Chapter 2
Protein Denaturation on p-T Axes —
Thermodynamics and Analysis

Laszl6 Smeller

Abstract Proteins are essential players in the vast majority of molecular level life
processes. Since their structure is in most cases substantial for their correct function,
study of their structural changes attracted great interest in the past decades. The
three dimensional structure of proteins is influenced by several factors including
temperature, pH, presence of chaotropic and cosmotropic agents, or presence of
denaturants. Although pressure is an equally important thermodynamic parameter
as temperature, pressure studies are considerably less frequent in the literature,
probably due to the technical difficulties associated to the pressure studies.

Although the first steps in the high-pressure protein study have been done
100 years ago with Bridgman’s ground breaking work, the field was silent until
the modern spectroscopic techniques allowed the characterization of the protein
structural changes, while the protein was under pressure.

Recently a number of proteins were studied under pressure, and complete
pressure-temperature phase diagrams were determined for several of them. This
review summarizes the thermodynamic background of the typical elliptic p-T
phase diagram, its limitations and the possible reasons for deviations of the
experimental diagrams from the theoretical one. Finally we show some examples
of experimentally determined pressure-temperature phase diagrams.
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2.1 Introduction

Proteins are one of the major constituents of the living matter. Since their structure
is in most cases essential for their correct function, study of protein structure
and dynamics attracted a lot of interest in the past decades. It is clear that the
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three-dimensional structure of proteins is influenced by several physicochemical
factors including temperature, pH, presence of chaotropic and cosmotropic agents,
or presence of denaturants. All these are widely studied, but pressure, although it
is another important thermodynamic parameter, is used in a significantly smaller
amount of scientific publications. None of the physicists or chemists would treat
pressure as less significant parameter than temperature, but the technical difficulties
of pressure experiments could have prevented many scientists from the pressure
studies.

Although Bridgman (1914), made the first steps in the high-pressure protein
study 100 years ago the field was silent for a half of a century, and the research
in the field started again with the seminal works of Kauzmann, Taniguchi and
Suzuki (Suzuki 1960; Zipp and Walter 1973; Taniguchi and Suzuki 1983). The
development and wide spread of the physical-biophysical methods usable to assay
protein structure gave a renaissance to high-pressure protein research. In the
meantime several practical applications appeared: pressure treatment of biological
systems, like microorganisms and complex food systems were studied and some
of these studies led to the development of products which were successfully
commercialized (Sasagawa et al. 2005; Yamakura et al. 2005; Rastogi et al. 2007;
Yaldagard et al. 2008; Knorr et al. 2011). Simultaneously more and more proteins
were experimentally investigated and characterized under pressure as part of basic
research projects (Brandts et al. 1970; Hawley 1971; Panick et al. 1999; Smeller
et al. 1999; Lassalle et al. 2000; Meersman et al. 2002, 2005; Smeller 2002, 2009;
Maeno et al. 2009; Somkuti et al. 2012, 2013a, b).

These achievements on both pure and applied scientific level required the clear
thermodynamic description of the underlying processes, among them the description
of the protein denaturation under effect of various thermodynamic parameters like
pressure and temperature. The first attempt to give a simple but consistent picture
was presented by Hawley describing the unfolding p-7' diagram of chymotrypsin
(Hawley 1971). He also analyzed the data obtained on ribonuclease-A by Brandts
(Brandts et al. 1970). Since then a number of proteins were studied under pressure,
and the complete p-T phase diagrams have been determined for several of them
(Zipp and Walter 1973; Panick et al. 1999; Lassalle et al. 2000; Meersman
et al. 2005; Smeller 2002; Maeno et al. 2009; Somkuti et al. 2011, 2012, 2013a).
This review summarizes the present knowledge about the p-T phase diagram of
protein unfolding.

2.2 The Thermodynamic Picture

A typical protein consisting of about 100 residues has several hundred degrees of
freedom due to possible rotation around two bonds in each residue. This results in
an astronomically high number of possible conformations while generally only few
of them are biologically active. Finding these conformations can be described by the
folding funnel, which clearly represents the nonrandom, free energy driven nature
of the folding process (Fig. 2.1) (Dill and Chan 1977; Bryngelson et al. 1995).
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Fig. 2.1 The folding funnel which explains the directed nature of the folding process. (a) under
conditions where the native state of the protein is thermodynamically stable, (b) the enlarged view
of the bottom of the funnel shows several low lying conformations, (c¢) the same energy landscape
under denaturing conditions

The protein folding is a complex phenomenon (Osvath et al. 2003, 2009; Gruebele
2009). Although some proteins fold co-translationally or quickly after being
synthesized, there are some which face the danger of misfolding, if they are not
assisted by chaperone. The folding funnel can have a very rugged surface allowing
the accumulation of several long lived intermediate structures. Folding of the so
called downhill folder proteins is fast and simple; no partially folded states appear
on the folding pathway (Liu and Gruebele 2008). In this case the folding and the
unfolding of the protein can be treated as simple two state processes:

N « U

where N and U refer to the native and unfolded states respectively.

2.2.1 Thermodynamic Description of the Two State Folding:
The Elliptic Phase Diagram

If we can treat the folding-unfolding process as a simple two-state one, the
thermodynamic description is based on the Gibbs free energy difference between
the native and unfolded states (Smeller 2002; Hawley 1971):

AG = Gy — Gy @.1)
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The Gibbs free energies of all states of the protein are pressure and temperature
dependent. Treatment of these dependencies can be simplified by a Taylor expansion
of the Gibbs free energy. Choosing an appropriate reference point (7y, po), and
including up to second order terms, we obtain:

PAG )
— | T - T
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where AGo= AG(Ty, po), and all the derivatives have to be calculated at the
reference point (Ty, po). The derivatives of AG can be written using thermodynamic
parameters, like volume (V), compression (k), entropy (S), isobaric heat capacity
(Cp) and thermal expansivity (a), according to the following thermodynamic

definitions:
JIAG IAG
oT » ap Jr

PAG AC, PAGY _ PAGY _ 2:3)
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The free energy difference can be now written as:
AC
AG = AGy— ASy (T — Ty) — 2—TP(T —Ty)?
0 2.4)

Ak
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where A refers to the difference of the value in unfolded and native state (similarly
to Eq. 2.1). The subscript 0 indicates that the value has to be taken at the reference
point (7o, po). The truncation of the series at the second order terms means that we
neglect the temperature and pressure dependence of the second order derivatives,
i.e. Cp, k and o are independent of T and p. This is why they do not have a zero
index.

Compressibility is defined by:

1[0V
#=v(5), =

It has to be noted, that an expression similar to the right hand side of Eq. 2.4 can
be obtained for AG if one starts to integrate the changes in AG starting from the
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Fig. 2.2 Gibbs free energy of
unfolding as a function of

pressure and temperature.

The thick ellipse indicates the
transition curve where AG
DG = 0. Inside the ellipse the
native, outside the unfolded

state is stable

Pressure

Temperature —

(T, po) point until any arbitrary (7, p) point. The only difference is in the third term
of the right hand side of Eq. 2.4, which is given by:

—-AC, |:T (ln r_ 1) + TO} (2.6)
Ty
This can be approximated by the third term of Eq. 2.4 if (T — Ty)/Tp < < 1.
From mathematical point of view Eq. 2.4 describes a dome-shaped surface as
function of T and p as shown in Fig. 2.2. The boundary of the native phase can be
obtained by:

AG(T;,p) =0 2.7)

where (7%, p;) is an arbitrary point on the boundary. Crossing this transition boundary
one can observe unfolding or folding of the protein. Combining Eqgs. 2.4 and 2.7 one
gets the quadratic equation for a conic section. The curve can be ellipse, hyperbola
or parabola, depending on the discriminant of the equation. In the observed cases
of proteins, the boundary of the native state was always an ellipse. The requirement
for the elliptic shape is:

Aa? — AkAC,/Ty <0 (2.8)
Further requirement to have a real (and not imaginary) ellipse is:

—Det/(Ak + Cp/Ty) <0 (2.9)
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Fig. 2.3 The elliptic phase diagram

where:

Det = - =
2 2 2
ASy AV
_ 220 20 AG,
2 2

These requirements seem to be fulfilled for the protein solutions studied so
far. The experimental transition points can be well fitted with an elliptic curve
in a number of published cases (Brandts et al. 1970; Hawley 1971; Panick et al.
1999; Lassalle et al. 2000; Maeno et al. 2009; Somkuti et al. 2013a). If the AG(T,
p) function follows a dome shape, like the one in Fig. 2.2, the elliptic boundary
surrounds the region, where the protein is native, while outside of the elliptic region
it is unfolded (see Fig. 2.3).

The central point (T¢, p.) of the ellipse is given by the solution of the following
system of linear equations:

AC,
T. 4+ Aap. — ASy =0
To (2.10)

AaT, — Akp. + AVy =0
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More interestingly, the angle ® between the temperature axis and the principal axis
of the ellipse (Fig. 2.3) is given by the following equation:

2Aa

—_— 2.11
AC[,/TQ—AK ( )

1g2d =

This equation emphasizes the role of the thermal expansivity (Ac«) in the determi-
nation of the direction of the ellipse.

The elliptic diagram in Fig. 2.3 makes it clear that the usually observed heat
unfolding and also the pressure and the cold unfolding are only three special cases
from the infinitely many possibilities to cross the elliptic boundary and unfold
the protein. A number of papers tried to explore and compare these three specific
unfolding ways. Cold unfolding of proteins was described and its thermodynamics
has been analyzed in details by Privalov (1990, 1997). It was however observed only
for few proteins, since the cold unfolding temperature often falls below the freezing
point of water. This problem was overcome by high pressure experimentalists, by
using a subdenaturing pressure, where the freezing point of the water could be
lowered by ca. 20 °C (at 200 MPa). This trick is called pressure assisted cold
unfolding. Cold denaturations of ribonuclease A (Zhang et al. 1995) myoglobin
(Meersman et al. 2002, 2005) and ubiquitin (Kitahara and Akasaka 2003) were
measured using this method.

An important question is, whether the unfolded states are different if the
unfolding path is different? Are there distinct heat-denatured, pressure denatured
and cold denatured states? A clear proof would be if one could observe a phase
transition when the cold or pressure denatured protein is heated above the heat
denaturation temperature under sufficiently high pressure to keep it in the unfolded
state, and subsequently it is cooled to the atmospheric pressure (reaching the heat
denaturation conditions) without crossing the elliptic boundary. No such transition
was ever detected. This does not necessarily mean the identity of these unfolded
states, it indicates that the transition between them is smooth if it exists. We can
recall a well-known example from the physical chemistry of water. It is possible to
go smoothly from water to vapor (without phase transition) if the path goes above
the critical point. Similar smooth conformational drift can also happen within the
unfolded ensemble of polypeptide chains in the denatured phase.

From a thermodynamic point of view the driving force in case of the cold,
heat and pressure denaturations is different. In Fig. 2.3 the lines for AV =0 and
AS =0 are also shown. Their position on the phase diagram makes clear that the
pressure and cold unfolding are driven mainly by AV while in case of heat unfolding
AS plays the most important role. This was confirmed by NMR experiments on
Ribonuclease A, where the protection factors for the H/D exchange were similar for
the cold and the pressure unfolded states. These states were also found to be more
compact than the heat unfolded structure (Nash et al. 1996).

The above theory gives a very general description. It does not consider any
specific feature of the protein, thus any two-state system which fulfills Eq. 2.8 will
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show an elliptic phase diagram. There are examples in the literature of the liquid
crystals for similar elliptic phases, which are called there as “re-entrant” phases
(Cladis 1988).

2.2.2 Limitations of the Simple Thermodynamic Theory

The elliptic shape of the phase diagram is the consequence of the fact that we
stopped the series expansion at the second order terms. This means physically, that
the coefficients of the second order terms (i.e. AC,, — Ak, A«x) are temperature
and pressure independent. If this is not true, the third order terms proportional to
(T -To), (T — To)*(p — po), (T — To)(p — po)? and (p — pg)’ have to be taken into
account. Several experimental works found pressure or temperature dependence of
the above coefficients, e.g. pressure dependence of C, was reported in the case of
ribonuclease A (Yamaguchi et al. 1995).

In our earlier work we pointed out that the third order terms do not cause
significant alteration from the elliptic shape, if the T and p dependencies of AC,,
— Ak and A« are not too large (Smeller 2002; Smeller and Heremans 1997). This
could be the reason for the success of the above theory, since the small deviations
do not influence the fitting of the experimental values with the elliptic boundary.

Further significant limitation to the use of the elliptic phase diagram could be the
existence of intermediate states on the folding pathway. This results in the existence
of metastable states: in certain regions of the phase diagram two or even more
structures can appear depending on the history of the sample.

Another important issue, which is not taken into account in the above simple
theory, is the appearance of the intermolecular interactions in the denatured and/or
intermediate states. This can lead to misfolding or to formation of amorphous or
fibrous aggregates, depending on the physicochemical environment of the polypep-
tide chain. The fibrous aggregates are of interest in the medical research, since such
insoluble protein aggregates are associated with a number of neurodegenerative
diseases, like Alzheimer’s disease, type II diabetes and the transmissible spongi-
form encephalopathies (Stefani and Dobson 2003; Meersman and Dobson 2006).
Amorphous aggregates are however everyday features in the food industry or in the
kitchen. The simplest example for this is the heat denaturation, where a majority of
the proteins forms amorphous aggregates. It has been shown that the amorphous and
the fibrous aggregates have drastically different pressure stability (Dirix et al. 2005).
Since aggregation is a slow and multistep process (Smeller et al. 2004, 2006, 2008),
its description using methods of the equilibrium thermodynamics is very difficult.

2.3 Experimentally Determined Phase Diagrams

The first important step in this field was done by Hawley (1971), who intro-
duced the elliptic phase diagram and experimentally verified his concept on
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chymotrypsinogen. He also used the data measured by Brandts (Brandts et al. 1970)
on ribonuclease, to support his elliptic theory. Since that a number of pressure-
temperature phase diagrams were recorded. Here we discuss some examples,
without attempting to be exhaustive.

2.3.1 Myoglobin

The phase diagram of myoglobin was first studied by Zipp and Kauzmann (Zipp and
Kauzmann 1973). They investigated sperm whale metmyoglobin. The boundary of
the folded state was represented by curves similar to ellipses. The size of the p-T
region of the native state was strongly dependent on the pH of the solution. Also
a remarkable observation is that the experiments were very difficult to perform
in the high-temperature and high-pressure region of the phase diagram. Here the
system showed long relaxation times and it was very difficult to reach equilibrium.
Additionally, in the pH range of 5-9 they reported precipitation of the sample
especially at high temperatures.

Zipp and Kauzmann used absorption spectroscopy to detect the phase transitions,
where they measured the signal of the prosthetic group namely the absorption of the
porphyrin ring, which means the information they obtained reported only indirectly
the structure of the polypeptide chain.

Infrared studies on myoglobin were performed in Heremans’s laboratory. The
amide I band of the infrared spectrum (between 1,600 and 1,700 cm™ ) is directly
characteristic for the secondary structure of the protein (Susi and Byler 1986;
Smeller et al. 1995), while the intensity of the amide II band (around 1,550 cm™")
shows the hydrogen deuterium exchange and thus it reports the loosening of the
tertiary structure.

Meersman et al. used infrared spectroscopy to compare the cold, heat and
pressure unfolded states of metmyoglobin from horse heart (Meersman et al. 2002).
In a successive work they measured the complete p-T phase diagram of myoglobin
(Meersman et al. 2005). Infrared measurements require high protein concentration,
which makes the aggregation of the protein at high temperature and low pressure
unavoidable. Since the aggregation is irreversible, the aggregated phase remains
stable (or metastable) after returning to ambient conditions. Under these circum-
stances a purely equilibrium phase diagram cannot be constructed. In certain regions
of the p-T diagram two or even three metastable states can coexist, depending on the
history of the sample. Aggregation is disfavored by pressure, therefore aggregation
does not happen in pressure denaturation experiments, but folding intermediate
states can form during the release of the pressure (Smeller et al. 1999). These
intermediates can either refold or aggregate, depending on the temperature. In many
cases three states can be observed at ambient conditions: native, aggregated, folding
intermediate (Smeller 2002). The high-temperature behavior of the aggregated
phase was investigated in detail also by the group of Heremans (Meersman
et al. 2005). Interestingly, they found, that the high-temperature aggregates can be
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Fig. 2.4 Phase diagram of p [MPa]

myoglobin (Reprinted with D
permission from Meersman - ?
et al. (2005), Copyright 2005
John Wiley and Sons)
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dissociated not only by pressure as it was thought before, but they also dissociate
at very high temperatures, well above 100 °C. Similar results were obtained
for lysozyme under reducing conditions (Meersman and Heremans 2003). The
hypothesis emerged that a similar elliptic phase boundary could be constructed
for the aggregated phase, as it is known for the native one (Meersman et al. 2005)
(Fig. 2.4). This hypothesis has never been tested experimentally in detail, although
it seems quite plausible. The difficulties lie again in the very slow kinetics of the
aggregation.

2.3.2 Lysozyme

A number of experimental works were published on the pressure and temperature
unfolding of lysozyme (Sasahara et al. 2001; Refaee et al. 2003; Vogtt and Winter
2005; Maeno et al. 2009; Smeller 2009). Most often the hen egg white (HEW)
lysozyme was investigated, since it is commercially available. Lysozyme is quite
pressure stable under neutral pH, the midpoint of the pressure unfolding is 680 MPa
at 25 °C (Smeller et al. 2006).

Akasaka’s group determined the detailed phase diagram of HEW lysozyme at
pH 2 using 'H-NMR and Trp fluorescence spectroscopies (Maeno et al. 2009).
Figure 2.5 shows the pressure-temperature diagram obtained by them. As it is clear
from the figure, lowering the pH reduces pressure stability to 450 MPa, which
was obtained at 5 °C. They analyzed their data using a similar thermodynamic
analysis to the one described in Eq. 2.4. They neglected, however, the difference
of the compressibility between the native and unfolded state based on an earlier
work (Royer 2006). This assumption makes the elliptic barrier similar to a parabolic
one, which describes the experimental points in this case quite well. The maximum
position of the fluorescence emission was fitted by a sigmoid curve, which describes
the two-state transition. The NMR results followed the same model quite well in the
pressure range, where NMR spectroscopy was available. Lysozyme denaturation
at low pH was shown in this paper to behave as a two-state process in the whole
pressure-temperature region studied (Maeno et al. 2009).
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Fig. 2.5 Phase diagram of T T T T T T
lysozyme at pH 2 (Reprinted 600:
from BIOPHYSICS Vol. 5 |

< Denatured state
(pp- 1-9, 2009) (Maeno et al. ol
2009), with permission) 2 )
~ 400
o |
o=
2 | |
O 200 Native state
m <4

0 L L I L 1
220 240 260 280 300 320 340
Temperature / K

FTIR spectroscopic experiments were performed by Heremans’s group at neutral
pH (Smeller et al. 2006). They suggested the presence of folding intermediates,
which can be considerably populated on the refolding path, similarly to the case
of myoglobin mentioned above (Smeller 2002). Our later experiments showed the
existence of molten globule states in the pressure-temperature phase diagram of
lysozyme. The formation of molten globule precedes the temperature and also the
pressure unfolding (Smeller 2009). Deviation from the two-state unfolding was
found in complex environment, where the effect of mild (<100 MPa) pressure
on denaturant (GdnCl) induced unfolding of lysozyme at pH 4 was investigated
(Sasahara et al. 2001).

Winter’s group studied the heat denatured and the pressure assisted cold denat-
urated state of HEW lysozyme using COSY proton NMR (Vogtt and Winter
2005). They measured the hydrogen-deuterium exchange rate and determined the
protection factors for several amino acid residues. The exchange kinetics upon heat
treatment was found to be a two-step process with an initial slow exchange followed
by a fast one. This was interpreted by the protection of the slow exchanging transient
state. Such effect was not found at cold denaturation.

Since lysozyme is quite stable its pressure region, which causes no unfolding,
but only elastic deformations, is broad and can be conveniently studied (Refaee
et al. 2003). The effect of subdenaturing pressure gives valuable information
about the structure of the folding energy landscape. Pressure stabilizes selectively
the conformations with smaller volumes. These conformational states are present
under physiological conditions, but they cannot be observed due to their low
thermodynamic probability in ambient conditions. Subdenaturating pressures can
reveal these conformations (Akasaka et al. 2013).

Besides HEW lysozyme, the T4 lysozyme was also investigated extensively. A
number of mutants were prepared in Matthews’s laboratory with cavities of different
size inside the protein (Ando et al. 2008). The cavity formation influenced the
volume change (AV) and the unfolding pressure too. The main conclusion from the
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pressure unfolding studies on the cavity forming mutants was that water penetration
into the protein interior is more consistent with the results, rather than transfer
of the hydrophobic residues to the water during the pressure denaturation (Ando
et al. 2008).

2.3.3 Ribonuclease

Ribonuclease A is one of the first proteins whose phase diagram was determined
(Brandts et al. 1970; Hawley 1971). Since that, many pressure experiments were
performed on different types of ribonucleases (Yamaguchi et al. 1995; Nash et al.
1996; Yamasaki et al. 1998; Ribo et al. 2006; Zhai and Winter 2013). Jonas’s group
compared the cold, heat and pressure denaturation of ribonuclease using NMR
spectroscopy (Zhang et al. 1995).

Recently the phase diagram of ribonuclease A was reinvestigated to study
the effect of molecular crowding on the phase diagram (Zhai and Winter 2013).
Dextran was used as crowding. Molecular crowding caused by 30 % dextran
stabilized the folded state of the protein against both pressure and heat denaturation
(Fig. 2.6) (Zhai and Winter 2013). Understanding the effect of molecular crowding
is important, since the cellular environment is highly crowded.
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Fig. 2.6 Phase diagram of Ribonuclease A with and without crowding agent (dextran) (Reprinted
with permission from Zhai and Winter (2013), Copyright 2013 John Wiley and Sons)
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2.3.4 Staphylococcal Nuclease (SNase)

Staphylococcal nuclease is a small 17.5 kDa protein containing 149 residues and
no disulfide bonds. According to the crystal structure roughly one quarter of the
structure is helical and another quarter of the residues belong to beta structure
(Hynes and Fox 1991). It has a relatively large number of ionizable side groups.
SNase has one single tryptophan residue, which makes it ideal for fluorescence
studies. A number of high pressure works were performed on SNase and on its
mutants, to explore its pressure behavior and to describe the role of hydration and
cavities in the pressure unfolding, and to study the effect of different cosolvents
(Stites et al. 1991; Frye and Royer 1998; Panick et al. 1999; Herberhold et al. 2004;
Kitahara et al. 2011; Roche et al. 2012; Zhai and Winter 2013).

The pressure-temperature phase diagram of SNase was determined by the
groups of Winter, Royer and Akasaka, using several experimental techniques, like
tryptophan fluorescence, FTIR spectroscopy, small-angle X-ray scattering (Panick
et al. 1999) and NMR spectroscopy (Lassalle et al. 2000). The results allowed to
create the p-T phase diagram of the protein at pH 5.5 (Fig. 2.7). The phase boundary
resembles the elliptic shape, although fitting to the Eq. 2.4 was not done. The tryp-
tophan fluorescence experiments gave slightly lower denaturation pressures, which
can probably be explained by the terminal position of the tryptophan residue. The
V66A mutant (Stites et al. 1991) was also investigated, and both the pressure and the
temperature stability of the mutant was found smaller than those of the wild type.

250

200

150 -

100 A
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50 1

0+ T T T T T
-10 0 10 20 30 40 50
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Fig. 2.7 Phase diagram of SNase (Adapted with permission from (Panick et al. 1999), Copyright
1999 American Chemical Society). Thick line: wild type SNase measured by FTIR and SAXS; thin
line: wild type measured by fluorescence; broken line: V66A SNase by FTIR. The dotted curve was
calculated from the parameters in Lassalle et al. (2000)
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Table 2.1 Fitted parameters of Eq. 2.4

Parameter Unit Chimotrypsinogen® Ribonuclease? Snase®
AGy kJ mol ™! 10.6 10.5 13.18
ASo kJ (mol - K)™! —0.95 0.052 0.32
AV, ml mol ™! —14.3 —48.6 —41.9
AG, kJ (mol - K)~! 159 7.11 13.12
Ak ml (MPa - mol)™! 0.296 0.195 0.2
Aa ml (mol - K)™! 1.32 0.252 1.33
To °C 0 0 24
Do MPa 0.1 0.1 0.1
pH 2.07 2.0 53

2From Hawley (1971)
YFrom Lassalle et al. (2000)

Akasaka’s group determined the parameters of the Eq. 2.4 from a series of
pressure experiments at different temperatures. They obtained the unfolding curves
of Snase by following the ¢ protons of His8 and His124 (Lassalle et al. 2000).
The parameters obtained for the elliptic fit are listed in the Table 2.1. The ellipse
constructed from their parameters is also drawn in Fig. 2.7.

Several mutants of Snase were expressed and characterized. The most interesting
of them were the mutations in which residue 66 was exchanged. This residue
is buried in the hydrophobic core. The V66K mutation was found to affect the
plasticity and stability of the protein (Kitahara et al. 2011).

Another important branch of investigations focused on the effect of chaotropic
and cosmotropic cosolvents on the pressure and temperature stability. While glyc-
erol, sorbitol, sucrose and K;SOj, increased the stability against pressure unfolding,
CaCl, and urea destabilized the protein. The pressure stabilization and the temper-
ature stabilization effects correlated well with each other (Herberhold et al. 2004).

2.3.5 The Rv322I1c Protein from Mycobacterium Tuberculosis

The Rv3221c protein can be found in Mycobacterium tuberculosis (Cole et al.
1998). Its specific function is not clear yet, but its importance can be hypothesized
from the fact that this protein is highly conserved in Mycobacteria (Cole et al. 2001;
Kumar et al. 2008). In our experiments the protein showed mainly beta structure,
which unfolded at both high temperature and high pressure giving a p-T diagram
with a nice elliptic shape (Somkuti et al. 2013a). The midpoint of the pressure
unfolding was 530 MPa (at 30 °C), while the heat unfolding happened at 65 °C
(around atmospheric pressure). The native state binds biotin, which presumably
stabilizes the native conformation. Biotin dissociates in the pressure-unfolded state,
and only part of the polypeptide chains rebind biotin after the release of the pressure.
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Fig. 2.8 Phase diagram of 1.6
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2.3.6 Parvalbumin

We have chosen parvalbumin for our p-T studies, because it is the main allergen
protein in fish (Ma et al. 2008). Exploration of the phase diagram of allergen
proteins can provide information about possible pressure inactivation (Somkuti and
Smeller 2013). Parvalbumin is a small protein consisting of 109 residues. It has a
mostly helical structure. The helices form so called EF-hand motives, which can
accommodate two Ca**-binding sites. Usually the presence of Ca’" ions makes
the unfolding far more complex than a two state process. The phase diagram of
cod parvalbumin is also quite exotic (Fig. 2.8) (Somkuti et al. 2012). Although
the overall elliptic shape can be recognized on the diagram, a number of states
appear besides the usual folded and unfolded states. The protein adopts a molten
globule state at temperatures above 50 °C at ambient pressure. This structure unfolds
and immediately aggregates if the temperature reaches 75 °C. Pressure unfolding
also shows two steps. A residual structure remains in the partially unfolded state
above 500 MPa. Very high pressure and elevated temperature is needed to reach
the completely unfolded state. This phase diagram is a remarkable example for
the complexity of the unfolding process, and for the appearance of the folding
intermediates, if additional stabilizing factors are present, like the two Ca*-binding
sites of parvalbumin.

2.3.7 1G27 of Titin

Titin is the largest protein in nature, with a molar weight exceeding 3 MDa (Labeit
etal. 1990). It is responsible for the passive force generated upon stretching the mus-
cle (Trombitas et al. 1998). Titin structure is dominated by two structurally different
types of elements. Over 90 % of its molecular weight is made up of immunoglobulin
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Fig. 2.9 Phase diagram of 12
127 domain of titin (Reprinted

with permission from 10
Somkuti et al. (2013b),
Copyright 2013 Elsevier)

Denatured

p (kbar)

6 -
4 4
Native [ N
2 - Molten
globule \ Aggregated
0 : ; . :

25 35 45 55 65 75 85
T(°C)

and fibronectin III domains. The remaining 10 % is a disordered segment (called
PEVK domain) (Labeit et al. 1990; Labeit and Kolmerer 1995). The most studied
immunoglobulin domain is the 127, which has a beta sandwich fold and contains a
single tryptophan residue in the middle, making it ideal for the folding studies by
both FTIR and fluorescence spectroscopy. The pressure-temperature phase diagram
of 127 was determined using FTIR and tryptophan fluorescence spectroscopies in
our laboratory (Fig. 2.9) (Somkauti et al. 2013b). The most remarkable feature of the
diagram is the appearance of the molten globule state at slightly elevated temper-
ature in the low-pressure region. The native — molten globule transition could be
clearly detected by tryptophan fluorescence. At 50 °C the compact structure of the
protein opens, and the polarity of the interior changes. Simultaneously the infrared
spectrum shows the completion of the hydrogen-deuterium exchange, showing the
loosening of the tertiary structure. The secondary structure, however, disappears
only above 65 °C, where the protein aggregates immediately after the unfolding.

The pressure unfolding was found to be a two-state transition, without formation
of any intermediates or partially folded states.

2.3.8 Intrinsically Disordered Proteins (IDPs)

Recently a big family of IDPs has been described, which do not follow the classical
structure—function paradigm (Tompa 2009). They show a disordered conformation
under physiological conditions. Different types of IDPs exist: some will be ordered
upon binding to their target proteins, but a distinct category of them acts as entropic
spring. The PEVK domain of titin is a typical example for such proteins.

From thermodynamic point of view it is an important question, whether the
elliptic folded phase of these proteins is just shifted far from the physiological
conditions on the p-T diagram, or it is completely absent. The latter case means
that AG is always negative, for all (p,T) points of the pressure-temperature phase
diagram, i.e. the inequality of Eq. 2.9 is not fulfilled. Visually this means that the
whole dome-shaped curve of Fig. 2.2 is under the zero level of AG.
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This area is mainly uncovered yet, since pressure works on IDPs are practically
absent from the literature. The PEVK domain of titin was investigated by FTIR
spectroscopy under various pH and temperature conditions (Somkuti et al. 2013b).
Since these experiments did not reveal any region where the polypeptide chain
would adopt any ordered structure, the second situation discussed above is more
probable for PEVK, which means that this protein domain has always negative AG.

2.4 Concluding Remarks

The conventional Hawley theory leads to an elliptic boundary in the pressure-
temperature plane for the native state. The theory is based on a two-state assumption.
It can treat only situations in which only the native and the unfolded states are
populated significantly. The model can describe a number of simple proteins in a
dilute solution. This model fails to take into account the intermolecular interactions,
and the consequent aggregation processes. If molten globule or partially folded
intermediates can appear in certain ranges of the pressure—temperature plane, the
phase diagram can be more complex. The complexity of the phase diagram becomes
particularly apparent, if there are several factors which stabilize the protein, e.g.
when binding of ions plays stabilizing role.

Since proteins in their native environment are tightly surrounded by other
macromolecules, intermolecular interactions, and their effect on the native state,
and also their effect on the phase diagram are of particular interest.
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