
aqueous environments, the physical nature and mecha-
nism of which are essentially related to the transitions in
proteins [37-39]. Poly(N-isopropylacrylamide) (PNI-
PAM) [40] and poly(vinylmethyl ether) (PVME) [41] are
examples of such polymers (Fig. 5).

PNIPAM is a chemical isomer of polyleucine with a
polar peptide group not in the main, but in the side chain.
PNIPAM undergoes the coil—globule transition in aque-
ous solution upon heating, which can be considered as an
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intramolecular transition from the unfolded state to the
molten globule state [42]. A similar transition but likely a
more complex one is observed for PVME [43]. The phys-
ical nature and mechanism of these transitions is to some
extent similar to the transitions related to protein renatu-
ration [37-39]. Like in the case of proteins, this process is
accompanied by significant negative increment of heat
capacity. The latter indicates significant dehydration of
the hydrophobic surface in both cases. The dependences
of the transition temperature and enthalpy on pressure
from 1 to 2000 atm were obtained in the experiments.

In the case of PNIPAM, an increase in pressure
results in a decrease in enthalpy and increase in the half-
width of the transition, while the transition temperature
in this range of pressures demonstrates dependence with a
maximum [44] (Fig. 5). Hence, the change in partial vol-
ume upon the transition is positive at low pressures and
negative at high pressures.

In the case of PVME, the thermograms of phase sep-
aration were more complicated [45]. Two special points
have been observed during melting: the point (T, ;, bin-
odal) and the point of three phases coexistence (T, ,). The
temperature T, ; drops by 10°C, and the temperature T, ,
increases by 15°C with increasing pressure, while the
transition enthalpy decreases 1.5-fold and the increment
of heat capacity remains practically unchanged. These
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Fig. 5. Dependences of excess partial heat capacity of PNIPAM
on temperature (bottom) at pressures (from left to right): 0.0981
(ambient pressure); 38.2; 52.3; 91.1; 127; 156; 201 MPa.
Structural formulas of PVME and PNIPAM (top to bottom) are
presented in the upper part of the figure.
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data indicate that the sequential phase transitions that
occur in dilute aqueous solution of poly(vinylmethyl
ether) upon heating are of different nature.

PROTEINS

Elaboration of a comprehensive and adequate model
of globular protein stabilization that also takes into
account volume effects is one of the important and
required steps in protein physics [46]. This area of science
has been developing intensively in recent decades. In par-
ticular, the applicability of the two-state model for the
description of denaturation of single-domain globular
proteins has been demonstrated experimentally [47, 48].
The contribution of different interactions to enthalpy and
energy of protein structure stabilization was estimated
[49]. It was established that hydrophobic interactions
provide a significant contribution to structure stabiliza-
tion [50-52].

It is known that unfolding (denaturation) of globular
proteins is accompanied by a large change in its heat
capacity [47, 53]. It is also known that similar large
changes in heat capacity occur upon hydration of nonpo-
lar compounds [54-56]. These facts as well as the dehy-
dration of the nonpolar surface of a protein molecule dur-
ing self-assembly of its 3D structure allowed suggesting
that the hydration of nonpolar groups during denaturation
was the main reason for the large increment of the heat
capacity upon denaturation of proteins. A quantitative
correlation between the area of the nonpolar surface of a
protein that was hydrated additionally because of unfold-
ing and the denaturation increment of heat capacity was
demonstrated [57]. The contribution of hydration of the
polar surface to the heat capacity increment usually does
not exceed 20% [55, 56]. Thus, the heat capacity incre-
ment can be considered as a measure of the hydrophobic
surface area hydrated as a result of unfolding. The algo-
rithm developed by Privalov and Makhatadze estimates
some thermodynamic functions of protein structure sta-
bilization based on its structure and data on transfer of
model compounds from nonpolar solvent to water [49,
55, 58]. Hence, it seemed that the model compound
transfer reactions are adequate for estimating thermody-
namic functions of protein structure stabilization and for
explaining the high increment of heat capacity value.

Unfortunately, our understanding of the reasons for
the volume change during protein denaturation was not
so detailed. Usually, the scale of denaturation volume
increment does not exceed 1% of the total volume of a
protein molecular and, in most cases, has a value of sev-
eral dozens of milliliters per mol [59, 60]. Despite the
small value, the denaturation increment of the volume is
an important thermodynamic parameter defining how an
increase of pressure affects the stability of protein struc-
ture.
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Factors that could contribute to the change in pro-
tein volume during denaturation are more or less known
[60, 61]. The first and most obvious reason for volume
change during denaturation is the availability of cavities
not filled with solvent in its native structure. Another sig-
nificant contribution could be due to the well-known
phenomenon of the change in liquid volume under the
action of molecular electric fields — so-called elec-
trostriction [59, 62]. In particular, the availability of
abnormally titrated groups in proteins that change their
charge during denaturation is well recognized, which in
turn could cause the change in thermodynamic volume of
the molecule [63, 64]. Investigation of hydration of model
compounds showed that the change in protein molecule
volume during denaturation due to hydration of the addi-
tional surface of the polypeptide chain could also be sig-
nificant [65]. It is also clear that other types of interac-
tions exist, such as hydrogen bonds that could lead to
change in volume [61, 66].

It is important to note that all the cited contributions
are of approximately the same order of magnitude per
protein group as the denaturation volume increment of
entire protein molecules. Hence, it follows from the very
general consideration that the value of the denaturation
volume increment (the change in volume because of
denaturation) is determined as a compromise between the
multitudes of contributions of different nature, which are
similar in value to the resulting volume. This complicates
the task of accurate theoretical estimation of the denatu-
ration volume increment.

Attempts to use data on transfer of model com-
pounds from a liquid hydrophobic environment into
water for estimation of the denaturation volume incre-
ments immediately met significant obstacles. For exam-
ple, Kauzmann [67] mentioned that “the model of trans-
fer of liquid hydrocarbons almost failed in attempts to use
it for explaining the effect of pressure on protein folding”.

Similar conclusions were made by some other
authors [62, 68]. The following considerations served as a
basis for this. A small nonpolar molecule decreases its
thermodynamic volume by 10-20 ml/mol upon the trans-
fer from a liquid hydrocarbon environment into water
under ambient pressure. Increase in pressure results in
growth of this change to a small positive value (approxi-
mately 5 ml/mol) [69, 70]. Hence, if the protein hydro-
phobic core is similar to liquid hydrocarbons and if a sig-
nificant number of nonpolar groups (say 10 or 20) are
exposed to water upon protein denaturation, then under
ambient pressure, the absolute value of AV must be large
and negative (from —100 to —400 ml/mol), and under
high pressure — smaller and positive (from 50 to
100 ml/mol). As a rule, proteins do not behave as
described above. Under low pressure, AV has small posi-
tive or negative values, while AV can decrease with
increasing pressure and have negative values up to tens of
milliliters per mole of protein [5, 62, 69, 71]. This phe-
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nomenon is known in the literature as the “protein vol-
ume paradox” [72].

In this regard, another issue has attracted our atten-
tion. Under low pressure the mentioned phenomena can
make only negative contributions to the total denatura-
tion volume increment, and it is not clear what makes this
volume small or even slightly positive. In contrast to the
negative contributions, the origin of positive contribu-
tions to the denaturation volume increment remains con-
troversial. In this case, we do not consider the positive
contribution to the volume increment due to protonation
of abnormally titrated groups. This phenomenon does
exist [63, 64], but it can affect the denaturation volume
increment only in a narrow pH range where the degree of
dissociation of groups in the native and denatured state
differs significantly.

The hypothesis of a dominating contribution of inner
cavities in protein structure to the total denaturation vol-
ume increment is also internally controversial. The
authors of some studies practically deny the contribution
of additional hydration and electrostriction into volume
increment, which contradicts the data on model com-
pounds. They suggest that “pressure unfolds proteins
mainly due to cavities that are present in the folded state
and absent in the unfolded one” [73, 74].

Considering these contradictions in the understand-
ing of the nature of the positive increment of the denatu-
ration volume, several authors suggested a more accurate
in their view model in which denaturation at high pres-
sure is modeled not by the process of hydration of nonpo-
lar compounds, but by the process of transfer of water
molecules to the nonpolar medium — hydrophobic pro-
tein core [62, 72, 75]. It is known that the change in vol-
ume for the process of water transfer to dichloroethane
is +2 ml/mol, the transfer of water to benzene or
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Fig. 6. Dependences of lysozyme denaturation enthalpy versus
temperature of denaturation at ambient pressure (filled symbols)
and at 178 MPa (open symbols). Experimental points were
obtained at the following pH: 2.50 (open squares), 2.75 (open tri-
angles), 3.00 (inverted open triangles), 4.00 (open circles), 4.50
(open rhombi), and 5.00 (open hexagons). Straight lines are
drawn by the least-squares method for every pressure.
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trichloroethane results in the volume change of +4 ml/
mol, and in the case of water transfer to carbon tetrachlo-
ride the change in volume can reach +14 ml/mol [76].
This model was first suggested to explain the effect of high
pressure on the rate of denaturation of globular proteins
[77]. It was shown that the activation enthalpy becomes
negative at high pressure. It was assumed in this model
that an increase in pressure results in penetration of indi-
vidual water molecules into the hydrophobic protein
core, accompanied by the significant release of heat. The
hypothesis was suggested for modeling of an activated
state, but later it was extended to the equilibrium dena-
tured state.

To test this hypothesis, we investigated the effect of
high pressure on denaturation of lysozyme and RNase
[78]. The main experimental result of this work was veri-
fication of absence of a significant effect of high pressure
on the denaturation increment of heat capacity Ac, of
globular proteins at pressure up to 2000 atm (Fig. 6). As
mentioned previously, the denaturation increment of heat
capacity is the direct consequence of the hydrophobic
effect. The change in the heat capacity increment under
high pressure could be explained by two factors — dimin-
ishing of this effect due to change in water structure near
hydrophobic surface under the action of pressure and/or
by change in the amount of additionally hydrated surface
of the protein molecule during denaturation. The absence
of significant changes in Ac, indicates lack of significant
effect of pressure on these processes.

The absence of a noticeable effect of high pressure
on the heat capacity increment was corroborated by the
results [71] showing that the use of this suggestion leads to
a noncontradictory phase diagram for chymotrypsin at
pressures up to 7000 atm. The diagram is well compatible
with the experimentally observed temperature of cold
denaturation at high pressure. It should be noted that cold
denaturation is basically impossible if the denaturation
heat capacity increment vanishes. This follows from the
fact that at zero Ac,, the Gibbs energy is a linear function
of temperature and cannot cross the temperature axis at
two different temperatures. The fact of cold denaturation
phenomenon at high pressure itself corroborates the
retention of high values of heat capacity increment at this
condition [79-82].

The next important conclusion is the absence of
principle changes in the character of hydration and the
area of hydrophobic surface additionally hydrated upon
denaturation. We interpret the character of hydration
here through the hydration properties of water penetrat-
ing into the hydrophobic core of protein molecule. Does
water penctrate in the form of individual molecules or
small groups of molecules losing some of its macroscopic
properties (such as surface tension or ability for hydrating
separate nonpolar groups according to certain laws), or
does it maintain its properties as a liquid? Our data argue
that upon denaturation of globular proteins there is no
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such situation, when under low pressure hydration of
hydrophobic groups corresponds to the transfer of non-
polar compounds to water, and while at elevated pressure
unfolding must be modeled by the transfer of individual
water molecules into the nonpolar environment. A
change in the character of hydration would unavoidably
lead to a significant decrease in the heat capacity incre-
ment and, probably in a change in denaturation coopera-
tivity. Nothing of the kind has been observed. The argu-
mentation [72], that at high pressure the denatured pro-
tein contains a remarkable amount of secondary structure
and its hydrodynamic sizes are significantly smaller than
in denaturant solutions at ambient pressure, does not
prove anything. Some heat- or cold-denatured proteins at
ambient pressure behave similarly (they have a high con-
tent of secondary structure and relatively small size) [83],
but their heat capacity increment is well compatible with
the model compound transfer reactions. So, it seems very
likely that at high pressure the volumes of water penetrat-
ing inside the denatured protein are sufficient to be con-
sidered as indivisible macroscopic object.

Hence, the conclusion that the processes of denatu-
ration and the degrees of hydration of nonpolar groups
under ambient and high pressures (up to 2000 atm) are
very similar is a fundamental result. Models suggesting
significant changes in the character of hydration of glob-
ular proteins in the denatured state under high pressure
can hardly be considered appropriate. This is corroborat-
ed by direct measurements of the hydration shell of the
krypton atom in water using the X-ray absorption spec-
troscopy technique [84]. The authors of that work state
that “contrary to what had been previously thought the
direct hydrophobic hydration shell is highly resistant to
any perturbation by pressure”.

We also investigated the effect of high pressure on the
denaturation transition of the collagen protein [85]. As
known, collagen has a specific helical structure. Collagen
forms 2-3 intramolecular hydrogen bonds per three
amino acid residues and does not have a hydrophobic
core [86]. The excess heat capacity of collagen under sev-
eral pressures is presented in Fig. 7. As seen in the figure,
pressure stabilizes collagen structure, but it does not
affect cooperativity of its denaturation transition.
Pressure significantly decreases the denaturation
enthalpy. In contrast to denaturation of most globular
proteins, denaturation of collagen at ambient pressure
occurs with an increase in the partial volume. Moreover,
the absolute change in collagen volume is significantly
larger than for most proteins. The change in volume
decreases with increasing pressure due to the difference in
the compressibility of the protein in the folded and
unfolded states. This effect is compensated to some
degree by the differences in the coefficients of thermal
expansion.

As to elucidation of the nature of positive contribu-
tion to the denaturation volume increment of proteins, it
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Fig. 7. Excessive molar (per amino acid residue) partial heat
capacity of collagen in water at different pressures. Pressure was
(from left to right): 0.0981, 41.3, 108, 180 MPa.

must be mentioned that collagen is a very convenient
model for discussing this issue. The lack of a hydrophobic
core and, therefore, the relatively small hydrophobic sur-
face area hydrated during denaturation represents an
essential difference of this protein from globular proteins.
It was found [85] that the denaturation volume increment
of collagen under normal pressure was +1.1-107% cm?®/g,
which is significantly larger than the value observed for
globular proteins (~—1073 c¢cm?/g). Taking into account
that denaturation of collagen involves only rupture of
intramolecular hydrogen bonds and increase in polypep-
tide chain mobility, and that water achieves additional
access predominately to the polar surface, it is clear that
precisely these events can produce the larger volume
increase. Hence, the large positive contribution to the
denaturation volume increment of any protein at normal
pressure is capable of releasing the polypeptide chain
itself followed by its hydration. It is clear that the
intramolecular hydrogen bonds cause a decrease in the
physical volume of molecules in the native conformation
and, hence, must also provide positive contribution to the
denaturation volume increment in the absence of hydra-
tion of the released groups. However, in the case of the
rupture of intramolecular hydrogen bonds followed by the
formation of hydrogen bonds with water molecules, the
resulting contribution to the volume increment can be of
either sign.

COMPARISON OF RESULTS OBTAINED
WITH MATERIALS OF DIFFERENT NATURE

Despite the difference in chemical structure of the
investigated objects, a comparison of the experimental
results allows better understanding of the nature of the
protein denaturation volume increment. As known,
denaturation of globular proteins is accompanied by
additional hydration of hydrophobic groups previously
shielded from water. The significant increase in partial
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heat capacity (heat capacity increment) of the protein is
due to this particular phenomenon. Moreover, a signifi-
cant increase in mobility of all groups including
hydrophobic ones located in the protein core is observed
during denaturation. Some time ago, the notion of “dry
molten globule” was introduced for analysis of the causes
of denaturation cooperativity [87]. It was assumed that
under certain conditions a native protein could undergo a
cooperative transition resulting in a significant increase in
mobility of structural elements due to a slight decrease in
the packing density of the molecule (increase in the glob-
ule size). It was also suggested that the accessibility of the
protein hydrophobic groups to water was practically
unchanged by such transition. The transition of a protein
molecule from the native state to the dry molten globule
state can be considered as an analog of melting of solids.
The protein molecule converts from the “quasi-crystal”
to “quasi-liquid” state. With this terminology, protein
denaturation in general can be considered as a two-step
process: (a) transition from a densely packed state with
low mobility of side groups to the dry molten globule
state, and (b) transition from the dry molten globule state
to the unfolded well-hydrated state.

As to the “protein volume paradox”, it can be stated
that the investigated objects are sufficiently good models
with the help of which the reasons for the contradictions
established previously can be significantly clarified. In
particular, the gel—liquid crystal transition in lipids repre-
sents a transition from a state, where hydrophobic groups
are dehydrated and their mobility is restricted to a signif-
icant degree, to a state with dehydrated but mobile
hydrophobic groups. The initial state can model a native
protein state to a certain degree, and the final state is sim-
ilar to the “dry molten globule” in terms of the above ter-
minology (transition @). The heat capacity increment is
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practically absent due to the lack of additional hydration
of the hydrophobic surface (see the table). The transi-
tion is accompanied by large heat absorption (220 J/g)
and by relatively large increase in the partial volume
(16:102cm?/g). The transition is also characterized by a
relatively large ratio of the volume change to the enthalpy
change (7.1:107* cm?/J), which implies significant
dependence of the temperature of this transition on pres-
sure. The latter statement follows from the Clausius—
Clapeyron relation (6).

The transition of the high-temperature form of PNI-
PAM (globule) to the low-temperature form (coil) is a
transition from the state where the hydrophobic groups
are mobile but essentially dehydrated (the state similar to
the dry molten globule) to the state with hydrated mobile
hydrophobic groups (case b). The final state in this sense
is similar to the state of a denatured protein. Due to the
large additional hydration of the hydrophobic surface,
this transition is accompanied (see table) by a large heat
capacity increment (~1 J-g7'-deg™'), by noticeable heat
release (—56 J/g), and by a detectible volume decrease
(=2-1072 cm?/g).

Hence, it follows from the above two results that the
transition (a) in the protein from the native state to the
state of dry molten globule should be accompanied by a
large absorption of heat and by a large volume increase.
The following transition (b) from the state of dry molten
globule to the unfolded hydrated state compensates sig-
nificantly for the denaturation enthalpy and can decrease
the denaturation volume increment by an order of magni-
tude. It is interesting to note that a small nonpolar mole-
cule decreases its volume by 10-20 ml/mol during trans-
fer from liquid hydrocarbon medium to water under
ambient pressure, which could compensate for the
increase in volume during the “dry” melting of the pro-

Thermodynamic parameters of thermotropic transitions in macromolecules of different chemical nature under ambi-

ent pressure

Parameter/Object Lipids (per CH, group)| Collagen RNase PNIPAM PVME
Type of transition gel-liquid crystal superhelix— | densely packed coil-dehydrated coil-dehydrated
coil globule—coil molten globule molten globule
AH,J/g 220 72 34 from 56 (low P) from 88 (low P)
to 32 (high P) to 50 (high P)
Ac,, J-g"-deg™ <0.05 <0.05 0.41 —0.75 -1.2
AV x 1072, cm’/g 16 1.1 0.03 from 2 (low P)
to —6 (high P)
AV/AH x 1074, cm®/) 7.1 1.5 0.1 from 3.6 (low P)
to —19 (high P)

Note: AH and AV are partial changes (increments) in enthalpy and volume upon transition; Ac, is the partial change (increment) of heat capacity.

PNIPAM, poly(N-isopropylacrylamide); PVME, poly(vinylmethyl ether). Data on lipids are for phosphatidylcholines.
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tein globule associated with the protein side group of 4-8
methylenes.

Hence, the main reason for the manifestation of the
apparent “protein volume paradox” is the suggestion that
hydration of nonpolar groups of the hydrophobic core dur-
ing protein denaturation can be modeled by their transfer
from liquid hydrocarbon medium to water. However, this
process models only the second step of denaturation (step
b). Judging from the results of the lipid gel—liquid crystal
transition, the packing density of hydrocarbon chains
below the melting temperature is much larger than the
density of liquid hydrocarbons. It seems plausible that the
transfer of hydrophobic groups from a solid nonpolar envi-
ronment to water would be a better model.

We conclude from the results of the studies that high-
pressure scanning microcalorimetry can provide unique
information on volume changes during conformational
transitions of macromolecules. This promises to facilitate
development of the physical understanding of macromol-
ecules and creation of novel and adequate models for sta-
bilization of their structure taking into account, among
other factors, volume effects.
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