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INTRODUCTION

By the end of the 19" century British and French oceanographic expeditions had shown
that life exists in the deepest ocean trenches. Since then, microorganisms have been found to
thrive in diverse environments characterized by a wide range of pressure-temperature-compo-
sition (P-T-X) conditions (Rothschild and Mancinelli 2001). The range of physicochemical
conditions under which microbial life has been observed has continued to expand with greater
access to extreme environments and greatly improved tools for sampling and assessing the
diversity and physiology of microbial communities. This exploration now includes examina-
tion of subseafloor and continental subsurface settings—key goals of the Deep Life Directorate
within the Deep Carbon Observatory (DCO) Program. Bacterial metabolic activity has been
described at temperatures as low as —40 °C (Rivkina et al. 2000; Price and Sowers 2004; Pan-
ikov and Sizova 2007; Collins et al. 2010) and a methanogen has been cultured at 122 °C under
hydrostatic pressure (Takai et al. 2008). Moreover, bacteria can withstand ionizing radiation
levels up to 30,000 grays (Rainey et al. 2005), and can grow over a pH range between 0 and
12.5 (Takai et al. 2001; Sharma et al. 2012), at salinities up to 5.2 M NaCl (Kamekura 1998),
and at hydrostatic pressures up to 130 MPa (Yayanos 1986). Bacterial survival has also been
demonstrated up into the GPa range (Sharma et al. 2002; Vanlint et al. 2011).

Because of the difficulty to access deep pressure-affected environments compared to most
other extreme environments, less is known about deep-sea and deep-continental microbial com-
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munities and their physiological adaptation to high hydrostatic pressure, even though high-pres-
sure environments are more voluminous in nature than other extreme environments. Our current
knowledge about life at high pressure currently derives from studies of deep-sea microorgan-
isms that possess adaptations for growth at pressures roughly in the 10-130 MPa range (Bartlett
2002; Lauro and Bartlett 2008; Oger and Jebbar 2010). Such pressures are far below those
typically used to assess the survival of microbes or to interrogate biophysically their isolated
macromolecular systems. Nevertheless, the growth and reproduction adaptations at even these
modest pressures provide valuable information on physiological properties, complex quater-
nary assemblages, and enzyme architectures necessary to understand the adaptation of life in a
pressurized world. The technologies associated with growing deep-sea microbes in pressurized
vessels are well described (Jannasch et al. 1996; Prieur and Marteinsson 1998; Yayanos 2001;
Kato 2006), although additional technological developments continue to be made (Hiraki et
al. 2012). For this reason, high-pressure biology has become an important topic, ranging from
physiological studies of deep-sea organisms under in situ conditions, to the nature and function
of extremophile organisms inhabiting the rocky subsurface. Complementing and underpinning
the biological investigations are studies of the high-pressure physics and chemistry of the mac-
romolecules essential for life that are important to a broad range of disciplines including food
science, biomedicine, and nanotechnology.

In this chapter we first review effects of high pressure on lipid membranes, proteins, and
nucleic acids, which are the principal macromolecules of cells. The pressures necessary to initi-
ate protein unfolding and lipid phase transitions are generally higher than the maximum pres-
sures observed for growth of organisms. We also discuss the intermolecular interactions that
are relatively pressure sensitive and how biophysical studies on model systems can provide
molecular explanations for biological observations such as the increased content of unsaturated
lipids in deep-sea organisms. Also discussed are the recent applications of molecular methods
to better understand pressure effects at the genetic level.

PROTEINS AND POLYPEPTIDES

Structures of proteins and polypeptides

Proteins are the chief macromolecules of the cell. They catalyze small molecule trans-
formations, they allow cells to move around and to do work, and they maintain internal cell
rigidity. Furthermore, they control the genes that determine the cell constitution and function,
transport molecules across membranes, direct the synthesis of themselves and other macromol-
ecules, and protect other macromolecules against denaturing conditions (Lodish et al. 1995). It
is difficult to consider life processes as currently understood without proteins.

From the chemical viewpoint proteins are linear, heterogeneous polymers assembled from
20 different amino acid residues linked by covalent peptide bonds into the polypeptide chain.
However, their most surprising characteristic is the fact that each polypeptide chain folds into
a unique three-dimensional structure that is defined by the amino acid sequence. This feature
makes proteins stand out among all macromolecules, biological and synthetic. The acquisition
of the three-dimensional structure is necessary for a protein to be biologically functional. Some
proteins, however, only adopt a tertiary structure upon interaction with their target molecule,
whereas others can maintain functionality only through interaction with other proteins or mac-
romolecules (Wright et al. 1999).

As the nascent polypeptide chain comes off the ribosome it will start to fold. This pro-
cess involves the adoption of well-defined secondary structure elements such as the o-helix
and B-sheet structures. The assembly of these structures in three-dimensional space results in
the tertiary structure that is generally referred to as the native state. Some proteins may form
complexes with themselves or with other proteins. Such assemblies represent the quaternary
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structure of proteins. For instance, hemoglobin is a heterotetramer made up of two o~ and two
B-subunits with polypeptide chains that have a conformation resembling that of myoglobin, and
the trans-membrane proteins associated with transport of ions and molecular species across cell
walls typically form pentameric or heptameric complexes that define hydrophilic regions inside
the central channel and a hydrophobic exterior containing cavities or “pockets” in contact with
the lipid bilayer.

The driving forces for protein folding are the non-covalent interactions (hydrophobic
effect, hydrogen bonding, and other electrostatic interactions) between the amino acids and
their interaction with the surrounding aqueous milieu. Non-covalent interactions, with typical
energies of 4-40 kJ mol!, are weak compared to covalent bonds (300-400 kJ mol™"). As a result,
proteins are only marginally stable and can easily break down into a less-ordered state, the so-
called unfolded state. However, this state is highly unstable under physiological conditions and
the protein readily reassumes its native state. It has always been assumed that the unfolded state
is a random coil structure in which no side chain-side chain interactions occur. However, a large
body of evidence now suggests that the unfolded state is, in fact, a heterogeneous ensemble
of varying compactness and often contains large amounts of residual structure (Shortle 1996;
Smith et al. 1996; Klein-Seetharaman et al. 2002).

Protein stability is defined as the difference in free energy, AGy,,, between the native and
the unfolded state under physiological conditions (Creighton 1990; Pace et al. 1991). However,
here AG will refer to the free energy change of unfolding, which equals —AGy,,. Typical values
of AG are in the range 20 to 40 kJ mol™'. The reason for this low stability lies in the fact that
proteins require sufficient conformational flexibility for transport across membranes, natural
turnover, binding of substrates, and processes like allostery and signal transduction (Daniel et
al. 1996).

Thermodynamic considerations: volume versus compressibility arguments

As described above, proteins exist with distinct structures and conformational states de-
termined by the P and T conditions as well as the chemical (X) environments. For a reversible,
two-state folding/unfolding process between N (Native) ~ U (Unfolded) states, the pressure (P)
and temperature (7) dependence of AG, the difference in Gibbs free energy between U and N,
is given by

d(AG) =—ASdT + AVdP (¢))

where AS is the difference in entropy and AV is the volume change between the native and
unfolded states. At constant 7, the derivative of AG with respect to P is given by AV as sum-
marized by the principle of Le Chatelier, which states that a pressure increase will shift a given
equilibrium to the side that occupies the smallest volume. Integration of Equation (1) leads to:

AG(P,T)=AG® = AS°(T —T,)+ AC,[(T ~T,)~TIn(T / T,)] 2)

+AV'(P=P) =2 (PR 4 T - TP P)

where AG® AV° and AS° refer to the reference conditions, usually taken to be P, = 0.1 MPa
and T, = 298 K. The second order terms Aa, AB and ACp are proportional to differences in
thermal expansion, compressibility, and heat capacity between the unfolded and the native state
of the protein, respectively. These parameters are assumed to be P- and 7-independent, and are
defined as follows:

Aa=(0AV /0T), =—(0AS/0P),
AB=—(0AV /0P), (©)
AC, =T(0AS/0T),
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Equation (2) originates as a Taylor expansion of AG(PT), with a cut-off after the second-
order terms. The precise meaning and measurement of the o, § and Cp parameters are developed
and discussed elsewhere (Chalikian 2003; Meersman et al. 2006). At constant 7, Equation (2)
can be rewritten as:

AB
2
The last term on the right reflects the P dependence of AV, which, at high pressures, can no
longer be predicted from AV® alone. The compressibility factor AP is related to the isothermal
compressibility Bz [Br = —V-1(6V/0P);], which is the second derivative of AV with respect to
pressure, via Ap =V ABy. The isothermal compressibility of a system is of particular interest
because its difference between the native and unfolded states reflects the pressure dependence
of AV, and therefore influences the relative response of the two protein conformations to den-
sified conditions. In addition, there exists a relationship developed via statistical mechanics

between the isothermal compressibility and volume fluctuations within the system (Heremans
and Smeller 1998):

AG(P)=AG° +AV°(P-P)——(P-P)) “4)

(8V?) =k, TV, )

Here kg is the Boltzmann constant, 7 is the absolute temperature, and V is the intrinsic volume
of the system. In this case, the system volume has to be correlated with the partial molar volume
of the protein. Hence the isothermal compressibility not only provides insight into the effect
of pressure on protein structure, but also into the dynamics of the native protein in terms of
volume fluctuations. It must be emphasized, however, that protein volume fluctuations and
macromolecular flexibility parameters are not strictly identified with each other.

The protein volume paradox

One early question that arose during efforts to understand protein folding was related to the
nature of the forces that drive a polypeptide chain to adopt a collapsed, globular conformation,
but with a high degree of functional specificity. The dominant force was suggested to be the
hydrophobic effect that results in clustering of non-polar residues to minimize their interaction
with solvent water. The hydrophobic effect has been modeled by the transfer of non-polar com-
pounds, such as pentane, from non-aqueous to aqueous media. This process is highly disfavored
both entropically and energetically and it is accompanied by a large increase in heat capacity,
a characteristic that is typically observed during the thermal unfolding of proteins. Moreover,
there is a close resemblance between the temperature dependence of protein folding events and
the temperature dependence of the free energy for the transfer of non-polar compounds from
water into non-polar media. Thus the liquid hydrocarbon model has been quite successful in
explaining the energetic properties of thermal unfolding.

Based on such studies the volume change upon unfolding of proteins is predicted to have
a large negative absolute value at ambient conditions. However, it is also predicted that AV for
this transfer should become positive with increasing pressure. In contrast, at 0.1 MPa, depend-
ing on the temperature of unfolding, amongst other factors, the sign of AV can become positive
or negative, and it may depend on the nature of the observed transition, e.g., native-to-molten
globule or native-to-unfolded processes (Chalikian 2003). However, at high pressure protein
unfolding is invariably accompanied by small and negative volume changes, typically on the
order of —10 to =100 mL mol~! (Royer 2002). This apparent contradiction is termed the “protein
volume paradox” and it was first recognized by Kauzmann, who stated that “the liquid hydro-
carbon model fails almost completely when one attempts to extend it to the effects of pressure
on protein unfolding” (Kauzmann 1987).

What is the molecular interpretation of this apparently anomalous volume change? The
partial molar volume of a protein i in solution, V;, is defined as the change in volume of the
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solution as a small amount of solute is added, divided by the total number of moles of added
solute while keeping the amount of the other components constant. For an ideal solution, V;
would be the difference between the solution volume and the original solvent volume. However,
due to hydration effects dissolution of a protein will also affect the solvent volume. Therefore,
V; can be expressed as the sum of both an intrinsic term and a hydration term:

‘/i = V + V + A‘/hydrali(m (6)

= Yatom cavities

where V,,,, is the sum of the van der Waals volumes of the constituent atoms, Vs 1S the
volume of the cavities that originate from imperfect packing in the native conformation, and
AViydration 18 the volume change resulting from the interaction of the protein with the solvent
(Heremans and Smeller 1998). Upon protein unfolding, the van der Waals volumes will not
change, so the volume change accompanying the unfolding can be written as:

AV =AV, +AAY,

cavities hydration (7)

Evidence for the role of cavities in the folded structure comes from mutagenesis
experiments, where the creation of new cavities as a result of amino acid mutations results
in larger negative volume changes upon unfolding compared to the native protein (Torrent et
al. 1999). Contributions to0 AAV),aion arise from changes in hydration of hydrophobic and
hydrophilic groups and from the hydration of cavities previously devoid of water. Note that
the hydrophobic contribution is probably very small and its sign is often unclear. In principle,
the largest contribution t0 AAV},y4ai0, Would arise from the exposure to or burial from water
of charged groups due to electrostriction effects: the formation of an ion in solution results
in a strong attraction of the dipoles of nearby water molecules by the Coulombic field of the
ion. The overall volumetric properties of proteins, however, seem to be largely if not primarily
determined by their internal solvent-excluded void volumes and the tendency of these volumes
to expand with increasing temperature. Differential hydration, on the other hand, appears to
contribute less to the volume change of unfolding (Rouget et al. 2011; Royer and Winter 2011).

Mechanistic aspects of pressure-induced protein unfolding

Pioneering observations of pressure effects on the behavior of proteins were made
independently by Percy W. Bridgman (1914) and Keizo Suzuki (1960). Both found that,
contrary to expectation, the rates of the pressure-induced unfolding increase as the temperature
is reduced, implying that the process is characterized by a negative activation enthalpy. Such
negative activation energies have also been observed in the urea-induced unfolding of proteins.
To explain his observations Suzuki proposed the following mechanism:

P +nH,0 <& P(H,0), > P, )

where P is the native protein, P(H,0), is the hydrated protein and Py is the unfolded protein.
This model suggests that the application of pressure results in the penetration of water molecules
into the protein interior in a strongly exothermic step that results in unfolding. Several lines of
evidence in support of this model have now been obtained. For instance, it was shown that
lysozyme remains globular at high pressure, although its hydrodynamic volume has increased
by 60-80% and fluorescence probes have undergone a blue shift, indicative of an increased
polarity of their environment (Silva and Weber 1993). In another study the distance dependence
of chromophore-solvent interactions in cytochrome ¢ was determined and it was found that, as
a lower estimate, the solvent had to be within ~4.5 A of the chromophore in order to cause a
blue shift in the fluorescence spectrum (Lesch et al. 2004). This distance is much smaller than
the radius of cytochrome c, suggesting that water indeed had to penetrate the protein to explain
the blue shift. Others have used neutron and X-ray scattering techniques to determine the radius
of gyration of proteins under pressure (Paliwal et al. 2004; Panick et al. 1998). For example, the
R, of staphylococcal nuclease (Snase) increased from 16.3 A at 0.1 MPa to 34.7 A at 310 MPa,
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an exPansion that is comparable to the increase in R, resulting from urea-induced unfolding (R,
~ 33 A at 8 M urea), but is still much less than in the case of heat-induced unfolding (R, ~ 65 A)
(Paliwal et al. 2004). The latter value approximates the value expected for a random coil. The
data also indicated that the protein remained globular at 310 MPa, even though an increase in the
R, by a factor of two corresponds to an eight-fold increase in volume. Further characterization
of the unfolded states of Snase and several other proteins indicates a persistence of at least some
native secondary structure at high pressure (Zhang et al. 1995; Panick et al. 1998; Meersman
et al. 2002; Paliwal et al. 2004). Thus the pressure-unfolded state can be considered to be a
swollen, hydrated globular structure with a partially unfolded conformation, as illustrated for
Snase (Fig. 1). The persistence of secondary structure is interesting, as it indicates that the
penetration of water molecules into the protein does not cause further unfolding through, for
example, competition of protein-protein hydrogen bonds for protein-water hydrogen bonds.

In recent years computer simulations, for example, using pairs of methane molecules in
water as a simple model for the hydrophobic effect, have provided further microscopic de-
tails of the pressure-unfolding mechanism that support the empirical model (Payne et al. 1997,
Hummer et al. 1998; Ghosh et al. 2001, 2002). The potential of mean force for a pair of meth-
ane molecules in contact with each other (r = 0.39 nm) is destabilized relative to the a pair of
molecules separated by solvent (r ~ 0.79 nm) as the pressure increases (Fig. 2), implying a
weakening of the hydrophobic contact. The latter can be rationalized by the supposition that, as
pressure increases, the average number of water molecules surrounding another water molecule
increases and the average binding energy of the water molecules decreases (Sciortino et al.
1991). Thus, as a result of a reduction in the tetrahedral symmetry of the hydrogen bond net-
work, the relative cost of inserting water molecules into an unfavorable non-polar environment
is also reduced. Using a water-soluble polymer as a model system, the increased level of hydra-
tion of both hydrophobic and polar moieties under pressure could also be demonstrated experi-
mentally (Meersman et al. 2005). However, one should keep in mind that the above description
of water under pressure is based on current levels of simulations for bulk water (Sciortino et al.
1991). In addition to influencing the structure of water by reducing its tetrahedral framework,
pressure is also a necessary requirement for keeping water within the protein. It is well known
from hydrogen exchange experiments, for example, that water molecules can penetrate into and
escape from the protein interior on picosecond to millisecond timescales. A molecular dynam-
ics (MD) simulation demonstrated that water molecules inserted between a hydrophobic pair of
amino acids only remained there at high pressure, whereas at 0.1 MPa the original hydrophobic
contact was restored within the simulation time (Paliwal et al. 2004).

We can now return to the volume paradox presented above. Given the fact that pressure-
induced unfolding corresponds to the penetration of water into the protein core rather than to
the exposure of the core residues to the solvent, as is usually the case in heat-induced unfolding,
any estimation of AV on the basis of a random coil-like unfolded state will overestimate the hy-
drophobic hydration. Moreover, although the compressibility change A is often assumed to be
zero, Prehoda et al. (1998) showed that A is significantly different from this value in the case of
ribonuclease A and found that AV =-21 mL mol~! compared with —59 mL mol~! when AB was
assumed to be zero. AP, however, was found to be quite small in the case of Snase (Seemann
et al. 2001). Thus a proper understanding of the structure of the pressure-unfolded state, an
improved estimate of the contribution of cavities to the volume change, and the pressure depen-
dence of the volume change could provide a solution to Kauzmann’s apparent volume paradox.

Pressure effects on multimeric proteins and aggregates

So far we have considered the effect of pressure on monomeric proteins, which generally
become unfolded between 400-800 MPa. Moderate pressures of 100-300 MPa are also known
to dissociate protein oligomers into their monomers (Silva and Weber 1993). The latter can
maintain their native conformation or may denature in this process. These pressure limits have
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Figure 1. Structure of native and unfolded staphylococcal nuclease at 0.1 (leff) and 800 MPa (right),
respectively. These drawings have been obtained from molecular dynamics simulations. [Redrawn after
Fig. 10 from Paliwal et al. 2004.]

0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8
r.nm

Figure 2. Potential of mean force (W) for methane association at various pressures. The arrows indicate the
changes with increasing pressure. Note that the minimum of methane pair separated by a water molecule “W”
remains largely unaffected by a pressure increase. The inset shows the difference in free energy between the
contact pair and the solvent separated pair. [Used by permission of the US National Academy of Sciences,
from Hummer et al. (1998), Proceedings of the National Academy of Sciences USA, Vol. 95, Fig. 2, p. 1553.]

been incorporated into discussions of the likely maximal pressures for survival of organisms
and also technological applications of pressure-induced sterilization procedures. Of particular
interest is the pressure-induced depolymerization of larger protein assemblies, such as cyto-
skeletal proteins, which have been shown to result in morphological changes in both eukaryotic
and bacterial cells (Wilson et al. 2001; Molina-Hoppner et al. 2003; Ishii et al. 2004). Note
that these changes occur at low pressures (~50 MPa) and that, in some cases, the original cell
morphology is restored after the pressure is returned to ambient. In case of irreversible depoly-
merization of the cytoskeleton, however, this will impair cell growth and viability.

Pressure effects on protein energy landscapes

Energy landscapes reflect cooperative structural relaxation processes, from protein folding
to glass transitions, and they describe the energy of interaction between atoms or molecules as
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their relative positions are rearranged in order to achieve the overall ground state or metastable
equilibrium structures and conformations. When dealing with proteins, one should consider
free energy rather than potential energy landscapes, as the conformational entropy of the
polypeptide chain plays a major role in determining the relative stability of the different states.
The process of protein folding involves a change in free energy when moving from the unfolded
ensemble to folded (native) ensemble. However, due to the dynamical behavior of proteins one
can also explore changes in volume and energy within a single ensemble, e.g., the native state,
and depict this variation within a single ensemble in terms of a free energy landscape. Thus, an
apparent single well (a local energy minimum) on the overall folding landscape contains many
other local minima (Fig. 3; Fenimore et al. 2004). We address the influence of pressure on these
two aspects of free energy landscapes.

Protein folding free energy landscapes. In general, the pressure dependence of a reaction

rate k is given by:
[alnkJ AV ©)
T

oP RT

where R is the ideal gas constant and AV# is the activation volume. Any reaction that is
accompanied by a negative AV, i.e., if the transition state has a smaller volume than the product,
will be accelerated by pressure and vice versa. Pressure is a useful variable to investigate reaction

Entropy

Vv A4

Free energy

N
R

Figure 3. Schematic energy landscape for protein folding. At the top of the funnel, at high free energy,
one can find the various conformations that make up the unfolded ensemble. At the bottom of the funnel
the global energy minimum represents the native state, here illustrated for myoglobin. Even in the global
minimum one can discern various quasi-energetic substates represented by different wells (enlarged on the
right-hand side of the funnel).
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mechanisms as studies of model systems have shown that pressure (i.e., density) effects often
determine the mechanism, whereas temperature mainly changes the frequency of the motions.

The effects of pressure on folding and unfolding rates have been investigated by pressure-
jump and high-pressure stopped-flow experiments for a number of proteins and in most cases
pressure is found to decrease the folding rate and to increase the unfolding rate (Panick et al.
1998; Pappenberger et al. 2000; Jacob et al. 2002; Brun et al. 2006; Korzhnev et al. 2006).
Using an off-lattice minimalist model, Hillson et al. (1999) demonstrated that, depending on the
nature of the atomic interactions involved in the transition state, pressure may lower or increase
the transition state free energy. Thus the folding rate can, in principle, increase or decrease with
pressure, although only decreases in folding rates have been observed so far with an increase
in pressure. The latter phenomenon is due to the fact that, as pressure increases, the diffusion
of the polypeptide chain as it adopts its final structure, characterized by the reconfigurational
diffusion coefficient, becomes slower, and this effect in practice dominates any pressure-induced
lowering of the transition state energy. Because the reconfigurational diffusion coefficient is a
function of the fold of the native protein and the roughness of the energy landscape, one can
conclude that the free energy landscape is rougher at pressures different from ambient. An
important consequence of this conclusion is that metastable states may reside in their local
minima for longer times, thereby enabling their characterization. In this respect it is also of
interest to note that the pressure-unfolded states of several proteins have been suggested to
resemble intermediates in the folding process (Zhang et al. 1995; Meersman et al. 2002). For
example, in the case of ribonuclease A hydrogen-deuterium exchange protection factors and the
secondary structure of the pressure-unfolded state are similar to those found for a previously
characterized early folding intermediate (Zhang et al. 1995), suggesting that high-pressure
studies may provide important information on such intermediate conformations.

In order to go from the unfolded to the folded state, the polypeptide chain has to cross a free
energy barrier, which corresponds to the transition state. The properties of this transition state
are rather elusive given its transient nature; structural information has been obtained mainly
through mutational (¢-value) analysis, and computational methods (Vendruscolo et al. 2005).
The transition state has been found to be a rather heterogeneous ensemble of conformations,
whose major, defining feature is an overall native-like topology. One important question
concerns the role of water in the folding mechanism and whether the rate-limiting step involves
desolvation (Rhee et al. 2004). This question can be addressed by determining the hydration
properties of the transition state ensemble (TSE). Pressure studies can provide information on
the TSE by measuring the activation volumes of folding (AVf# ) and unfolding (AV"). In the case
of Snase, for instance, the respective activation volumes are +56 and —8 mL mol~!, indicating
that the TSE is closer to the native than to the unfolded state on the reaction coordinate and
that it is largely dehydrated (Fig. 4; Brun et al. 2006). This is the case for most proteins studied
so far, a finding that seems to differ from the conclusions of most computational studies and
¢-value analyses (Brun et al. 2006). However, it has been shown for Snase that although the
wild-type protein has a highly dehydrated transition state, some of its mutants containing
ionizable residues have a hydrated TSE, i.e., the absolute value of AVf# < AVu# (Fig. 4; Brun
et al. 2006). Taken together these data suggest that the degree of hydration of the TSE depends
on the properties of the particular protein as well as on the experimental conditions. Moreover,
a recent simulation study comparing implicit and explicit solvation models showed that,
although both models are qualitatively in agreement with each other, the explicit model does
indicate that the TSE is more hydrated (Rhee et al. 2004). Part of the apparent contradiction
mentioned above can therefore be related to the fact that most simulations deal with water
implicitly and that ¢-value analysis is also interpreted in terms of an implicit role of the solvent.
As a consequence, high-pressure methods may provide the best, if not the only, experimental
approach to characterize the TSE in terms of hydration.
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WT Snase A+PHS V66K A+PHS V66N
N N N
AVF, =-8
TSE v ! AVﬂf =60 AV* = -45
f . ave =99 |AV% =53
AVe, = 64 TSE
AV# = +56 U AV# = +15 TSE !
U A
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Figure 4. Schematic representation of the folding-unfolding reaction of wild-type (WT) staphylococcal
nuclease (Snase) and two of its mutants (A+PHS V66K and A+PHS V66N). The folded state is abbreviated
by F, U is the unfolded state, T represents the transition state ensemble, and AV® is the overall volume
change upon folding. [Used with permission of the American Chemical Society from Brun et al. (2006).]

Protein dynamics: accessing conformational substates. Proteins are dynamic molecules,
a characteristic that enables them to perform functions such as ligand or substrate binding and
alteration and release. The fluctuations that underlie this dynamic behavior cause the protein to
adopt numerous conformations, which are commonly referred to as conformational substates
(Frauenfelder et al. 1990; Fenimore et al. 2004). Thus the native state of a protein is actually
an ensemble of nearly isoenergetic substates (Fig. 3), which may perform different functions.
Experiments have shown that within these substates one can also identify statistical substates,
which perform the same function, but with different rates. Pressure is a useful tool to explore
the conformational substates in an energy landscape as it can shift the population from one
substate to another on the basis of the volumetric properties of the respective substates. In
addition, pressure can also change the reaction rate & with which a given substate performs its
function, as its value depends on the activation volume (AV#; Eqn. 9), which may be different
for different substates, as well as on the properties of the solvent (e.g., viscosity). This type
of experiment can lead to new insights into the dynamics and reactions of proteins, such
as the binding mechanism of carbon monoxide and oxygen to myoglobin (Frauenfelder et
al. 1990; Fenimore et al. 2004). In a recent example, pressure modulation in combination
with FTIR spectroscopy was applied to reveal equilibria between spectroscopically resolved
substates of the lipidated signaling protein N-Ras. The conformational dynamics of N-Ras in
its different nucleotide binding states in the absence and presence of a model membrane were
probed by pressure perturbation. It was shown that not only nucleotide binding, but also the
presence of the membrane has a drastic effect on the conformational dynamics and selection of
conformational substates of the protein. Moreover, a previously unknown substate that appears
upon membrane binding was observed using this pressure perturbation approach (Kapoor et
al. 2012a,b).

From free energy landscapes to P-T phase diagrams

Life on Earth can thrive in environments characterized by a wide range of pressures
and temperatures. In order to understand this ability on the molecular level it is necessary to
consider pressure effects on proteins in particular, and living systems in general, over a wide
temperature range. A plot of the transition midpoint for pressure unfolding versus temperature
yields an elliptical phase diagram (Fig. 5), which, interestingly, is also found when plotting
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Figure 5. Schematic representation of a pressure-temperature stability diagram for proteins. Inside the
ellipse the protein adopts its native conformation, outside the ellipse it is unfolded. See main text for full
description of regions I to III.

inactivation rates of microorganisms (Hashizume et al. 1995; Yayanos 1998) or the phase
separation behavior of water-soluble polymers (Meersman et al. 2006). On the basis of the
contours of the phase diagram, with its re-entrant behavior at low temperature, cold unfolding
of proteins was predicted. It is worth noting that, at least at elevated pressures, cold and pressure
unfolding are thermodynamically (Fig. 5) and mechanistically similar (Meersman et al. 2002).
This close relationship between the effects of pressure and cold may explain why the cellular
responses to these variables are similar. Pressure is often used in cold unfolding experiments
because pressures of ~200 MPa reduce the freezing point of water by ~20 °C, thus enabling
experiments at low temperature in the liquid state.

The phase diagram can be described by Equation (2), often referred to as the Hawley
equation. The main advantage of this equation over purely empirical equations lies in the fact
that all parameters can be given a physical interpretation. However, using this equation one can
only obtain the differences in compressibility, thermal expansion, and heat capacity between
the unfolded and the native state. Therefore, other techniques are required to determine Pr,
Cp and op. These thermodynamic quantities are of particular interest as they can be related
to fluctuations in volume, energy, and a cross-correlation of volume and energy, respectively
(Heremans and Smeller 1998). Such fluctuations underlie the dynamic behavior of proteins in
aqueous conditions (Chalikian 2003).

At the phase boundary, the Gibbs free energy change for unfolding, AG = Gp — Gy;, is
zero. Within the elliptic contour the protein is in the native conformation (AG > 0), outside the
contour the protein is unfolded (AG < 0). At the highest pressure (P,,,.), where the native state is
stable, the slope of the tangent on the ellipse is zero. At the highest temperature (7,,,) the slope
is infinite. At these points AS and AV, respectively, are equal to zero and these parameters can
be represented by a straight line in P-T space (Fig. 5). It can be seen that these lines divide the
AG = 0 contour into three regions. In the first region (I), where AS and AV are both negative, an
increase in temperature will stabilize the protein against pressure unfolding. It can be derived
from the van’t Hoff equation that in this region the enthalpy change, AH, will be negative. In
the second region (II) AS is positive and AV is negative. Here increasing temperature lowers the
unfolding pressure, and vice versa. In the third region (III) AH, AV, and AS are all positive. One
of the interesting features of the phase diagram is that for a number of proteins d7,,/dP is posi-
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tive at low pressures and high temperatures, suggesting that pressure increases the stability of
the protein towards thermal unfolding. This effect may provide the molecular basis for cells and
their constituents to survive at combinations of high temperature and high pressure. As a result
it is possible to refold a thermally unfolded protein (at 0.1 MPa), at temperatures just above the
unfolding temperature, by increasing the pressure. The fact that in this low pressure-high tem-
perature region the unfolding is associated with a positive volume change has been attributed to
the difference in the thermal expansion of the folded and unfolded states (Seemann et al. 2001).
This can be seen from the pressure-temperature dependence of the volume change AV:

AV(P,T)=AV° +Ao(T -T,)-AB(P—-P,) (10)

where the second term Ao(T — T,) represents the temperature dependence of the volume. The
volume change AV is found to have a strong temperature dependence, with AV becoming less
negative as the temperature increases (Seemann et al. 2001). However, in the case of ribonucle-
ase A the changes in AV with temperature have been shown to depend on other experimental
conditions (Yamaguchi et al. 1995).

The signs of AV and AS provide a thermodynamic basis for the mechanistic and confor-
mational differences between the pressure and heat unfolding of proteins, and rationalize the
similarities between the pressure and cold unfolding (Meersman et al. 2002). The slope of the
equilibrium line in the diagram (Fig. 5) is given by:

dT AV’ = AB(P - P.)+Aa(T —T.)

& 11
dp AS°—Aa(p_p0)+Acp((T—To)/To) v

Note that, if AR, Aa,, and ACp are zero then this equation is reduced to the classical Clapeyron
equation (d7,/dP = T, AVIAH), which describes the behavior under pressure of, for instance,
lipids. This demonstrates clearly the impor-
tance of the second-order terms in the elliptic
nature of the phase diagrams of proteins. High-
er-order terms, describing the temperature and
pressure dependence of AB, Aa,, and ACp, have i
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dition of co-solutes or co-solvents can have a large effect on the volume change, and Scharnagl
et al. (2005) have given a comprehensive thermodynamic description of the effect of co-solutes
and co-solvents on the stability of the protein.

Other factors, such as macromolecular crowding as occurs in organisms, have been virtu-
ally unexplored with respect to pressure stability. Moreover, food scientists, investigating the
inactivation of microorganisms in foods, are well aware of the fact that the pressure sensitiv-
ity of vegetative bacteria depends on the composition of the food matrix. For instance, when
plotting the decimal reduction time D in the P-T plane, the inactivation of Escherichia coli in
carrot juice follows a linear pattern, whereas in HEPES buffer a typical elliptical outline can be
observed (Van Opstal et al. 2005). This example clearly shows that pressure sensitivity strongly
depends on the nature of the experimental medium. Hence, one should be careful when extrapo-
lating data from in vitro (buffer) systems to real life systems, as the latter involve a large number
of unknown factors that we cannot yet fully understand or model.

Kinetic aspects of the phase diagram

In many instances, the rate of unfolding as a function of pressure and temperature is stud-
ied yielding a P-T-k diagram, where k is the rate constant of inactivation or unfolding. A math-
ematical analysis of the isokineticity curves yields the activation parameters for the unfolding.
The change of the free energy of activation as a function of pressure and temperature is typically
expressed by:

dAG" = Av*ap — Astar 12)

where AG* = —RT Ink, being the difference in free energy between the transition state and the
native state. We do note, however, that this expression is developed for equilibrium thermody-
namics conditions, and other formulations and approaches may prove to be significant in the
future.

According to the transition state theory the activation volume is defined as:

Olnk
oP

Similar to the P-T phase diagram, the P-T-k diagram can be divided in three regions based on
the signs of AV#, AH* and AS”. This similarity can easily be understood from the thermodynamic
background of the kinetic theory of the transition state. An important aspect that has to be taken
into account is the irreversibility of the protein unfolding, which is generally due to protein
aggregation at high temperatures. Such a phenomenon can be represented by the following
mechanism (Heremans and Smeller 1997):

AV* =—RT

(13)

N#'_)DL)I (14)

where N and D are the native and reversibly unfolded protein, and / is the irreversibly unfolded
protein. From the viewpoint of the phase diagram two conditions are worth considering. First,
if k3 << ky,ky, then there is a fast exchange between N and D, while the transformation of D into
I is slow. Under this condition the apparent rate constant, k., can be defined as:

Kune = ["—jk = Kky (1)
k2
Here K is the equilibrium constant for the N to D transition. Thus, the overall rate of the reaction
is mainly determined by the formation of /. Secondly, when k; >> ki, k, then all the reversibly
unfolded molecules will be incorporated into an intermolecular aggregation network before
they can refold. In this case the unfolding of N into D is the rate-limiting step.
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The temperature dependence of the rate constants is given by the Arrhenius equation:

#
k,=A exp(— AR(; j (16)

where A is a pre-exponential factor. From this equation it is clear that the first condition (k3 <<
ki,k,) is most probable at low temperature and high pressure, whereas the second condition
(k3 >> ky,k,) will likely take place at high temperature. It explains why protein aggregation
is often observed during thermal unfolding experiments and not during pressure experiments.

Relevance of biophysical studies on proteins to deep carbon

Most studies presented herein investigate the effects of pressure on proteins obtained from
mesophilic microorganisms or even multicellular organisms. The conclusions derived from these
studies are likely to be general; i.e., they can be extended to proteins found in extremophiles.
Little is known about the pressure stability of proteins from piezophiles, but research on proteins
from thermophiles and psychrophiles suggests that these proteins shift their thermal stability
by increasing the number of stabilizing (non-covalent) interactions (Daniel et al. 1996). The
pressure range in which proteins unfold tends to be higher than that in which cell survival is
compromised. What could be more critical in the context of pressure effects on cellular growth
and viability is the maintenance of protein-protein, protein-nucleic acid, and protein-lipid
interactions (vide infra) that are more pressure sensitive. Likewise, relatively low pressures
could suffice to influence protein dynamics, and hence protein activity, although few studies
have addressed this issue. Low pressures will also influence reaction rates, thereby affecting
important cellular processes responsible, for instance, for turnover of cellular constituents and
catabolic reactions. Pressure effects could be particularly relevant in view of the long generation
times observed in subseafloor microorganisms (Jgrgensen and Boetius 2007).

All these observations are further complicated when changing the nature of the matrix
in which protein stability is studied from water to a more complex one that resembles the
intracellular environment. Here, effects such as molecular crowding may have a crucial influence
on protein stability and dynamics. Moreover, the P-T diagram indicates a close relationship
between pressure and temperature effects, and could explain why proteomics studies on cells
that have been exposed to pressure stress have revealed so far that the proteins for which the
expression becomes upregulated are similar to those induced by heat or cold (Hérmann et al.
2006). It remains a question, however, whether or not these mainly chaperone (heat shock)
proteins play the same role in coping with pressure as with heat.

NUCLEIC ACIDS

Deoxyribonucleic acid (DNA) and ribosomal ribonucleic acid (rRNA) represent the
hereditary blueprint of every cell. Other RNA’s, such as messenger and transfer RNA, are
involved in the translation of the genetic information into proteins. Whereas DNA adopts
essentially one structure, the iconic double helix of Watson and Crick, the various RNA
molecules display a much greater conformational variability.

The thermal stability of the DNA double helix has been well characterized structurally and
biochemically and it is well known that the two complementary DNA strands dissociate into
single-stranded coils by heating. The midpoint of the melting transition 7, (at atmospheric pres-
sure) depends on the base pair composition and the sequence of the DNA, as well as on the salt
concentration, indicating that the stability of DNA is intimately related to its hydration (Dubins
et al. 2001; Rayan et al. 2005). After his observation of an elliptical P-T phase diagram for pro-
teins, Hawley (1971) investigated the pressure-temperature stability of nucleic acids to assess
whether a similar diagram could be developed for DNA (Hawley et al. 1974). He found that
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dT,/dP is linear and positive (up to 600 MPa)
with slightly steeper slopes at higher salt
concentration. Because the melting enthalpy
AH,, is positive at atmospheric pressure (0.1
MPa), one can derive from the Clapeyron
equation that AV is positive, indicating that
pressure stabilizes the helix conformation of
Clostridium perfringens DNA (Hawley et al.
1974). This conformation is not unexpected
as base stacking and hydrogen bonds are sta-
bilized by high pressure. The pressure insen-
sitivity of the DNA double helix was recently
confirmed by high-pressure crystallography
and NMR experiments (Girard et al. 2007;
Wilton et al. 2008). Both studies indicate that
the double helix undergoes only a minor dis-
tortion under pressure (Fig. 7), although the
details of the distortion were not the same Figure 7. Structure of B-DNA at ambient pressure
in the crystalline versus solution state. By (green) and 200 MPa (red) as determined by NMR
plotting the slope of the coexistence lines as fggﬁgﬂ?gﬁgg@gg’ Efoxa_l;g:ii:’;t?uzzﬁ?lﬁé
a function of 7,,, Hawley observed that the 2VAI (high-pressure structure).

slope changes sign at 7, = 59 °C, implying

that below this temperature AV would be

negative and thus pressure would destabilize the DNA double helix. Note that 59 °C is well be-
low the T, of natural chromosomes under physiological conditions. Indeed, work on synthetic
DNA or RNA duplexes revealed that pressure destabilizes the double-stranded conformation
at 7,, values below approximately 50 °C (Dubins et al. 2001); in other words dT,,/dP becomes
negative at high salt concentrations and low temperatures. For instance, the midpoint for the
pressure-induced melting of the poly(dA)poly(rU) DNA/RNA duplex is 60 MPa at 25 °C. Such
a change in sign of d7,,/dP also has been observed for water soluble synthetic polymers, de-
pending on the nature and concentration of the added salt (Kunugi et al. 1999). The effect of
salts has been attributed to changes in water structure and can be related to the Hofmeister series
(Cacace et al. 1997; Zhang et al. 2006). This again underscores the importance of hydration in
the processes considered in this chapter. Dubins et al. (2001) also calculated the phase diagram
in an extended P-T region. The calculated phase diagram reveals that as pressure is further
increased dT,,/dP changes sign, and above 600 MPa dT,,/dP is close to zero (regardless of T,
at 0.1 MPa). Unfortunately, these authors did not explore this pressure range experimentally in
order to verify the correctness of their prediction. Also, Hawley et al. (1974) did not observe any
transition in C. perfringens DNA under pressures in excess of 900 MPa. In contrast to DNA,
computer simulations of a RNA hairpin show that it does unfold under pressure (Garcia et al.
2007). Presumably this conformation change is due to the fact that RNA, similar to proteins,
has a tertiary structure held together by non-covalent interactions. The temperature dependence
of the unfolding pressure again follows an elliptic outline.

When comparing the heat- and pressure-induced helix-to-coil transition it was found that
the cooperative length, being the number of base pairs that melt as one unit, of the pressure-
induced transition is two-fold greater than the one for the heat transition. This difference
suggests that these processes are mechanistically different. Moreover, on the basis of the
hypochromicity of several infrared bands and a comparison of thermodynamic variables (ap,
Bz, AV), it was concluded that the pressure-induced single-strand DNA is more structured than
the heat-induced coil, due to the greater amount of stacking at high pressure (Rayan et al. 2005).
These findings are reminiscent of the differences in high pressure vs. high temperature behavior
of proteins.
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Several cellular processes involving nucleic acids, such as replication, transcription and
recombination, depend on the correct recognition of protein and DNA or RNA binding partners.
X-ray crystallography of protein-DNA complexes can identify the non-covalent interactions
involved in the complex. Electrostatic and hydrophobic interactions are the primary forces
involved, and these will be destabilized by pressure (see above). Therefore, pressure can provide
information on the stoichiometry and thermodynamic parameters of the association. A typical
dissociation constant for BamHI-DNA complex is 4.6 + 0.4 nM at 50 MPa vs. 0.7 + 0.1 nM at
0.1 MPa, demonstrating a clear destabilization at high pressure under the test conditions used.
Molecular dynamics studies show that pressure forces water into the protein-DNA complex
and that it is sequestered at the intermolecular interface, similar to the effect of pressure on
protein oligomers. Moreover, as most DNA-interacting proteins are oligomers, high hydrostatic
pressure studies can also reveal information on the effect of DNA binding on their stability.
Depending on the protein involved, DNA has been found both to stabilize and to destabilize
protein oligomers (Silva et al. 2002). For instance, the tetrameric Lacl repressor protein is
stabilized by the inducer, but destabilized by DNA (Royer et al. 1990). In contrast, the dimeric
LexA repressor, involved in the regulation of the transcription of the SOS system in E. coli, is
stabilized upon DNA binding (Mohana-Borges et al. 2000). Pressure effects have also been
studied on RNA-RNA interactions (e.g., GAAA tetraloop-receptor motif; Downey et al. 2007).
Here the volume change associated with the pressure-induced dissociation (=5 to =9 mL mol )
was smaller than those typically observed for protein unfolding or protein-DNA dissociation.
In addition, the effect of the co-solutes sucrose and glycerol was found to be opposite of what
is seen in the case of proteins.

In a recent study of the binding of a highly conserved protein involved in DNA repair in
prokaryotes, RecA, to single stranded DNA (ssDNA) was investigated (Merrin et al. 2011).
As expected, pressures of 70-130 MPa were sufficient to disrupt the RecA-ssDNA interaction.
When comparing the RecA of a mesophile with that of a thermophilic organism it was observed
that the increased thermal stability correlated with increased pressure stability. Moreover, a
pressure-temperature plot for the dissociation also displays the same contour as that for protein
unfolding. This similarity supports the conclusion that the effect of pressure on protein-DNA
interactions is mainly due to changes in structure and/or hydration at the interface, rather than
being caused by changes in DNA structure (Wilton et al. 2008). More importantly, the pressure
range in which this important interaction is disrupted corresponds to the upper pressure
limit for microbial growth in nature. Taken together the above suggests that the disruption of
protein-protein and protein-nucleic acid interactions is potentially key to the loss of pressure
survivability in microorganisms.

LIPIDS AND CELL MEMBRANES
Lamellar lipid bilayer phases

Lyotropic lipid mesophases are formed by amphiphilic molecules, mostly phospholipids,
in the presence of water. They exhibit a rich structural polymorphism, depending on their
molecular structure, hydration level, pH, ionic strength, temperature, and pressure. The basic
structural element of biological membranes consists of a lamellar phospholipid bilayer matrix
(Fig. 8). Even though most lipids possess two acyl-chains and one hyphrophilic headgroup,
the composition of the chains and the headgroup can vary significantly in cellular membranes.
Also, the lipid composition is very different in different cell types of the same organism, or even
in different organelles of the same cell. Not only is the entire cell membrane very complex,
containing a large variety of different lipid molecules and a large body (ca. 50%) of proteins
performing versatile biochemical functions, but also the simplest lipid bilayer consisting of
only one or two kinds of lipid molecules already exhibits a very complex phase behavior. Lipid
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bilayers display various phase transitions, including a chain melting transition. In excess water,
saturated phospholipids often exhibit two thermotropic lamellar phase transitions, a gel-to-gel
(Lg-Pp) pretransition and a gel-to-liquid-crystalline (Pg-L,) main (chain melting) transition
at a higher temperature (Fig. 8). Phosphatidylcholines display a tilt angle of about 30°, while
phosphatidylethanolamines do not. In the fluid-like L, phase, the acyl-chains of the lipid bilayers
are conformationally disordered (“melted”), whereas in the gel phases the chains are more
extended and ordered. The lipids in the Ly phase are arranged on a two-dimensional triangular
lattice in the membrane phase. This phase is also called solid-ordered (s,) phase. Besides
neutral or zwitterionic lipids, negatively-charged lipids are also present in the cell membranes.
The melting temperature of negatively-charged lipid membranes generally increases when
neutralizing the charges by proteins or divalent ions. In addition to these thermotropic phase
transitions, a range of pressure-induced phase transformations has also been observed (Winter
et al. 1989, 2000, 2004; Landwehr et al. 1994a,b; Hammouda et al. 1997; Czeslik et al. 1998;
Winter 2001).

Because the average end-to-end distance of disordered hydrocarbon chains in the L,-phase
is smaller than that of ordered (all-trans) chains, the bilayer becomes thinner during melting at
the Pg/L,-transition, even though the partial lipid volume increases. This behavior is demon-
strated in Figure 9, which shows the temperature dependence of the specific partial lipid volume
VL of DMPC" in water (Bottner et al. 1994). The change of V near 14 °C corresponds to a small

* Abbreviations: DMPC  1,2-dimyristoyl-sn-glycero-3-phosphatidylcholine  (di-C14:0); DMPS
1,2-dimyristoyl-sn-glycero-3-phosphatidylserin ~ (di-C14:0); DPPC  1,2-dipalmitoyl-sn-glycero-3-
phosphatidylcholine (di-C16:0); DPPE 1,2-dipalmitoyl-sn-glycero-3-phosphatidylethanolamine (di-C16:0);
DOPC 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (di-C18:1,cis); DOPE 1,2-dioleoyl-sn-glycero-3-
phosphatidylethanolamine (di-C18:1,cis); POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine
(C16:0,C18:1,cis); DLPC 1,2-dilauroyl-sn-glycero-3-phosphocholine.
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Figure 9. Effect of temperature (left) and pressure (at 7 = 30 °C) (right) on the partial lipid volume V; of
DMPC bilayers as obtained from densimetric measurements. The gel-to-gel (Lg to Pg,) and gel-to-fluid (L)
lamellar phase transitions appear at temperatures 7, and T,,,, respectively.

volume change in course of the Lg-to-Py transition. The main transition at 7, = 23.9 °C for
this phospholipid is accompanied by a pronounced 3% change in volume, which is mainly due
to changes of the chain cross-sectional area, because the chain disorder increases drastically at
the transition. The compression of the bilayer as a whole is anisotropic, lateral shrinking being
accompanied by a increase in thickness due to a straightening of the acyl-chains. Figure 9 ex-
hibits the pressure dependence of V| at a temperature above 7,,; e.g., 30 °C. Increasing pressure
triggers the phase transformation from the L, to the gel phase, as can be seen from the rather
abrupt decrease of the lipid volume at 27 MPa. The volume change, AV,,, at the main transition
decreases slightly with increasing temperature and pressure along the main transition line.

Biological lipid membranes can also melt. Typically, such melting transitions are found
about 10 °C below body or growth temperatures. It seems that biological membranes adapt their
lipid compositions such that the temperature distance to the melting transition is maintained.
The same may hold true for adaptation to high-pressure conditions. Hence it is likely that such
behavior serves a purpose in the biological cell. In lipid bilayers the fluctuations in enthalpy,
volume, and area are higher close to the melting transition. High enthalpy fluctuations lead to
high heat capacity, high volume fluctuations lead to high volume compressibility, and high area
fluctuations lead to a high area compressibility. In turn, area fluctuations lead to fluctuations in
curvature and bending elasticity. These properties may be required for optimal physiological
function.

A common slope of ~0.22 °C MPa~! has been observed for the gel-fluid phase boundary
of saturated phosphatidylcholines as shown in Figure 10 (Winter 2001; Winter et al. 2000,
2004). Assuming the validity of the Clapeyron relation describing first-order phase transitions
for this quasi-one-component lipid system, d7,,/dP = T,AV,(T,, P)/AH,(T,, P), the positive
slope can be explained by an endothermic enthalpy change, AH,,, and a partial molar volume
increase, AV,,, for the gel-to-fluid transition, which have indeed been determined in direct
thermodynamic measurements (Seeman et al. 2003; Janosch et al. 2004; Krivanek et al. 2008).
The transition enthalpy at atmospheric pressure is about 36 kJ mol™!, for DPPC at ambient
pressure and decreases slightly with pressure; (dAH,,/dP) = —0.034 kJ mol~! MPa~! (Potekhin
et al. 2008). As dAH, /dP = -T,(dAV,/dT)p + ACp,(dT,/dP), the drop of enthalpy change
with pressure evidences a significant difference in the coefficients of thermal expansion of the
two phases. Similarly, AV,, decreases linearly with increasing pressure (from 22.9 cm?® mol™!
at 0.1 MPa to ~13 cm® mol~" at 200 MPa, i.e., dAV,,/dP = —0.0493 cm>® mol~' MPa~!; Potekhin
et al. 2008). According to dAV,/dP = (dAV,/dP); + (dAV,/dT)(dT,/dP), this decrease is due
to the significant difference in the lipid compressibility coefficients in the fluid and gel phase,
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Figure 10. 7-P phase diagram for the main (chain-melting) transition of different phospholipid bilayer
systems. The fluid-like (liquid-crystalline) L,-phase is observed in the low-pressure, high-temperature
region of the phase diagram; the ordered gel phase regions appear at low temperatures and high pressures,
respectively. The gel-to-fluid transition lines of the phosphatidylcholines are drawn as solid lines, those of
the phospholipids with different headgroups as dashed lines. The lengths and degree of unsaturation of the
acyl-chains of the various phospholipids are denoted on the right-hand side of the figure. See footnote on
page 623 for abbreviations.

respectively. The transition half-width (AT,,,), which can be estimated as the ratio of the
calorimetric peak area AH,, ., to its amplitude Cp ., can be determined from the van’t Hoff
enthalpy change by using AH,, iy = 4RT,2Cp 0/ AH,, c = 4RT, /AT, 1. The transition half-
width does not change with pressure, and the average number of lipid molecules (N = AH,,, ..,/
AH,, ;) comprising the coooperative unit NV of the transition grows slightly with the increase of
pressure and temperature.

Similar transition slopes have been determined for the mono-cis-unsaturated lipid POPC,
the phosphatidylserine DMPS, and the phosphatidylethanolamine DPPE. Only the slopes of the
di-cis-unsaturated lipids DOPC and DOPE have been found to be markedly smaller. The two
cis-double bonds of DOPC and DOPE lead to very low transition temperatures and slopes, as
they impose kinks in the linear conformations of the lipid acyl-chains, thus creating significant
free volume fluctuations in the bilayer so that the ordering effect of high pressure is reduced.
Hence, in order to remain in a physiologically relevant, fluid-like state at high pressures, more
of such cis-unsaturated lipids are incorporated into cellular membranes of deep-sea organisms,
another example of homeoviscous adaptation (Yayanos 1986; Behan et al. 1992). For example,
the ratio of unsaturated to saturated fatty acids of the piezophilic deep-sea bacterium CNPT3
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is linearly dependent on the hydrostatic pressure at which they were cultivated (DeLong et al.
1985). The unsaturated to saturated ratio increases from 1.9 at ambient pressure up to about 3
at 69 MPa at 2 °C.

As seen in Figure 10, pressure generally increases the order of membranes, thus mimick-
ing the effect of cooling. But we note that applying high pressure can lead to the formation of
additional ordered phases, which are not observed under ambient pressure conditions, such as a
partially interdigitated high pressure gel phase, Lg;, found for phospholipid bilayers with acyl-
chain lengths ~ C;¢ (Landwehr et al. 1994a, b; Hammouda et al. 1997). To illustrate this phase
variety, the results of a detailed small-angle X-ray and neutron scattering and FTIR spectros-
copy study of the P-T phase diagram of DPPC in excess water are shown in Figure 11. At much
higher pressures as shown here, even further ordered gel phases appear, differing in the tilt angle
of the acyl-chains and the level of hydration in the headgroup area. Even at pressures where the
bulk water freezes, the lamellar structure of the membrane is preserved (Czeslik et al. 1998).

Lipid mixtures, cholesterol, and peptides

To increase the level of complexity, 7-P phase diagrams of binary mixtures of saturated
phospholipids have been determined as well (Winter et al. 1999a,b,c, 2000, 2004; Winter 2001).
They are typically characterized by lamellar gel phases at low temperatures, a lamellar fluid
phase at high temperatures, and an intermediate fluid-gel coexistence region (Fig. 12). The
narrow fluid-gel coexistence region in the DMPC(di-C,,)-DPPC(di-Cy4) system indicates a
nearly ideal mixing behavior of the two components (isomorphous system). In comparison,
the coexistence region in the DMPC(di-C,4)-DSPC(di-C;g) system is broader and reveals
pronounced deviations from ideality. As seen in Figure 12, with increasing pressure the gel-
fluid coexistence region of the binary lipid systems is shifted toward higher temperatures. A
shift of about 0.22 C MPa™! is observed, similar to the slope of the gel-fluid transition line of
the pure lipid components (Landwehr et al. 1994a, b; Winter et al. 2000, 2004; Winter 2001).

Membranes also contain other (macro)molecules, such as cholesterol and peptides. Cho-
lesterol (Chol) thickens liquid-crystalline bilayers and increases the packing density of the lipid
acyl-chains in a way that has been referred to as “condensing effect” (Jorgensen et al. 1995;
Seemann et al. 2003; Krivanek et al. 2008). An increase in pressure up to the 100 MPa range is
much less effective in suppressing water permeability than cholesterol embedded in fluid DPPC
bilayers at high concentration levels. It has been shown that sterols can efficiently regulate the
structure, motional freedom, and hydrophobicity of lipid membranes, so that they can withstand
even drastic changes in environmental conditions, such as in external pressure and temperature.

Membrane proteins can constitute about 30% of the entire protein content of a cell and act
as various anchors, enzymes, or transporters on, within, and traversing the lipid environment.
Membrane lipids and proteins influence each other directly as a result of their biochemical
nature and in reaction to environmental changes. Pressure studies on this interaction, however,
are still scarce. One example is the channel peptide gramicidin D (GD) on the structure and
phase behavior of phospholipid bilayers (Zein et al. 2000; Eisenblatter et al. 2005). Gramicidin
is polymorphic, being able to adopt a range of structures with different topologies. Common
forms are the dimeric single-stranded right-handed B®3-helix with a length of 24 A, and the
antiparallel double-stranded B>%-helix, being approximately 32 A long. For comparison, the
hydrophobic fluid bilayer thickness is about 30 A for DPPC bilayers, and the hydrophobic
thickness of the gel phases is larger by 4-5 A. Depending on the gramicidin concentration,
significant changes of the lipid bilayer structure and phase behavior were observed. These
changes include disappearance of certain gel phases formed by the pure DPPC system, and
the formation of broad two-phase coexistence regions at higher gramicidin concentrations
(Fig. 11b). Likewise, the lipid environment influences peptide conformation. Depending on
the phase state and lipid acyl-chain length, gramicidin adopts at least two different types of
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Figure 11. a) T-P phase diagram of DPPC bilayers in excess water. Besides the Gel 1 (Pg), Gel 2 (Lg) and
Gel 3 phase, an additional crystalline gel phase (L.) can be induced in the low-temperature regime after
prolonged cooling, which is not shown here. b) Phase diagram of DPPC-gramicidin D (GD) (5 mol%) in
excess water as obtained from diffraction and spectroscopic data. The inset shows a schematic view of the
helical dimer (HD) and double helix (DH) conformation of GD.
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Figure 12. 7-P-X phase diagram of equimolar DMPC/DPPC (di-C,,/di-C;) and DMPC/DSPC (di-C,4/di-
C,g) multi-lamellar vesicles in excess water. x is the weight fraction of lipid.

quaternary structures in the bilayer environment, a double helical pore (DH) and a helical
dimer channel (HD; inset Fig. 11b). When the bilayer thickness changes at the gel-to-fluid
main phase transition of DPPC, the conformational equilibrium of the peptide also changes
(Zein et al. 2000). Hence, not only the lipid bilayer structure and 7-P-dependent phase behavior
drastically depends on the polypeptide concentration, but also the peptide conformation (and
hence function) can be significantly influenced by the lipid environment. No pressure-induced
unfolding of the polypeptide is observed up to 1.0 GPa. For large integral and peripheral
proteins, however, pressure-induced changes in the physical state of the membrane may lead to
a weakening of protein-lipid interactions as well as to protein dissociation.

Studies were also carried out on the phase behavior of cholesterol containing ternary lipid
mixtures, generally containing an unsaturated lipid like a phosphatidylcholine and a saturated
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lipid-like sphingomyelin (SM) or DPPC. Such lipid systems are supposed to mimic distinct
liquid-ordered lipid regions, called “rafts,” which also seem to be present in cell membranes
and are thought to be important for cellular functions such as signal transduction and the
sorting and transport of lipids and proteins (Munro 2003; Janosch et al. 2004; Nicolini et al.
2005, 2006; Jeworrek et al. 2008; Weise et al. 2009; Kapoor et al. 2012a,b). Lipid domain
formation can be influenced by temperature, pH, calcium ions, protein adsorption, and may be
expected to change upon pressurization as well. Recently, we determined the liquid-disordered/
liquid-ordered (14/1,) phase coexistence region of canonical model raft mixtures such as POPC/
SM/Chol (1:1:1), which extends over a rather wide temperature range. An overall fluid phase
without domains is only reached at temperatures above ~50 °C (Nicolini et al. 2006). Upon
pressurization at ambient temperatures (20-40 °C), an overall (liquid- and solid-) ordered state
is reached at pressures of about 100-200 MPa. A similar behavior has been observed for the
model raft mixture DOPC/DPPC/Chol (1:2:1; Fig. 13; Kapoor et al. 2012a, b).

Interestingly, in this pressure range of ~200 MPa, cessation of membrane protein function
in natural membrane environments has been observed for a variety of systems (De Smedt et
al. 1979; Chong et al. 1985; Kato et al. 2002; Ulmer et al. 2002; Powalska et al. 2007; Linke
et al. 2008; Periasamy et al. 2009), which might be related to the membrane matrix reaching a
physiologically unacceptable overall ordered state at these pressures. Moreover, many bacteria
have been shown to completely lose their biologically relevant activity at these pressures.

Nonlamellar lipid phases

For a series of lipid molecules, nonlamellar lyotropic phases, such as inverse bicontinu-
ous cubic (Qy) or hexagonal (Hy) phases, are observed as thermodynamically stable phases or
as long-lived metastable phases (Seddon et al. 1993; Winter et al. 2000, 2004; Winter 2001;
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Figure 13. 7-P phase diagram of the ternary lipid mixture DOPC/DPPC/Chol (1:2:1) in excess water
as obtained from FTIR spectroscopy (e) and small-angle X-ray scattering (A) data. The 14+, two-phase
coexistence region is marked in grey and depicted schematically in the adjacent drawing. The liquid
disordered phase is represented by 1;, whereas 1, and s, are the liquid and solid ordered phases, respectively.



High-Pressure Biochemistry & Biophysics 629

Fig. 8). Lipids, which can adopt a hexagonal phase, are present at substantial levels in biological
membranes, usually with at least 30 mol% of the total lipid content. Fundamental metazoan cell
processes, such as endo- and exocytosis, fat digestion, membrane budding, and fusion, involve a
rearrangement of biological membranes, where such nonlamellar highly curved lipid structures
are probably involved, but probably also static cubic structures (cubic membranes) occur in
biological cells. The cubic lipid phases are mostly bicontinuous unilamellar lipid bilayer phases
with periodic three-dimensional order.

In recent years, the temperature- and pressure-dependent structure and phase behavior of
series of phospholipid systems, including phospholipid/fatty acid mixtures (e.g., DLPC/LA,
DMPC/MA, DPPC/PA) and monoaclyglycerides (MO, ME), exhibiting nonlamellar phases
have been studied (Erbes et al. 1996; Templer et al. 1998; Winter et al. 1999a,b,c, 2000, 2004).
Contrary to DOPC which shows a lamellar Lg-to-L,, transition (Fig. 10), the corresponding lipid
DOPE with ethanolamine as (smaller) headgroup exhibits an additional phase transition from
the lamellar L, to the nonlamellar, inverse hexagonal Hy phase at high temperatures (Fig. 14).
As pressure forces a closer packing of the lipid chains, which results in a decreased number of
gauche bonds and kinks in the chains, both transition temperatures, of the Ly-L,, and the L,-Hy
transition, increase with increasing pressure. The L,-Hy transition observed in DOPE/water and
also in egg-PE/water (egg-PE is a natural mixture of different phosphatidylethanolamines) is the
most pressure-sensitive lyotropic lipid phase transition found to date (d7/dP ~ 0.40 °C-MPa™).
The reason why this transition has such a strong pressure dependence is the strong P dependence
of the chain length and volume of its cis-unsaturated chains. Generally, at sufficiently high
pressures, hexagonal and cubic lipid mesophases give way to lamellar structures as they exhibit
smaller partial lipid volumes. Interestingly, in these systems inverse cubic phases Q;° and Q"
can be induced in the region of the L,-Hy transition by subjecting the sample to extensive
temperature or pressure cycles across the phase transition. It has been shown that for conditions,
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Figure 14. 7-P phase diagram of DOPE in excess water. Lipid phases: Ly, lamellar gel; L, lamellar liquid-
crystalline (fluid-like), and Hy; inverse hexagonal.
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which favor a spontaneous curvature of a lipid monolayer that is not too high, the topology of an
inverse bicontinuous cubic phase (Fig. 8) can have a similar or even lower free energy than the
lamellar or inverse hexagonal phase, as the cubic phases are characterized by a low curvature
free energy and do not suffer the extreme chain packing stress predominant in the Hy-phase.

Biological and reconstituted membranes

It has generally been observed that at sufficiently high pressures of several hundred
MPa, membrane protein function ceases, and integral and peripheral proteins may even
become detached from the membrane when its bilayer is sufficiently ordered by pressure, and
depolymerization of cytoskeletal proteins may be involved as well. In a detailed study, the
influence of hydrostatic pressure on the activity of Na*, K*-ATPase enriched in the plasma
membrane from rabbit kidney outer medulla was studied using a kinetic assay that couples
ATP hydrolysis to NADH oxidation. The data shown in Figure 15 reveal that the activity, &,
of Na*, K*-ATPase is inhibited by pressures below 200 MPa. The plot of Ink vs. P revealed
an apparent activation volume of the pressure-induced inhibition reaction which amounts
to AV# = 47 mL mol~'. At higher pressures, exceeding 200 MPa, the enzyme is inactivated
irreversibly in agreement with literature data (De Smedt et al. 1979; Chong et al. 1985). Kato et
al. (2002) suggested that the activity of the enzyme shows at least three step changes induced by
pressure: at pressures below and around 100 MPa, a decrease in the fluidity of the lipid bilayer
and a reversible conformational change in the transmembrane protein is induced, leading to
functional disorder of the membrane associated ATPase activity. Pressures of 100-200 MPa
cause a reversible phase transition and the dissociation or conformational changes in the protein
subunits, and pressures higher that 220 MPa irreversibly destroy the membrane structure due to
protein unfolding and interface separation. To be able to explore the effect of the lipid matrix
on the enzyme activity, the Na*, K*-ATPase was also reconstituted into various lipid bilayer
systems of different chain length, configuration, phase state and heterogeneity including model
raft mixtures. In the low-pressure region, around 10 MPa, a significant increase of the activity
was observed for the enzyme reconstituted into DMPC and DOPC bilayers. It was found that
the enzyme activity decreases upon further compression, reaching zero activity around 200
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Figure 15. Activity & (in arbitrary units) of Na*, K*-ATPase — as measured using an enzymatic assay — at

selected pressures and 7 = 37 °C. The free energy of hydrolysis of one ATP molecule is converted to uphill
transport by actively transporting 3 Na* ions out of and 2 K* into the cell.
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MPa for all reconstituted systems measured, similar to the natural system. A similar behavior
has been found for the chloroplast ATP-synthase (Souza et al. 2004).

The effect of pressure was also determined for the HorA activity of the bacterium
Lactobacillus plantarum (Ulmer et al. 2002), an ATP-dependent multi-drug-resistance
transporter of the ABC family. Changes were determined in the membrane composition of
L. plantarum induced by different growth temperatures and their effect on the pressure
inactivation, and a temperature-pressure phase diagram was constructed for the L. plantarum
membranes that could be correlated with the respective kinetics of high-pressure inactivation.
Upon pressure-induced transitions to rigid (e.g., gel-like) membrane structures at pressures
around 50-150 MPa for temperatures between 20 and 37 °C, fast inactivation of HorA was
observed.

The effect of pressure and the influence of the lipid matrix on lipid-protein interactions was
also studied for the multidrug resistance protein LmrA, which was expressed in the bacterium
Lactococcus lactis and functionally reconstituted in different model membrane systems
(Periasamy et al. 2009). The membrane systems were composed of DMPC, DOPC, DMPC+10
mol% Chol, and the model raft mixture DOPC:DPPC:Chol (1:2:1). Teichert (2008) showed that
a sharp pressure-induced fluid-to-gel phase transition without the possibility for lipid sorting,
such as in DMPC bilayers, has a drastic inhibitory effect on the LmrA activity. As inferred from
the experiments performed so far, inactivation of membrane protein function upon entering a
rigid gel-like (solid-ordered) membranous state seems to be a rather common phenomenon.
Otherwise, an overall fluid-like membrane phase over the whole pressure range covered, with
suitable hydrophobic matching, such as for DOPC, prevents the membrane protein from total
high-pressure inactivation even up to 200 MPa. Also the systems exhibiting thicker membranes
with higher lipid order parameters, such as DMPC/10 mol% Chol and the model raft mixture,
show remarkable pressure stabilities. The results also revealed that an efficient packing with
optimal lipid adjustment to prevent (also pressure-induced) hydrophobic mismatch might be a
particular prerequisite for the homodimer formation, and hence function of LmrA.

Recently, high-pressure-induced dimer dissociation of membrane proteins in vivo
was studied using the ToxR inner membrane-spanning transcription factor present in some
piezosensitive and piezophilic bacteria. Analyses of ToxR derived from the mesophilic
bacterium Vibrio cholerae were carried out by introducing protein variants in Escherichia coli
reporter strains carrying a ToxR activatable reporter gene fusion. Dimerization ceased at 20
to 50 MPa, depending on the nature of the transmembrane segment rather than as a result of
changes in the pressure-induced lipid bilayer environment (Linke et al. 2008). Similar results
were also obtained for ToxR derived from the piezophilic deep-sea bacterium Photobacterium
profundum strain SS9 in both E. coli and SS9 backgrounds (Linke et al. 2009).

Relevance of lipid biophysics for deep carbon

The biophysical results discussed above demonstrate that organisms are able to modulate
the physical state of their membranes in response to pressure and temparature changes in
the external environment by regulating the fractions of the various lipids in a cell membrane
differing in chain length, chain unsaturation, or headgroup structure (“homeoviscous
adaption”). Moreover, they have further means to regulate membrane fluidity, such as
by changing the membrane concentration of their sterols and by a lateral redistribution of
their various lipid components and domains. In fact, several studies have demonstrated that
membranes are significantly more fluid in barophilic and/or psychrophilic species, which is
principally a consequence of an increase in the unsaturated to saturated lipid ratio. It needs
to be emphasized that, similar to the case for proteins, the effects of cold temperatures and
pressure are the same, whereas adaptation to high temperature conditions induces a reduction
of the degree of unsaturated lipids.
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Archaea also contain a significant fraction of tetraether lipids in their membranes (Hanford
and Peeples 2002). The pressure behavior of these lipids, in which the aliphatic chains are
connected to the glycerol backbone via ether bonds instead of ester linkages, remains to be
elucidated. Further research into the effects of pressure on protein-lipid interactions and their
consequences for membrane protein activity is required.

HIGH-PRESSURE MICROBIOLOGY AND BIOCHEMICAL CYCLES

The oceans have an average depth of 3,800 m at a pressure of 38 MPa. Pressure increases
with depth at a rate of ~10 MPa km™ in the oceanic water column and in general about 20-
30 MPa km™! below sediments and hard-rocks. Deep-sea microbiology has its origins in the
pioneering expeditions in the 19" century by the French scientists Certes and Regnard, who
collected microbes from depths as great as 8,200 m. Certes actually performed some high-
pressure experiments on bacteria and both scientists concluded that the deep-sea microbes were
present in situ in a state of suspended animation (reviewed by Deming and Baross 2000). The
inspiring discovery of microbial populations preferentially active under deep-sea high-pressure
conditions was reported much later by ZoBell, his student Morita and others during the Danish
Galathea “Round the World” expedition of 1950-1952 (ZoBell and Morita 1959; Bartlett et al.
2008 and refs therein). ZoBell first introduced the concept of “piezophily” (termed “barophily”
in those early days) by comparing cell-density estimates of various physiological groups of
microbes incubated at atmospheric pressure and elevated pressure on mud samples from 5.8 km
off the coast of Bermuda. Even after the observational reports of ZoBell, the issue of whether
piezophiles actually existed was still debated until 1979 when Yayanos and his team succeeded
in obtaining and maintaining a pure culture of the piezophile that later came to be identified as
Psychromonas sp. CNPT-3 and then a few years later the obligate piezophile Colwellia sp. MT-
41 (Yayanos et al. 1979, 1981). Yayanos and colleagues then correlated the rates of piezophilic
growth with capture depth and explored several facets of piezophile lipid and protein adaptation
to high pressure (Delong and Yayanos 1985, 1986, 1987). Along the way Yayanos suggested the
formal name change for these organisms and their behavior from “barophile” to “piezophile,”
since the Greek term piezo is that associated for pressure (Yayanos 1995). For life forms existing
under high hydrostatic pressure conditions Jannash and Taylor (1984) defined the deep ocean as
those organisms living in oceanic water below 1000 m, i.e., under pressures higher than 10 MPa.
That concept was later extended to all high-pressure environments (Fig. 16), and now extends
to environments ranging from the cold and oligotroph deep ocean, to hydrothermal vents rich
in nutrients along spreading oceanic ridges, and subseafloor and subcontinental environments
with highly variable sources of energy and thermal gradients. Considering the very large extent
of the high-pressure biotopes identified to date, the deep biosphere could therefore represent
a largely “unseen majority” of life on Earth, perhaps constituting up to 30% of the total living
biomass, or even more (Whitman et al. 1998; Parkes et al. 2000). Although the upper limit of
such projections have been questioned recently (Kallmeyer et al. 2012; Colwell and D’Hondt
2013), the subseafloor remains potentially the largest ecosystem on Earth. These organisms
constitute an important and active cycling reservoir of carbon resources on Earth (D’Hondt et
al. 2002; Jgrgensen and D’Hondt 2006; Jgrgensen and Boetius 2007). They are also the most
difficult to access due to the technological challenges of drilling and working beneath hundreds
to thousand of meters of seawater (see Schrenk et al. 2010 for a detailed review).

‘Who’s down there?

Within the water column of ocean basins the groups of microbial species (more specifically
operational taxonomic units, OTUs) present at depth are distinct from those above them, and
conversely are more related to those OTUs from other deep-sea water masses, including across
ocean basins (Eloe et al. 2011a). Examples of highly abundant deep-living clades of marine
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Figure 16. Schematic cross-section of Earth’s subsurface highlighting the different deep biosphere settings
(not to scale). 1: deep sea; 2: deep-sea hydrothermal vents; 3: oceanic crust; 4: sedimentary subseafloor;
5: deep-sea cold seep; 6: continental crust. The red and blue lines represent the current temperature and
pressure limits for life, respectively. Solid lines highlight the parameter, which currently limits the depth of
the deep biosphere. The upper dashed red line symbolizes the 10 MPa arbitrarily defined upper limit of the
deep biosphere. [Used with permission of Elsevier, from Oger and Jebbar (2010), Research in Microbiology,
Vol. 161, Fig. 1, p. 800.]

microbes include the order Rhizobiales within the Alphaproteobacteria, SAR324 within the
Deltaproteobacteria, SAR406 within the Marine Group A, the phylum Thaumarchaea, the Group
II Euryarchaeota and basidiomycete fungi. Extending from the deep-sea pelagic environment
into the benthos microbial communities are highly stratified along narrow bands of redox
gradients (Nealson 1997). Relatively few microbiological studies have yet been performed on
sediments present at great depth, regardless of the combination of water depth or sediment
depth. Consortia of methane-oxidizing archaea and sulfate-reducing bacteria related to those
first reported in shallower cold-seep environments by others (Boetius 2000) have been recorded
at depths up to 7.4 km in the Japan Trench (Kato et al. 2008). Deep-sea hydrothermal vent
environments have long been proposed to provide a view into the deep subsurface biosphere
(Deming and Baross 1993; Colwell and D’Hondt 2013; Schrenk et al. 2013). These systems
harbor diverse microbial communities, existing over broad ranges of temperature and pH,
and responsible for extensive cycling of sulfur, hydrogen, and methane. The microbes range
from aerobic mesophiles to anaerobic hyperthermophiles (Jaeschke et al. 2012). The archaeal
domain dominates at the highest temperatures and lowest pHs still supporting life and include
both Euryarchaeota and Crenarchaeota. Within the bacteria Aquificales and members of the
Epsilonproteobacteria are often dominant. A useful examination of the genes and processes
present within these communities has been reported by Xie et al. (2011).

Cultured piezophilic isolates from deep biosphere locations provide useful resources for
investigations into the adaptations responsible for life at high pressure. Some of these studies
are described below, but much awaits the more detailed biophysical studies described in the
preceding sections of this chapter. To date all such isolates come from the deep sea.
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The psychrophilic and psychrotolerant piezophilic isolates obtained to date come from
deep-sea seawater, animal, and surficial sediment samples. Most of these microbes belong to
the five bacterial genera Colwellia, Moritella, Photobacterium, Psychromonas, and Shewanella
within the Gammaproteobacteria (Kato et al. 2008; Lauro and Bartlett 2008). Additional
microbes displaying modest degrees of high-pressure adaptation are represented by an anaerobic
sulfate-reducing member of the genus Desulfovibrio and one Gram-positive member of genus
Carnobacterium (e.g., see Table 7 in Orcutt et al. 2011 and Table 2 in Oger and Jebbar 2010).
More recently low-nutrient cultivation strategies have been used to isolate a slow-growing,
low-biomass producing obligate piezophile within the subphylum Alphaproteobacteria and the
genus Roseobacter (Eloe et al. 2011b). This latter isolate is likely to be much more representative
than others obtained to date of the bulk of deep-ocean heterotrophic life forms existing under
exceedingly low concentrations of organic carbon.

At the other end of the temperature scale adaptation to elevated pressure is also evident.
One dramatic example is strain CH1 isolated from hydrothermal vent smoker material collected
at a depth of 4,100 m on the Mid-Atlantic ridge (Zeng et al. 2009). Strain CH1 grows optimally
at 98 °C and 52 MPa and belongs to the genus Pyrococcus, within the Euryarchaeota lineage of
the archaea domain. It is the first obligately piezophilic and hyperthermophilic microorganism
known so far.

Genomic attributes at depth

Just as the communities of microbes present at depth are distinct from the microbial consortia
above them, so are their genes (Colwell and D’Hondt 2013). The relatively few metagenomics
studies of deep-sea microbial populations completed thus far have indicated much about the
selective pressures and metabolic pathways present in the pelagic portion of the deep, dark
biosphere (Eloe et al. 2011a). They have come from the North Pacific Gyre (4000 m depth), the
Mediterranean (3000 m depth), and the Puerto Rico Trench (6000 m depth). The results indicate
that the genome sizes of deep-sea microbes are substantially larger than those of their surface-
water counterparts. They typically possess larger intergenic distances, expanded regulatory
and signal transduction capacities, and diverse transport and metabolic pathways. Examples of
expanded transcriptional regulation include alternative sigma factors such as the RpoE sigma
factor that has been shown to play a role in growth at low temperature and high pressure.
Examples of the expanded signal transduction capabilities are the PAS domain-containing
proteins that function as internal sensors of redox potential. The transporters (especially within
the Puerto Rico Trench) include many associated with heavy metal resistance. A few highlights
of the expanded metabolic capabilities are the overabundance of aerobic carbon monoxide (CO)
oxidation, as well as oxidative carbohydrate metabolic components for butanoate, glyoxylate,
and dicarboxylate metabolism. In addition to considering the over-represented genes, one
category of genes is dramatically under represented in the deep-sea genomes. Gene products
associated with light-driven processes, including photosynthesis, rhodopsin photoproteins, and
photorepair of DNA damage are largely absent from dark deep-oceanic environments.

The most thoroughly studied genome of a deep-sea bacterium is that belonging to the
moderate piezophile P. profundum species strain SS9. SS9 is a deep-sea Gammaproteobacterium
growing over a wide range of pressures (0.1-90 MPa, pressure optimum of 28 MPa) and
temperatures (2-20 °C). Its ability to grow as colonies at atmospheric pressure has enabled the
development of a limited set of genetic tools for complementation analysis, in-frame deletion
construction, reporter gene usage and transposon mutagenesis. The P. profundum SS9 genome
consists of two chromosomes of 4.1 and 2.2 Mbp in size along with a 80 kbp plasmid. The P.
profundum SS9 genome encodes 15 rRNA operons, which is the highest number known for any
bacterial species. The high number of rRNA operons is thought to enable P. profundum SS9
to rapidly adapt to changing environmental conditions, perhaps reflecting a feast and famine
existence associated with sporadic and variable nutrient fluxes into its bathyal environment.
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One of the best studied adaptations of deep-sea piezophiles such as strain SS9 is their
need to counteract the compression effect of high pressure on membrane physical structure
by producing high levels of unsaturated fatty acids. Many piezophiles produce not just high
levels of monounsaturated fatty acids but also omega-3 polyunsaturated fatty acids (PUFAs)
using a biosynthetic process related to that of polyketide antibiotics. The importance of
unsaturated fatty acids to growth at high pressure has been demonstrated, although the relative
importance of mono- and poly-unsaturated fatty acid varies among species. Genetic and fatty
acid supplementation experiments have demonstrated the critical role of the monounsaturated
fatty acids, and the dispensable role of the PUFA eicosapentaenoic acid (EPA), in high-pressure
growth of P. profundum SS9 (Allen et al. 1999; Allen and Bartlett 2000). However, in the case of
the piezophile Shewanella violacea DSS12, genetic and phospholipid feeding experiments have
clearly demonstrated the requirement for EPA in the high-pressure growth and cell division of
this species (Kawamoto et al. 2011). The basis for the difference in fatty acid needs at high
pressure between the two species is unknown but could relate to differences in physiology,
fermentation versus respiration, and resulting lipid-protein interactions.

Insight into additional nonessential genes important for the growth of SS9 at depth was
obtained following transposon mutagenesis and screening for cells with growth defects at
either low temperature or elevated pressure. Many of the genes influencing low-temperature
and high-pressure growth were involved in signal transduction and adaptation. Genes for
ribosome assembly and function were found to also be important for both low-temperature
and high-pressure growth. The largest fraction of loci specific to cold sensitivity were involved
in the biosynthesis of extracellular polysaccharide. The largest fraction of loci associated with
pressure sensitivity were involved in chromosomal structure and function.

The connection between pressure and chromosome function, specifically DNA replication,
was further studied. Transposon insertions into the genes encoding DiaA, a positive regulator,
and SeqA, a negative regulator, of the initiation of DNA replication displayed opposite
phenotypes. diaA mutants were pressure sensitive and segA mutants were high-pressure growth
enhanced. These SS9 genes were found to restore DNA replication synchrony in E. coli strains
lacking homologous gene function. In addition, overproduction of the SS9 SeqA protein in SS9
converted this strain into a piezosensitive species. These results indicate that the activation of
DNA replication in SS9 is hypersensitive to the influence of pressure and more specifically that
the ratio of the activities of DiaA and SeqA effectively tune the pressure-growth characteristics
of the cells.

Genetic investigations in SS9 have also uncovered another complex system that displays
adaptation to elevated pressure. Flagellar motility is one of the most pressure-sensitive cellular
processes in mesophilic bacteria. The SS9 genome contains two flagellar gene clusters: a
polar flagellum gene cluster (PF) and a putative lateral flagellum gene cluster (LF). Mutants
bearing in-frame deletions of the PF flagellin or motor protein genes are defective in motility
under all conditions. However, deletion mutants in the LF flagellin or motor protein genes are
defective only under conditions of high pressure and high viscosity, conditions that also induce
LF gene expression. Direct swimming velocity measurements obtained using a high-pressure
microscopic chamber (http://bartlettlab.ucsd.edu/Motility_at_HP.html) indicated that elevated
pressure strongly represses the motility of the mesophile E. coli, turning off all motility by 50
MPa, and produces a gradual reduction in swimming speed for the piezotolerant P. profundum
strain 3TCK, which was capable of some movement up to 120 MPa, while strain SS9 actually
increased swimming velocity up to 30 MPa, and maintained motility up to a maximum pressure
of 150 MPa, well above the known upper pressure limit for life. These results indicate the
evolution of pressure-optimized motility systems in the piezophile P. profundum SS9, a feature
that presumably extends to all motile deep-sea microbes. The mechanisms responsible for this
piezo-adaptation are unknown.
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Metabolism: organic matter, energy and nutrients

Microbial populations and their metabolic activities rely on substrate diversity and
availability. Understanding such metabolic cycles is central to understanding carbon cycling
by the deep biosphere. Although it has been sometimes asserted that the deep subseafloor
microbial cells could be mostly dormant or even dead, both field and experimental studies
(Price and Sowers 2004; Morono et al. 2011) have now shown that deep life is able to proceed,
although in extreme slow motion, with a mean metabolic rate four orders of magnitude slower
than at the surface (D’Hondt et al. 2002; Jgrgensen and D’Hondt 2006), leading to generation
times of subseafloor communities that range between only a few hours to thousands of years
under nutrient- and/or energy limited conditions (Fig. 17).

The proliferation of subsurface life requires the availability of organic matter that derives
in such dark environments from the deposition of terrigeneous sediments along the margins, in
some cases from primary productivity in overlying surface waters or at hydrothermal vents, and
importantly from recycling the microbial necromass over timescales of hundreds to thousands
of years (Lomstein et al. 2012).

Other studies show that microorganisms operate extremely efficient catabolic systems and
they may not necessarily inhabit only the most apparently favorable environments. It has been
suggested that as little as —4.5 kJ mol™! of free energy supply could support bacterial growth,
and that bacterial metabolism can proceed near equilibrium in syntrophic associations (Jackson
and MclInerney 2002). In the deep-sea water column that is mostly oxic, aerobic respiration will
dominate. Below the seafloor, oxygen becomes rapidly depleted within the sediments and other
electron terminal acceptors, including nitrate and sulfate are utilized by facultative and obligate
microorganisms for metabolism. Within the oxic oligotrophic sediments, the activity is generally
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Figure 17. Metabolic rates and turnover times of natural communities of microorganisms. Blue indicates
nutrient-rich environments. Red indicates nutrient starved environments such as subsurface sediments. Left
axis shows metabolized organic carbon per cell carbon per unit time. Right axis shows the corresponding
turnover time of cell carbon, approximately corresponding to minimum potential generation times. [Used
with permission of the US National Academy of Sciences, from Jgrgensen (2011), Proceedings of the
National Academy of Sciences USA, Vol. 108, Fig. 1, p. 18193.]
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low but it may increase by several orders of magnitude depending on the lithology (Picard and
Ferdelman 2011). Under the deeper anoxic conditions, the terminal electron acceptors are used
in sequential series, according to the free energy yield of the redox reactions, starting from
nitrate reduction and denitrification, to dissimilatory Mn(IV) and Fe(IIl) reduction, to sulfate
reduction and finally to methanogenesis, which is of primary importance to the DCO Deep Life
mission (Fang and Bazylinski 2008). This activity is even lower but is stimulated at solid-fluid
interfaces (D’Hondt et al. 2002; Parkes et al. 2005).

Metabolic activity of model piezosensitive microorganisms has been investigated
under high-pressure conditions, including the yeast Saccharomyces cerevisiae for which the
physiological response to high pressure is known as the best characterized eukaryotic cell
(Fernandes 2005; Abe 2007). Although alcoholic fermentation was predicted to stop at 50 MPa
due to inactivation of the enzyme phosphofructokinase as the cytoplasm becomes too acid,
experiments showed that the fermentation continues to 87 + 7 MPa. At 10 MPa, both the rate
and the yield of ethanol production are enhanced, showing that pressure-enhanced catabolism
might not be specific to piezophiles (Picard et al. 2007). Dissimilatory Se(IV) and Fe(III)
reduction by the model bacterium Shewanella oneidensis MR-1 has also been investigated as
a function of hydrostatic pressure. The catabolic activity of the piezosensitive S. oneidensis
extends well beyond its anabolic limits (Picard et al. 2011, 2012), suggesting that piezosensitive
strains could potentially ensure their maintenance in most of the deep subsurface environments
at moderate pressures of 40-50 MPa.

ACQUISITION OF RESISTANCE TO GIGAPASCAL PRESSURES

Exploring extreme pressure limits for life

Although this topic falls out with any census of life relevant to the carbon cycle on Earth,
it is important to examine and understand the ultimate limits for survival and adaptation of
organisms to the most extreme conditions of high P, T, and chemical environments. Those
studies are then relevant to the existence and origin of life on Earth as well as elsewhere in the
universe, as well as for practical applications including food technology and bio-nanomaterials
fabrication. Based on the results of biochemical/biophysical research combined with the
growing body of information on the pressure limits of the integrity of cell membranes, proteins,
and intracellular apparatus, it was thought until relatively recently that most organisms could
not survive beyond approximately ~120 MPa (Zeng et al. 2009). Industrial processing units
for Pascalization treatments typically operate at between 200-300 MPa for flow systems, or up
to an upper limit around 500-700 MPa for batch conditions, depending on the organisms and
biochemical conditions targeted. In this section we will discuss recent work on the evolution of
organisms resistant to pressures that are far beyond the pressure limits currently experienced
by organisms on Earth.

In 2002, researchers from the Geophysical Laboratory in Washington DC reported a
remarkable result that samples of E. coli and S. oneidensis showed signs of metabolic activity
at pressures extending into the GPa range (1.4-1.7 GPa), mainly based on in situ Raman
spectroscopic investigations of product/reactant ratios (Sharma et al. 2002). However, that result
received immediate criticism, questioning both the results and their interpretations (Yayanos
2002). One of the criteria that Sharma et al. (2002) used for survivability was formate oxidation.
Formate oxidation is a metabolic reaction that is vital for bacteria and it is also quite easy to
detect using spectroscopy. The main problem, however, is that this reaction can also occur even
if the cells are not viable; i.e., if they are inactivated by death or dormancy. Studies have shown
that this reaction can occur in purified enzyme solutions; therefore, it is not considered by the
microbiological community as a satisfactory indicator of the presence of a living cell.
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More recently a directed evolution study of E. coli confirmed that microbes can in fact adapt
and survive to at least 2 GPa (Vanlint et al. 2011; Fig. 18). That work subjected a strain of E.
coli to progressively higher pressures extending into the GPa range. Following decompression,
the survivors were recovered and allowed to form colonies and their pressure resistance was
examined. Using this technique, Vanlint et al. (2011) could identify clones that had a pressure
resistance extending up to at least 2 GPa, greatly exceeding that of the parent strain that became
extinct above 700 MPa.

Kish et al. (2012) recently published results suggesting that high-pressure tolerance is
due to mechanical properties of the cell, including cell envelope structure and intracellular
salts. This study is the first to investigate the role of these intracellular salts in both Gram-
negative E. coli MG1655, Chromohalobacter salexigens and Gram-positive (Deinococcus
radiodurans R1) and archaea (Halobacterium salinarum NRC-1) bacterial strains. The strains
were subjected to pressures up to 400 MPa and the authors concluded that even without
directed evolution bacterial strains can acquire piezo-resistance from adaptations to other
environmental factors.
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Figure 18. Directed evolution of E. coli K-12 MG1655 toward high pressure (ambient temperature). [Used
with permission of American Society for Microbiology from Vanlint et al. (2011), mBio, Vol. 2, Fig. 1, p. 2.]

Acquisition of gigapascal pressure resistance by higher organisms

Such studies of extreme pressure resistance have not been limited to unicellular organisms,
and the survival of several dehydrated biological systems to pressures of 7.5 GPa has been
investigated. These mainly plant- or animal-related organisms are subjected to high pressure
in a fully dehydrated state, in which they are metabolically inactive. They are then observed
to recover relatively well after their exposure to the extreme hyperbaric conditions, following
decompression to ambient P and rehydration over periods of time extending up to a few days.
Table 1 summarizes such studies on pressure resistance of multicellular systems carried out to
date. A similar observation has been made for temperature survival in the case of Milnesium
tardigradum, a small invertebrate animal that survives temperatures as low as —273 °C and
as high as +151 °C in its dehydrated state. The crux of these survival phenomena is the lack
of water in the system, and in this sense they are completely different from those reported on
microorganisms. Although these studies have been interpreted in terms of pressure-induced
selection, it is difficult to see how such a process could occur on a dehydrated and latent
system. Overall, this work emphasizes the role of water in the disruption of hydrated biological
structures at high pressure as outlined in the first part of this chapter.
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Table 1. Resistance of higher biological systems to GPa pressures.

Duration . -
. Survival and ability
Species Form of pressure Refs.
to develop
exposure (hr)
Milnesium whole 3 100% [1]
tardigradum cryptobiotic 6 100%
12 25%
24 0%
Artemia dried eggs <48 80-90% [2]
Ptychomitrium spores <48 80-90% [3]
<72 80%
144 32%
Venturiella sinensis spores <24 100% [4]
72 70-90%
144 ca. 4%
Trifolium lepens L. seeds 1 Germination of stems (leaves) [5]
<24 Germination of roots only

References: [1] Ono et al. (2008); [2] Minami et al. (2010), Ono et al. (2010); [3] Nishihira et al. (2010); [4] Ono et al.
(2009); [5] Ono et al. (2012)

Resistance to extreme shock pressures

Other remarkable survival stories concern the exposure of bacterial organisms to shock
conditions. Itis well known that impacts from comets and meteorites, including ejecta from other
planets as well as non-planetary bodies, have influenced the chemical evolution of Earth, and
investigations or speculations about these extra-solar bodies or remnants of early solar system
components have instigated theories of “panspermia” and possible origins of life elsewhere
in the universe with subsequent transportation to early Earth (Melosh 1988). Such theories
propose that primitive life forms extending to bacteria can survive in extreme environments,
such as those of interplanetary space, for a sufficient time for these life forms to become trapped
in debris (Fajardo-Cavazos et al. 2009), and then to be transported intact to Earth via a planetary
impact, meteor bombardment, or cometary interaction (Willis et al. 2006). Earth then provides
a hospitable habitat for those life forms to evolve and develop. Such organism survival studies
following shock impact have been examined experimentally.

Experiments on organic matter at hypervelocities have been conducted using light gas guns
on various broths, spores, and bacterial organisms from 1-8 GPa. These hypervelocity impacts
are integral to several hypotheses arising from origin-of-life questions. Experiments have now
tested several strains of bacteria, including Rhodococcus erythropolis, Bacillis subtilis, E. coli,
Enterococcus faecalis, and the eukaryote Zygosaccharomyces bailii at shock pressures (Burchell
et al. 2001, 2004; Hazell et al. 2010, 2009). In some experiments the bacteria are subjected to
shock pressures of up to 78 GPa and survive (Burchell et al. 2004). While the survival rates vary
between runs, these cells, whether in a broth or as a spore, show a resistance to the pressures
they have experienced. In addition to surviving these extreme shock pressures, the organisms
appear to exhibit subsequent growth and continued existence post pressure shock. However, to
date no truly systematic studies have been carried out, especially controlling the temperatures
achieved during the shock experiments.
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CONCLUSIONS

The early expeditions of the late 19th century revolutionized our awareness of life in
the deep sea, and Bridgman’s developments in high-pressure experimentation opened up the
possibility of exploring molecules and life at high pressure. As we come close to the centenary
of Bridgman’s pioneering observations on the pressure-induced unfolding of proteins, obligate
piezophiles have been isolated and the physical chemistry underlying pressure effects on
biomacromolecules have been largely elucidated, although intermolecular (e.g., protein-lipid)
interactions remain to be investigated in greater detail. Yet, the existence of diverse organisms
in extreme environments, some of which may display generation times of years to decades,
highlights the many challenges that remain in understanding life in high-pressure environments.
Physiological adaptation of microorganisms to high-pressure environments may also broaden
our understanding of the adaptation of organisms to other extreme conditions of pH, salinity,
and low temperatures (Kish et al. 2012), because organisms from extreme environments are
often exposed to multiple stressors: high pressure, low or high temperatures, low nutrient
concentrations, and more. Thus extremophiles may reveal elements of cellular evolution and
ultimately provide greater insight on the origins of life (Daniel et al. 2006). Studies of life
at extreme conditions also hold the potential for technological advances; for example, by the
discovery of new molecules that hold the potential to cure human diseases (Wilson and Brimble
2009; Lutz and Falkowski 2012). The use of advanced technologies, such as neutron scattering,
proteomics, and genomics, will enable us to probe even more complex systems, and directed
evolution in the lab will allow us to interrogate the cellular response to high pressure. There is a
bright future for high-pressure biophysics and microbiology that will lead to an understanding
of the evolution and adaptation of cells and their macromolecules to high pressure. Moreover,
given the spatial magnitude of pressure-affected environments, it is possible that a significant
portion of the global organic carbon produced on Earth is mediated by pressure-affected
microbial communities.

ACKNOWLEDGMENTS

Work in PFMs group at UCL is supported by funding from the Leverhulme Trust (UK)
and the Deep Life directorate of the Deep Carbon Observatory of the Sloan Foundation
(USA) through a block grant to East Carolina State University. Work in DHB’s laboratory is
supported by funding from the National Science Foundation, the National Aeronautics and
Space Administration, the Prince Albert II Foundation, the Avatar Global Foundation, and the
Deep Life directorate of the Deep Carbon Observatory of the Sloan Foundation (USA) through
a block grant to East Carolina State University. RW gratefully acknowledges financial support
from the DFG. FM thanks Drs Paliwal, Asthagiri, and Paulaitis for providing data to reproduce
Figure 1, and Professor K. Van Hecke for assitance in preparing Figure 7.

REFERENCES

Abe F (2007) Induction of DANITIR yeast cell wall mannoprotein genes in response to high hydrostatic pressure
and low temperature. FEBS Lett 581:4993-4998, doi: 10.1016/j.febslet.2007.09.039

Allen EE, Bartlett DH (2000) FabF is required for Piezoregulation of cis-vaccenic acid levels and piezophilic
growth of the deep-sea bacterium Photobacterium profundum strain SS9. J Bacteriol 182:1264-1271, doi:
10.1128/JB.182.5.1264-1271.2000

Allen EE, Facciotti D, Bartlett DH (1999) Monounsaturated but not polyunsaturated fatty acids are required for
growth at high pressure and low temperature in the deep-sea bacterium Photobacterium profundum strain
SS9. Appl Environ Microbiol 65:1710-1720

Bartlett DH (2002) Pressure effects on in vivo microbial processes. Biochim Biophys Acta 1595:367-381, doi:
10.1016/S0167-4838(01)00357-0



High-Pressure Biochemistry & Biophysics 641

Bartlett DH, Ferguson G, Valle G (2008) Adaptations of the psychrotolerant piezophile Photobacterium
profundum strain SS9. In: High-pressure Microbiology. Michiels C, Bartlett D, Aertsen A (ed) ASM Press,
Washington DC p 319-337

Behan MK, Macdonald AG, Jones GR, Cossins AR (1992) Homeoviscous adaptation under pressure: the
pressure dependence of membrane order in brain myelin membranes of deep-sea fish. Biochim Biophys
Acta 1103:317-323, doi: 10.1016/0005-2736(92)90102-R

Boetius A, Ravenschlag K, Schubert C, Rickert D, Widdel F, Gleseke A, Amann R, Jorgensen B, Wilde U,
Pfannkuche O (2000) A marine microbial consortium apparently mediating anaerobic oxidation of
methane, Nature Lett 407:623-626, doi: 10.1038/35036572

Béttner M, Ceh D, Jacobs U, Winter R (1994) High pressure volumetric measurements on phospholipid bilayers.
Z Phys Chem 184:205-218, doi: 10.1524/zpch.1994.184.Part_1_2.205

Bridgman PW (1914) The coagulation of albumen with pressure. J Biol Chem 19:511-512

Brun L, Isom DG, Velu P, Garcia-Moreno B, Royer CA (2006) Hydration of the folding transition state ensemble
of a protein. Biochem 45:3473-3480, doi: 10.1021/bi052638z

Burchell MJ, Mann J, Bunch AW, Brand PFB (2001) Survivability of bacteria in hypervelocity impact. Icarus
154:545-547, doi:10.1006/icar.2001.6738

Burchell MJ, Mann JR, Bunch AW (2004) Survival of bacteria and spores under extreme shock pressures. Mon
Not R Astron Soc 352:1273-1278, doi: 10.1111/j.1365-2966.2004.08015.x

Cacace MG, Landau EM, Ramsden JJ (1997) The Hofmeister series: salt and solvent effects on interfacial
phenomena. Quart Rev Biophys 30:241-277, doi: 10.1017/S0033583597003363

Chalikian TV (2003) Volumetric properties of proteins. Annu Rev Biophys Biomol Struct 32:207-235, doi:
10.1146/annurev.biophys.32.110601.141709

Chong PL, Fortes PA, Jameson DM (1985) Mechanisms of inhibition of (Na,K)-ATPase by hydrostatic pressure
studied with fluorescent probes. J Biol Chem 260: 14484-14490

Collins RE, Rocap G, Deming JW (2010) Persistence of bacterial and Archaeal communities in sea ice through
an Arctic winter. Environ Microbiol 12:1828-1841, doi: 10.1111/j.1462-2920.2010.02179.x

Colwell FS, D’Hondt S (2013) Nature and extent of the deep biosphere. Rev Mineral Geochem 75:547-574

Creighton TE (1990) Protein folding. Biochem J 270:1-16

CzeslikC,Reis O, WinterR,RappG(1998) Effectofhighpressureonthe structureof dipalmitoylphosphatidylcholine
bilayer membranes: a synchrotron-X-ray diffraction and FT-IR spectroscopy study using the diamond
anvil technique. Chem Phys Lipids 91:135-144, doi: 10.1016/S0009-3084(97)00104-7

Daniel I, Oger P and Winter R (2006) Origins of life and biochemistry under high pressure conditions. Chem
Soc Rev 35:858-875, doi: 10.1039/b517766a

Daniel RM, Dines M, Petach H (1996) The denaturation and degradation of stable enzymes at high temperatures.
Biochem J 317: 1-11

DeLong EF, Yayanos AA (1985) Adaptation of the membrane lipids of a deep-sea bacterium to changes in
hydrostatic pressure. Science 228:1101-1103

DeLong EF, Yayanos AA (1986) Biochemical function and ecological significance of novel bacterial lipids in
deep-sea procaryotes. Appl Environ Microbiol 51:730-737

DeLong EF, Yayanos AA (1987) Properties of the glucose transport system in some deep-sea bacteria. Appl
Environ Microbiol 53:527-532

Deming JW, Baross JA (1993) Deep-sea smokers: windows to a subsurface biosphere? Geochim Cosmochim
Acta 57:3219-3230

Deming JW, Baross JA (2000) Survival, dormancy and non-culturable cells in deep-sea environments. /n:Non-
Culturable Microorganisms in the Environment (ed) ASM Press, Washington, DC, p 147-197

De Smedt H, Borghgraef R, Ceuterick F, Heremans K (1979) Pressure effects on lipid-protein interactions in
(Na* + K*)-ATPase. Biochim Biophys Acta 556:479-489, doi: 10.1016/0005-2736(79)90135-4

D’Hondt S, Rutherford S and Spivack A (2002) Metabolic activity of subsurface life in deep sea sediments.
Science 295:2067-2070, doi: 10.1126/science.1064878

Downey CD, Crisman RL, Randolph TW, Pardi A (2007) Influence of hydrostatic pressure and cosolutes on
RNA tertiary structure. J Am Chem Soc 129:9290-9291, doi: 10.1021/ja072179k

Dubins DN, Lee A, Macgregor RB, Chalikian TV (2001) On the stability of double stranded nucleic acids. J Am
Chem Soc 123:9254-9259, doi: 10.1021/ja004309u

Eisenblatter J, Winter R (2005) Pressure effects on the structure and phase behavior of phospholipid,
polypeptide bilayers: A synchrotron small-angle x-ray scattering and 2H-NMR spectroscopy study on
DPPC,Gramicidin lipid bilayers. Z Phys Chem 219:1321-1345

Eloe E, Shulse CN, Fadrosh DW, Williamson SJ, Allen EE, Bartlett DH (2011a). Compositional differences
in particle-associated and free-living microbial assemblages from an extreme deep-ocean environment.
Environ Microbiol Rep 3:449-458, doi: 10.1111/j.1758-2229.2010.00223.x

Eloe E, Malfatti F, GutlerreJ, Hardy K, Schmidt W, Pogllano K, Azam F, Bartlett DH (2011b) Isolation and
characterisation of a psychropiezophilic alphaproteobacterium. Appl Environ Microbiol 77:8145-8153,
doi: 10.1128/AEM.05204-11



642 Meersman et al.

Erbes J, Winter R, Rapp G (1996) Rate of phase transformations between mesophases of the 1:2 lecithin/
fatty acid mixtures DMPC/MA and DPPC/PA - a time-resolved synchrotron X-ray diffraction study. Ber
Bunsenges Phys Chem 100:1713-1722, doi: 10.1002/bbpc.19961001008

Fajardo-Cavazos P, Langenhorst F, Melosh HJ, Nicholson WL (2009) Bacterial spores in granite survive
hypervelocity launch by spallation: Implications for lithopanspermia. Astrobiology 9:647-57, doi:
10.1089/ast.2008.0326

Fang J, Bazylinski D (2008) Deep sea geomicrobiology. /n. High Pressure Microbiology. Michiels C, Bartlett D,
Aertsen A (eds), ASM Press, Washington, DC, p 237-263

Fenimore PW, Frauenfelder H, McMahon BH, Young RD (2004) Bulk-solvent and hydration-shell fluctuations,
similar to o and B fluctuations in glasses, control protein motions and functions. Proc Natl Acad Sci USA
101:15469-15472, doi: 10.1073/pnas.0607168103

Fernandes PMB (2005) How does yeast respond to pressure? Brazilian J Med Biol Res 38:1239-1245, doi:
10.1590/S0100-879X2005000800012

Frauenfelder H, Alberding NA, Ansari A, Braunstein D, Cowen BR, Hong MK, Iben IET, Johnson JB, Luck S
(1990) Proteins and pressure. J Phys Chem 94:1024-1037, doi: 10.1021/j100366a002

Garcia AE, Paschek D (2007) Simulation of the pressure and temperature folding/unfolding equilibrium of a
small RNA hairpin. ] Am Chem Soc 130:815-817, doi: 10.1021/ja074191i

Ghosh T, Garcia AE, Garde S (2001) Molecular dynamics simulations of pressure effects on hydrophobic
interactions. J Am Chem Soc 123:10997-11003, doi: 10.1021/ja010446v

Ghosh T, Garcia AE, Garde S (2002) Enthalpy and entropy contributions to the pressure dependence of
hydrophobic interactions. ] Chem Phys 116:2480, doi: 10.1063/1.1431582

Girard E, Prangé T, Dhaussy A-C, Migianu-Griffoni E, Lecouvey M, Chervin J-C, Mezouar M, Kahn R, Fourme
R (2007) Adaptation of the base-paired double-helix molecular architecture to extreme pressure. Nucleic
Acids Res 35:4800-4808, doi: 10.1093/nar/gkm511

Hammouda B, Worcester D (1997) Interdigitated hydrocarbon chains in C20 and C22 phosphatidylcholines
induced by hydrostatic pressure. Physica B Condens Matter 241-243:1175-1177

Hanford MJ, Peeples TL (2002) Archeal tetraether lipids. unique structures and applications. Appl Biochem
Biotechnol 97:45-62, doi: 10.1385/ABAB:97:1:45

Hashizume C, Kimura K, Hayashi R (1995) Kinetic analysis of yeast inactivation by high pressure treatment at
low temperatures. Biosci Biotechnol Comm 59:1455-1458

Hawley SA (1971) Reversible pressure-temperature denaturation of chymotrypsinogen. Biochem 10:2436-
2442, doi: 10.1021/bi00789a002

Hawley SA, Macleod RM (1974) Pressure-temperature stability of DNA in neutral salt solutions. Biopolymers
13:1417-1426, doi: 10.1002/bip.1974.360130712

Hazell PJ, Beveridge C, Groves K, Stennett C, Elert M, Furnish MD, Anderson WW, Proud WG, Butler WT
(2009) Shock compression and recovery of microorganism-loaded broths and an emulsion. Am Inst Phys
Conf Proc 2009:1395-1398

Hazell PJ, Beveridge C, Groves K, Appleby-Thomas G (2010) The shock compression of microorganism-
loaded broths and emulsions: Experiments and simulations. Int J Impact Eng 37:433-440, doi: 10.1016/j.
ijimpeng.2009.08.007

Herberhold H, Royer CA, Winter R (2004) Effects of chaotropic and kosmotropic cosolvents on the pressure-
Induced unfolding and denaturation of proteins: An FT-IR study on staphylococcal nuclease. Biochem
43:3336-3345, doi: 10.1021/bi036106z

Heremans K, Smeller L (1997) Pressure versus temperature behavior of proteins. Eur J Solid State Inorg Chem
34:745-758

Heremans K, Smeller L (1998) Protein structure and dynamics at high pressure. Biochim Biophys Acta
1386:353-370, doi: 10.1016/S0167-4838(98)00102-2

Hillson N, Onuchic JN, Garcia AE (1999) Pressure-induced protein-folding/unfolding kinetics. Proc Natl Acad
Sci USA 96:14848-14853, doi:10.1073/pnas.96.26.14848

Hiraki T, Sekiguchi T, Kato C, Hatada Y, Maruyama T, Abe F, Konishi M (2012) New type of pressurized
cultivation method providing oxygen for piezotolerant yeast. J Biosci Bioeng 113:220-223, doi: 10.1016/j.
jbiosc.2011.09.017

Hormann S, Scheyhing C, Behr J, Pavlovic M, Ehrmann M, Vogel RF (2006) Comparative proteome approach to
characterize the high-pressure stress response of Lactobacillus sanfranciscensis DSM 20451. Proteomics
6:1878-1885, doi: 10.1002/pmic.200402086

Hummer G, Garde S, Garcia AE, Paulaitis ME, Pratt LR (1998) The pressure dependence of hydrophobic
interactions is consistent with the observed pressure denaturation of proteins. Proc Natl Acad Sci USA
95:1552-1555

Ishii A, Sato T, Wachi M, Nagai K, Kato C (2004) Effects of high hydrostatic pressure on bacterial cytoskeleton
FtsZ polymers in vivo and in vitro. Microbiol 150:1965-1972, doi: 10.1099/mic.0.26962-0

Jackson B, McInerney M (2002) Anaerobic microbial metabolism can proceed close to thermodynamic limits.
Nature Lett 415:454-456, doi: 10.1038/415454a



High-Pressure Biochemistry & Biophysics 643

Jacob MH, Saudan C, Holtermann G, Martin A, Perl D, Merbach AE, Schmid FX (2002) Water contributes
actively to the rapid crossing of a protein unfolding barrier. J Mol Biol 318:837-845, doi: 10.1016/S0022-
2836(02)00165-1

Jaeschke A, Jorgensen SL, Bernasconi SM, Pedersen RB, Thorseth IH, Fruh-Green GL (2012) Microbial
diversity of Loki’s Castle black smokers at the Arctic Mid-Ocean Ridge. Geobiology 10:548-561, doi:
10.1111/gbi.12009

Jannasch HW, Taylor CD (1984) Deep sea microbiology. Annu Rev Microbiol 38:487-541

Jannasch HW, Wirsen CO, Doherty KW (1996) A pressurized chemostat for the study of marine barophilic and
oligotrophic bacteria. Appl Environ Microbiol 62:1593-1596

Janosch S, Nicolini C, Ludolph B, Peters C, Volkert M, Hazlet TL, Gratton E, Waldmann H, Winter R (2004)
Partitioning of dual-lipidated peptides into membrane microdomains lipid sorting vs peptide aggregation.
J Am Chem Soc 126:7496-7503, doi: 10.1021/ja049922i

Jeworrek C, Puahse M, Winter R (2008) X-ray kinematography of phase transformations of three-component
lipid mixtures: A time-resolved Synchrotron x-ray scattering study using the pressure-jump relaxation
technique. Langmuir 24:11851-11859, doi: 10.1021/1a801947v

Jorgensen K, Mouritsen OG (1995) Phase separation dynamics and lateral organization of two-component lipid
membranes. Biophys J 69: 942-954

Jgrgensen BB, D’Hondt S (2006) Ecology - A starving majority deep beneath the seafloor. Science 314:932-934,
doi: 10.1126/science.1133796

Jgrgensen B, Boetius A (2007) Feast and famine- microbial life in the deep sea bed. Nature Rev 5:770-781, doi:
10.1038/nrmicro1745

Jgrgensen B (2011) Deep subseafloor microbial cells on physiological standby. Proc Natl Acad Sci USA
108:18193-18194, doi: 10.1073/pnas.1115421108

Kallmeyer J, Pockalny R, Adhikari RR, Smith DC, D’Hondt S (2012) Global distribution of microbial
abundance and biomass in subseafloor sediment. Proc Natl Acad Sci USA 109:16213-16216, doi: 10.1073/
pnas.1203849109

Kamekura M (1998) Diversity of extremely halophilic bacteria. Extremophiles 2:289-295, doi: 10.1007/
$007920050071

Kapoor S, Triola G, Vetter IR, Erlkamp M, Waldmann H, Winter R (2012a) Revealing conformational substates
of lipidated N-Ras protein by pressure modulation. Proc Natl Acad Sci USA 109:460-465, doi: 10.1073/
pnas.1110553109

Kapoor S, Weise K, Erlkamp M, Triola G, Waldmann H and Winter R (2012b) The role of G-domain orientation
and nucleotide state on the Ras isoform-specific membrane interaction. Eur Biophys J 41:801-813, doi:
10.1007/500249-012-0841-5

Kato M, Hayashi R, Tsuda T, Taniguchi K (2002) High pressure-induced changes of biological membrane. Eur
J Biochem 269:110-118, doi: 10.1046/j.0014-2956.2002.02621.x

Kato C (2006) Handling of piezophilic microorganisms. Methods Microbiol 35:733-741, doi: 10.1016/S0580-
9517(08)70034-5

Kato C, Nogi Y, Arakawa S (2008) Isolation, cultivation and diversity of deep sea piezophiles. In: High Pressure
Microbiology. Michiels C, Bartlett D, Aertsen A (eds), ASM Press, Washington, DC, p 203-217

Kauzmann W (1987) Thermodynamics of unfolding. Nature 325:763-764, doi: 10.1038/325763a0

Kawamoto J, Sato T, Nakasone K, Kato C, Mihara H, Esaki N, Lurihara T (2011) Favourable effects of
eicosapentaenoic acid on the late step of the cell division in a piezophilic bacterium, Shewanella
violacea DSS12, at high-hydrostatic pressures. Environ Microbiol 13:2293-2298, doi: 10.1111/j.1462-
2920.2011.02487.x

Kish A, Griffin PL, Rogers KL, Fogel ML, Hemley RJ, Steele A (2012) High pressure tolerance in Halobacterium
salinarum NRC-1 and other non-piezophilicprokaryotes. Extremophiles 16:355-361, doi: 10.1007/s00792-
011-0418-8

Klein-Seetharaman J, Oikawa M, Grimshaw SB, Wirmer J, Duchardt E, Ueda T, Imoto T, Smith LJ, Dobson
CM, Schwalbe H (2002) Long-range interactions within a nonnative protein. Science 295:1719-1722, doi:
10.1126/science.1067680

Korzhnev DM, Bezsonova I, Evanics F, Taulier N, Zhou Z, Bai Y, Chalikian TV, Prosser RS, Kay LE (2006)
Probing the transition state ensemble of a protein folding reaction by pressure-dependent NMR relaxation
dispersion. J Am Chem Soc 128:5262-5269, doi: 10.1021/ja0601540

Krivanek R, Okoro L, Winter R (2008) Effect of cholesterol and ergosterol on the compressibility and
volume fluctuations of phospholipid-sterol bilayers in the critical point region: A molecular acoustic and
calorimetric study. Biophys J 94:3538-3548, doi: 10.1529/biophysj.107.122549

Kunugi S, Yamazaki Y, Takano K, Tanaka N, Akashi M (1999) Effects of ionic additives and ionic comonomers
on the temperature and pressure responsive behavior of thermoresponsive polymers in aqueous solutions.
Langmuir 15:4056-4061, doi: 10.1021/1a981184m

Landwehr A, Winter R (1994a) The T,x,p-phase diagram of binary phospholipid mixtures. Ber Bunsenges Phys
Chem 98:1585-1589



644 Meersman et al.

Landwehr A, Winter R (1994b) High-pressure differential thermal analysis of lamellar to lamellar and lamellar
to non-lamellar lipid phase transitions. Ber Bunsenges Phys Chem 98:214-218

Lauro F, Bartlett D (2008) Prokaryotic lifestyles in deep sea habitats. Extremophiles 12:15-25, doi: 10.1007/
500792-006-0059-5

Lesch H, Schlichter J, Friedrich J, Vanderkooi JM (2004) Molecular probes: What is the range of their interaction
with the environment? Biophys J 86:467-472, doi: 0006-3495/04/01/467/06

Linke K, Periasamy N, Ehrmann M, Winter R, Vogel RF (2008) Influence of high pressure on the dimerization
of ToxR, a protein involved in bacterial signal transduction. Appl Environ Microbiol 74:7821-7823, doi:
10.1128/AEM.02028-08

Linke K, Periasamy N; Eloe EA, Ehrmann M, Winter R, Bartlett DH, Vogel RF (2009) Influence of membrane
organization on the dimerization ability of ToxR from Photobacterium profundum under high hydrostatic
pressure. High Press Res 29:431-442, doi: 10.1080/08957950903129114

Lodish H, Berk A, Zipursky L, Matsudaira P, Baltimore D, Darnell J (1995) Molecular Cell Biology (3rd Ed).
Scientific American Books, New York

Lomstein B, Langerhuus A, D’Hondt S Jorgensen B, Spivack A (2012) Endospore abundance, microbial
growth and mecromass turnover in deep sub-seafloor sediment. Nature Lett 484:101-104, doi: 10.1038/
nature10905

Lutz RA, Falkowski PG (2012) A dive to Challenger Deep. Science 336:301-302, doi: 10.1126/science.1222641

Meersman F, Smeller L, Heremans K (2002) Comparative Fourier transform infrared spectroscopy study of
cold-, pressure-, and heat-induced unfolding and aggregation of myoglobin. Biophys J 82:2634-2644, doi:
10.1016/S0006-3495(02)75605-1

Meersman F, Wang J, Wu Y, Heremans K (2005) Pressure effect on the hydration properties of poly(N-
isopropylacrylamide) in aqueous solution studied by FTIR spectroscopy. Macromolecules 38:8923-8928,
doi: 10.1021/ma051582d

Meersman F, Smeller L, Heremans K (2006) Protein stability and dynamics in the pressure/temperature plane.
Biochim Biophys Acta 1764:346-354, doi: 10.1016/j.bbapap.2005.11.019

Melosh HJ (1988) The rocky road to panspermia. Nature 332:687-688, doi: 10.1038/332687a0

Merrin J, Kumar P, Libchaber A (2011) Effects of pressure and temperature on the binding of RecA protein to
single-stranded DNA. Proc Natl Acad Sci USA 108:19913-19918, doi: 10.1073/pnas.1112646108

Minami K, Ono F, Mori Y, Takarabe K, Saigusa M, Matsushima Y, Saini N L Yamashita M (2010) Strong
environmental tolerance of Artemia under very high pressure. J Phys Conf Ser 215:012164, doi:
10.1088/1742-6596/215/1/012164

Mohana-Borges R, Pacheco ABF, Sousa FIR, Foguel D, Almeida DF, Silva JL (2000) LexA repressor forms
stable dimers in solution. J Biol Chem 275:4718-4712, doi: 10.1074/jbc.275.7.4708

Molina-Hoppner A, Sato T, Kato C, Génzle MG, Vogel RF (2003) Effects of pressure on cell morphology and
cell division of lactic acid bacteria. Extremophiles 7:511-516, doi:10.1007/s00792-003-0349-0

Morono Y, Terada T, Nishizawa, Ito M, Hillion F, Takahata N, Sano S, Inagaki F (2011) Carbon and nitrogen
assimilation in deep subseafloor microbial cells. Proc Natl Acad Sci USA 108:18295-18300, doi: 10.1073/
pnas.1107763108

Munro S (2003) Lipid rafts: elusive or iillusive? Cell 115:377-388, doi: 10.1016/S0092-8674(03)00882-1

Nealson K H (1997) Sediment bacteria: who’s there, what are they doing, and what’s new? Annu Rev Earth
Planet Sci 25:403-434, doi: 10.1146/annurev.earth.25.1.403

Nicolini C, Baranski J, Schlummer S, Palomo J, Lumbierres-Burgues M, Kahms M, Kuhlmann J, Sanchez
S, Gratton E, Waldmann H, Winter R (2005) Visualizing association of N-Ras in lipid microdomains:
Influence of domain structure and interfacial adsorption. J Am Chem Soc 128:192-201, doi: 10.1021/
ja055779x

Nicolini C, Kraineva J, Khurana M, Periasamy N, Funari SS, Winter R (2006) Temperature and pressure effects
on structural and conformational properties of POPC/SM/cholesterol model raft mixtures, FT-IR, SAXS,
DSC, PPC and Laurdan fluorescence spectroscopy study. Biochim Biophys Acta 1758:248-254, doi:
10.1016/j.bbamem.2006.01.019

Nishihira N, Shindo A, Saigusa M, Ono F, Matsushima Y, Mori Y, Takarabe K, Saini NL, Yamashita M (2010)
Preserving life of moss Ptychomitrium under very high pressure. J Phys Chem Solids 71:1123-1126, doi:
10.1016/j.jpcs.2010.03.018

Oger P, Jebbar M (2010) The many ways of coping with pressure. Res Microbiol 161:799-809, doi: 10.1016/j.
resmic.2010.09.017

Ono F, Saigusa M, Uozumi T, Matsushima Y, Ikeda H, Saini NL, Yamashita M (2008) Effect of high hydrostatic
pressure on to life of the tiny animal tardigrade. J Phys Chem Solids 69:2297-2300, doi: 10.1016/j.
jpcs.2008.04.019

Ono F, Mori Y, Takarabe K, Nishihira N, Shindo, Saigusa M, Matsushima Y, Saini NL, Yamashita M (2009)
Strong environmental tolerance of moss Venturiellaunder very high pressure. J Phys Conf Ser 215, 012165,
doi: 10.1088/1742/6596/215/1/012165



High-Pressure Biochemistry & Biophysics 645

Ono F, Minami K, Saigusa M, Matsushima Y, Mori Y, Takarabe K, Saini NL, Yamashita M (2010) Life of
Artemia under very high pressure. J Phys Chem Solids 71, doi: 10.1016/j.jpcs.2010.03.019

Ono F, Mori Y, Sougawa M, Takarabe K, Hada'Y, Nishihira N, Motose H, Saigusa M, Matsushima Y, Yamazaki
D, Ita E, Saini NL (2012) Effect of very high pressure on life of plants and animals. J Phys Conf Ser
377:012053, doi: 10.1088/1742-6596/377/1/012053

Orcutt B, Sylvan J, Knab N, Edwards K (2011) Microbial ecology of the dark ocean above, at, and below the
seafloor. Microbiol Mol Biol Rev 75:361-422, doi: 10.1128/MMBR.00039-10

Pace CN, Heinemann U, Hahn U, Saenger W (1991) Ribonuclease T1: Structure, function, and stability. Angew
Chem Int Ed (English) 30:343-360

Paliwal A, Asthagiri D, Bossev DP, Paulaitis ME (2004) Pressure denaturation of staphylococcal nuclease
studied by neutron small-angle scattering and molecular simulation. Biophys J 87:3479-3492, doi:
10.1529/biophys;j.104.050526

Panick G, Malessa R, Winter R, Rapp G, Frye KJ, Royer CA (1998) Structural characterization of the pressure-
denatured state and unfolding/refolding kinetics of staphylococcal nuclease by synchrotron small-angle
X-ray scattering and Fourier-transform infrared spectroscopy. J Mol Biol 275:389-402, doi: 10.1006/
jmbi.1997.1454

Panikov NS, Sizova MV (2007) Growth kinetics of microorganisms isolated from Alaskan soil and permafrost
in solid media frozen down to —35 degrees C. FEMS Microbiol Ecol 59:500-512, doi: 10.1111/j.1574-
6941.2006.00210.x

Pappenberger G, Saudan C, Becker M, Merbach AE, Kiefhaber T (2000) Denaturant-induced movement of the
transition state of protein folding revealed by high-pressure stopped-flow measurements. Proc Natl Acad
Sci USA 97:17-22, doi: 10.1073/pnas.97.1.17

Parkes RJ, Cragg B, Wellsbury P (2000) Recent studies on bacterial populations and processes in subseafloor
sediments: A review. Hydrogeology J 8:11-28, doi: 10.1007/PL00010971

Parkes RJ, Webster G, Cragg BA, Weightman A, Newberry C, Ferdelman T, Kallmeyer J, Jorgenson B, Aiello
I, Fry J (2005) Deep subb-seafloor prokaryotes stimulated at interfaces over geological time. Nature Lett
436:390-394, doi: 10.1038/nature03796

Payne VA, Matubayasi N, Murphy LR, Levy RM (1997) Monte Carlo study of the effect of pressure on
hydrophobic association. J Phys Chem B 101:2054-2060, doi: 10.1021/jp962977p

Periasamy N, Teichert H, Weise K, Vogel RF, Winter R (2009) Effects of temperature and pressure on the lateral
organization of model membranes with functionally reconstituted multidrug transporter LmrA. Biochim
Biophys Acta 1788:390-341, doi: 10.1016/j.bbamem.2008.09.017

Picard A, Daniel I, Montagnac G, Oger P (2007) In situ monitoring by quantitative Raman spectroscopy of
alcoholic fermentation by Saccharomyces cerevisiae under high pressure. Extremophiles 11:445-452, doi:
10.1007/500792-006-0054-x

Picard A, Daniel I, Testemale D, Kieffer I, Bleuet P, Cardon H, Oger P (2011) Monitoring microbial redox
trannsformations of metal and metalloid elements under high pressure using in situ X-ray absorption
spectroscopy. Geobiol 9:196-204, doi: 10.1111/j.1472-4669.2010.00270.x

Picard A, Ferdelman TG (2011) Linking microbial heterotrophic activity and sediment lithology in oxic,
oligotrophic sub-seafloor sediments of the North Atlantic Ocean. Front Microbiol 2:263, doi: 10.3389/
fmicb.2011.00263

Picard A, Testemale D, Hazemann J-L, Daniel I (2012) The influence of high hydrostatic pressure on bacterial
dissimilatory iron reduction. Geochim Cosmochim Acta 88:120-129, doi: 10.1016/j.gca.2012.04.030

Potekhin SA, Senin AA, Abdurakhmanov NN, Khusainova RS (2008) High pressure effect on the main transition
from the ripple gel P phase to the liquid crystal phase in dipalmitoylphosphatidylcholine. Microcalorimetric
study. Biochim Biophys Acta 1778:2588-2593, doi: 10.1016/j.bbamem.2008.08.001

Powalska E, Janosch S, Kinne-Saffran E, Kinne RKH, Fontes CFL, Mignaco JA, Winter R (2007) Fluorescence
spectroscopic studies of pressure effects on Na+,K+-ATPase reconstituted into phospholipid bilayers and
model raft mixtures. Biochem 46:1672-1683, doi: 10.1021/bi062235¢

Prehoda KE, Mooberry ES, Markley JL (1998) Pressure denaturation of proteins: Evaluation of compressibility
effects. Biochem 37:5784-5790, doi: 10.1021/b1980384u

Price PB, Sowers T (2004) Temperature dependence of metabolic rates for microbial growth, maintenance and
survival. Proc Natl Acad Sci USA 101:4631-4636, doi: 10.1073/pnas.0400522101

Prieur D, Marteinsson VT (1998) Prokaryotes living under elevated hydrostatic pressure. /n. Advances in
Biochemical Engineering Biotechnology; Biotechnology of extremophiles. G Antranikian (ed), Springer-
Verlag, Berlin, p 23-35

Rainey FA, Ray K, Ferreira M, Gatz BZ, Nobre MF, Bagaley D, Rash BA, Park MJ, Earl AM, Shank NC, Small
AM, Henk MC, Battista JR, Kampfer P, da Costa MS (2005) Extensive diversity of ionizing-radiation-
resistant bacteria recovered from Sonoran Desert soil and description of nine new species of the genus
Deinococcus obtained from a single soil sample. Appl Environ Microbiol 71:5228-5235, doi: 10.1128/
AEM.71.9.5225-5235.2005



646 Meersman et al.

Rayan G, Macgregor RB (2005) Comparison of the heat- and pressure-induced helix coil transition of two DNA
copolymers. J Phys Chem B 109:15558-15565, doi: 10.1021/jp050899¢

Rhee YM, Sorin E, Jayachandran G, Lindahl E, Pande V (2004) Simulations of the role of water in the protein-
folding mechanism. Proc Natl Acad Sci USA 101:6456-6461, doi: 10.1073/pnas.0307898101

Rivkina EM, Friedmann EI, McKay CP, Gilichinsky DA (2000) Metabolic activity of permafrost bacteria below
the freezing point. Appl Environ Microbiol 66:3230-3233, doi: 10.1128/AEM.66.8.3230-3233.2000

Rothschild LJ, Mancinelli RL (2001) Life in extreme environments. Nature 409:1092-1101

Rouget J-B, Aksel T, Roche J, Saldana J-L, Garcia AE, Barrick D, Royer CA (2011) Size and sequence and the
volume change of protein folding. J Am Chem Soc 133:6020-6027, doi: 10.1021/ja200228w

Royer CA, Chakerian AE, Matthews KS (1990) Macromolecular binding equilibria in the lac repressor system:
studies using high-pressure fluorescence spectroscopy. Biochem 29:4959-4966

Royer CA (2002) Revisiting volume changes in pressure-induced protein unfolding. Biochim Biophys Acta
1595:201-209, doi: 10.1016/S0167-4838(01)00344-2

Royer CA, Winter R (2011) Protein hydration and volumetric properties. Curr Opin Coll Interface Sci 16:568-
571, doi: 10.1016/j.cocis.2011.04.008

Scharnagl C, Reif M, Friedrich J (2005) Stability of proteins: Temperature, pressure and the role of the solvent.
Biochim Biophys Acta 1749:187-213, doi: 10.1016/j.bbapap.2005.03.002

Schrenk MO, Huber JA, Edwards KJ (2010) Microbial provinces in the subseafloor. Annu Rev Mar Sci 2:279-
304, doi: 10.1146/annurev-marine-120308-081000

Schrenk MO, Brazelton WJ, Lang SQ (2013) Serpentinization, carbon, and deep life. Rev Mineral Geochem
75:575-606

Sciortino F, Geiger A, Stanley HE (1991) Effect of defects on molecular mobility in liquid water. Nature
354:218-221, doi: 10.1038/354218a0

Seddon JM, Templer RH (1993) Cubic phases of self-assembled amphiphilic aggregates. Philos Trans R Soc A
344:377-401, doi: 10.1098/rsta.1993.0096

Seemann H, Winter R (2003) Volumetric properties, compressibilities and volume fluctuations in phospholipid-
cholesterol bilayers. Z Phys Chem 217:831-846, doi: 10.1524/zpch.217.7.831.20388

Seemann H, Winter R, Royer CA (2001) Volume, expansivity and isothermal compressibility changes associated
with temperature and pressure unfolding of staphylococcal nuclease. J Mol Biol 307:1091-1102, doi:
10.1006/jmbi.2001.4517

Sharma A, Scott J, Coldy G, Fogel M, Hazen RM, Hemley RJ, Huntress W (2002) Microbial activity at
GigaPascal pressures. Science 295:1514-1516, doi: 10.1126/science.1068018

Sharma A, Kawarabayasi Y, Satyanarayana T (2012) Acidophilic bacteria and archaea: acid stable biocatalysts
and their potential applications. Extremophiles 16:1-19, doi: 10.1007/s00792-011-0402-3

Shortle D (1996) The denatured state (the other half of the folding equation) and its role in protein stability.
FASEB J 10:27-34

Silva JL, Weber G (1993) Pressure stability of proteins. Annu Rev Phys Chem 44:89-113, doi: 10.1146/annureyv.
pc.44.100193.000513

Silva JL, Oliveira AC, Gomes AMO, Lima LMTR, Mohana-Borges R, Pacheco ABF, Foguel D (2002) Pressure
induces folding intermediates that are crucial for protein DNA recognition and virus assembly. Biochim
Biophys Acta 1595:250-265, doi: 10.1016/S0167-4838(01)00348-X

Smith LJ, Fiebig KM, Schwalbe H, Dobson CM (1996) The concept of a random coil: Residual structure in
peptides and denatured proteins. Fold Des 1:R95-R106

Souza MO, Creczynski-Pasa TnB, Scofano HM, Graber P, Mignaco JA (2004) High hydrostatic pressure
perturbs the interactions between CFOF1 subunits and induces a dual effect on activity. Int J Biochem Cell
Biol 36:920-930, doi: 10.1016/j.biocel.2003.10.011

Suzuki K (1960) Studies on the kinetics of protein unfolding under high pressure. Rev Phys Chem Japan 29:49-
56

Takai K, Moser DP, Onstott TC, Spoelstra N, Pfiffner SM, Dohnalkova A, Fredrickson JK (2001) Alkaliphilus
transvaalensis gen. nov. sp nov., an extremely alkaliphilic bacterium isolated from a deep South African
gold mine. Int J Syst Evol Microbiol 51:1245-1256

Takai K, Nakamura K, Toki T, Tsunogai U, Miyazaki M, Miyazaki J, Hirayama H, Nakagawa S, Nunoura
T, Horikoshi K (2008) Cell proliferation at 122 degrees C and isotopically heavy CH(4) production by
a hyperthermophilic methanogen under high pressure cultivation. Proc Natl Acad Sci USA 105:10949-
10954, doi: 10.1073/pnas.0712334105

Teichert H, Periasamy N, Winter R, Vogel RF (2009) Influence of membrane lipid composition on the activity
of functionally reconstituted LmrA under high hydrostatic pressure. High Press Res 29:344-357, doi:
10.1080/08957950902941030

Templer RH, Seddon JM, Duesing PM, Winter R, Erbes J (1998) Modeling the phase behavior of the inverse
hexagonal and inverse bicontinuous cubic phases in 2:1 fatty acid/phosphatidylcholine mixtures. J Phys
Chem B 102:7262-7271



High-Pressure Biochemistry & Biophysics 647

Torrent J, Connelly JP, Coll MG, Ribo M, Lange R, Vilanova M (1999) Pressure versus heat-induced unfolding
of ribonuclease A: The case of hydrophobic interactions within a chain-folding initiation site. Biochem
38:15952-15961, doi: 10.1021/bi991460b

Ulmer HM, Herberhold H, Fahsel S, Ginzle MG, Winter R, Vogel RF (2002) Effects of pressure-induced
membrane phase transitions on inactivation of HorA, an ATP-dependent multidrug resistance transporter,
in Lactobacillus plantarum. Appl Environ Microbiol 68:1088-1095, doi: 10.1128/AEM.68.3.1088-
1095.2002

Vanlint D, Mitchell R, Bailey E, Meersman F, McMillan P F, Aertsen A, Michiels C (2011) Rapid acquisition of
Gigapascal high pressure resistance by Escherichia coli. Mbio 2:¢00130-10, doi: 10.1128/mBio.00130-10

Van Opstal I, Vanmuysen SCM, Wuytack EY, Masschalck B, Michiels CW (2005) Inactivation of Escherichia
coli by high hydrostatic pressure at different temperatures in buffer and carrot juice. Int J Food Microbiol
98:179-191, doi: 10.1016/j.ijfoodmicro.2004.05.022

Vendruscolo M, Dobson CM (2005) Towards complete descriptions of the free energy landscapes of proteins.
Philos Trans R Soc A 363:433-452, doi: 10.1098/rsta.2004.1501

Weise K, Triola G, Brunsveld L, Waldmann H, Winter R (2009) Influence of the lipidation motif on the
partitioning and association of N-Ras in model membrane subdomains. J Am Chem Soc 131:1557-1564,
doi: 10.1021/ja808691r

Whitman W, Coleman D, Wiebe W (1998) Prokaryotes: The unseen majority. Proc Natl Acad Sci USA 95:6578-
6583, doi: 10.1073/pnas.95.12.6578

Willis MJ, Ahrens TJ, Bertani LE, Nash CZ (2006) Bugbuster, survivability of living bacteria upon shock
compression. Earth Planet Sci Lett 247:185-196, doi: 10.1016/j.epsl.2006.03.054

Wilson RG Jr, Trogadis JE, Zimmerman S, Zimmerman AM (2001) Hydrostatic pressure induced changes
in the cytoarchitecture of pheochromocytoma (PC-12) cells. Cell Biol Int 25:649-666, doi: 10.1006/
¢cbir.2000.0692

Wilson ZE, Brimble MA (2009) Molecules derived from the extremes of life. Nat Prod Rep 26:44-71, doi:
10.1039/B800164M

Wilton DJ, Ghosh M, Chary KVA, Akasaka K, Williamson MP (2008) Structural change in a B-DNA helix with
hydrostatic pressure. Nucleic Acids Res 36:4032-4037, doi: 10.1093/nar/gkn350

Winter R, Pilgrim WC (1989) A SANS study of high pressure phase transitions in model biomembranes. Ber
Bunsenges Phys Chem 93:708-717

Winter R, Erbes J, Templer RH, Seddon JM, Syrykh A, Warrender NA, Rapp G (1999a) Inverse bicontinuous
cubic phases in fatty acid/phosphatidylcholine mixtures: the effects of pressure and lipid composition.
Phys Chem Chem Phys 1:887-893, doi: 10.1039/A808950G

Winter R, Gabke A, Czeslik C, Pfeifer P (1999b) Power-law fluctuations in phase-separated lipid membranes.
Phys Rev E 60:7354-7359, doi: 10.1103/PhysRevE.60.7354

Winter R, Jonas J (1999¢) High Pressure Molecular Science. Kluwer Academic Publisher. NATO Science Series
E358

Winter R, Czeslik C (2000) Pressure effects on the structure of lyotropic lipid mesophases and model
biomembrane systems. Z Kristallogr 215:454-474, doi: 10.1524/zkri.2000.215.8.454

Winter R (2001) Effects of hydrostatic pressure on lipid and surfactant phases. Curr Opin Coll Interface Sci
6:303-312, doi: 10.1016/S1359-0294(01)00092-9

Winter R, Kohling R (2004) Static and time-resolved synchrotron small-angle x-ray scattering studies of
lyotropic lipid mesophases, model biomembranes and proteins in solution. J Phys: Cond Matt 16:S327,
doi: 10.1088/0953-8984/16/5/002

Wright PE, Dyson HJ (1999) Intrinsically unstructured proteins: re-assessing the protein structure-function
paradigm. J Mol Biol 293:323-331, doi: 10.1006/jmbi.1999.3110

Xie W, Wang FP, Guo L, Chen ZL, Sievert SM, Meng J, Huang G, Li Y, Yan Q, Wu S, Wang X, Chen S,
He G, Xiao X, Xu A (2011) Comparative metagenomics of microbial communities inhabiting deep-sea
hydrothermal vent chimneys with contrasting chemistries. ISME J 5:414-426, doi: 10.1038/ismej.2010.144

Yamaguchi T, Yamada H, Akasaka K (1995) Thermodynamics of unfolding of ribonuclease A under high
pressure. A study by proton NMR. J Mol Biol 250:689-694, doi: 10.1006/jmbi.1995.0408

Yayanos AA, Dietz A, Van Boxtel R (1979) Isolation of a deep sea barophilic bacterium and some of its growth
characteristics. Science 205:808-810, doi: 10.1126/science.205.4408.808

Yayanos AA, Dietz A, Van Boxtel R (1981) Obligately barophilic bacterium from the Mariana Trench. Proc Natl
Acad Sci USA 78:5212-5215, doi: 10.1073/pnas.78.8.5212

Yayanos AA (1986) Evolutional and ecological implications of the properties of deep-sea barophilic bacteria.
Proc Natl Acad Sci USA 83:9542-9546, doi: 10.1073/pnas.83.24.9542

Yayanos AA (1995) Microbiology to 10,500 meters in the deep sea. Annu Rev Microbiol 49777-805

Yayanos AA (1998) Empirical and theoretical aspects of life at high pressure in the deep sea. In: Extremophiles-
Microbial life in extreme environments Horikoshi K, Grant WD (ed), Wiley-Liss, New York, p 47-92.

Yayanos AA (2001) Deep-sea piezophilic bacteria. Methods Microbiol 30:615-637



648 Meersman et al.

YayanosAA (2002) Are cells viable at GigaPascal pressures. Science 297:295, doi: 10.1126/science.297.5580.295a

Zein M, Winter R (2000) Effect of temperature, pressure and lipid acyl chain length on the structure and
phase behavior of phospholipid-gramicidin bilayers. Phys Chem Chem Phys 2:4545-4551, doi: 10.1039/
B003565N

Zeng X, Birrien J-L, Fouquet Y, Cherkashov G, Jebbar M, Querellou, Oger P, Cambon-Bonavita M-A, Xiao X,
Prieur D (2009) Pyrococcus CH1, an obligate piezophilic hyperthermophile: extending the upper pressure-
temperature limits for life. ISME J 3:873-876, doi: 10.1038/isme;j.2009.21

Zhang J, Peng X, Jonas A, Jonas J (1995) NMR study of the cold, heat, and pressure unfolding of ribonuclease
A. Biochem 34:8631-8641, doi: 10.1021/bi00027a012

Zhang Y, Cremer PS (2006) Interactions between macromolecules and ions: the Hofmeister series. Curr Opin
Chem Biol 10:658-663, doi: 10.1016/j.cbpa.2006.09.020

Zipp A, Kauzmann W (1973) Pressure denaturation of metmyoglobin. Biochem 12:4217-4228, doi: 10.1021/
bi00745a028

Zobell C, Morita R (1959) Deep sea bacteria. Galathea Report, Copenhagen 1:139-154



