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Abstract
We discuss the use of small-angle x-ray (SAXS) and neutron (SANS)
scattering methods for investigating the temperature- and pressure-dependent
structure and phase behaviour of soft condensed matter and in particular of
biomolecular systems, such as lipid mesophases and proteins in solution.
Besides temperature, pressure has also been used as a physical parameter in
these studies, in particular for studying the energetics and phase behaviour of
these systems, but also because high pressure is a feature of certain natural
environments and because the high-pressure phase behaviour of biomolecules
is of importance for a variety of biotechnological applications. By using
the pressure-jump relaxation technique in combination with time-resolved
synchrotron small-angle x-ray scattering (TRSAXS), the kinetics of soft-matter
phase transitions can also be investigated. We applied the technique for studying
lipid phase transitions and protein un/refolding reactions. After a discussion
of the underlying theoretical concepts, several characteristic examples are
presented.

1. Introduction

The interest in pressure as a thermodynamic and kinetic variable has been growing in physical–
chemical studies of biological and other soft-condensed-matter systems in recent years [1–7].
To probe the concept of any energetic description and the resultant set of parameters necessary
to provide a general explanation of the phase behaviour of these systems, one needs to scan
the appropriate parameter space experimentally. To this end, pressure-dependent studies have
also proven to be a very valuable tool. The pressures used to investigate biochemical systems
range from 1 bar to 10 kbar, where the solvent, water, is still in its liquid state at ambient
temperatures. Such pressures only change intermolecular distances and affect conformations,
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Figure 1. High-pressure sample cells for (a) SAXS and (b) SANS studies. (1, cell body; 2, closure
nut; 3, window (beryllium or flat diamond for x-rays, sapphire for neutrons); 4, sample; 5, Viton O-
ring sealing; 6, thermostatting water circuit; 7, high-pressure connection; 8, PTFE sample holder.)

and do not change covalent bond distances or bond angles. Hence, these pressures act
predominantly on the spatial (secondary, tertiary, quaternary and supramolecular) structures of
these macromolecules. Besides the general physical–chemical interest in using high pressure
as a tool for understanding the phase behaviour, structure and energetics of biomolecules and
amphiphiles in general, high pressure is also of biotechnological (e.g., for high-pressure food
processing) and physiological (e.g., for exploring the physiology of deep-sea organisms living
in cold and high-pressure habitats) interest [1, 8, 9].

In this paper, we first discuss the experimental and theoretical background for studying
the structure and phase behaviour of lyotropic lipid mesophases, model biomembrane systems,
surfactants and proteins in solution using x-ray and neutron small-angle scattering techniques.
We also discuss the pressure-jump relaxation technique for studying the kinetics of phase trans-
formations between different lipid mesophases. Several representative new examples are given.

2. Experimental techniques

The experimental results presented in this review are based on studies using small- and
wide-angle x-ray scattering (SAXS, WAXS) and small-angle neutron scattering (SANS) in
combination with high-pressure techniques. Details are described in [10–12]. Briefly, for the
investigation of the structure and phase behaviour of lipid–water systems at elevated pressures
as well as for kinetic studies of lipid phase transformations using the pressure-jump technique,
we used different high-pressure sample cells suitable for pressures up to 8 kbar and temperatures
up to ∼80 ◦C. The x-ray pressure vessels (figure 1) are home-built and made from stainless
steel or a Ni–Cr–Co alloy (NIMONIC 90) of high tensile strength. They have a high-pressure
connection to the pressurizing system and a bore for a thermocouple. Temperature control
is achieved by circulating water from a thermostat through the outside jacket of the vessels.
Beryllium discs of 1–2 mm thickness are used as x-ray windows up to pressures of 2 kbar;
for higher pressures up to 8 kbar flat diamond windows of 0.5–1 mm thickness are used. The
window holders are sealed with Viton O-rings and are tightened by closure nuts. The sample of
40 µl volume is hold in a PTFE ring that is closed with two Mylar foils glued on both sides of
the ring to separate the sample from the pressurizing medium (distilled water). Pressure jumps
are performed by a computer-controlled opening of an air-operated valve between the high-
pressure cell and a liquid reservoir. With this pressure-jump apparatus fast jumps (<5 ms)
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are possible with variable amplitudes. To minimize adiabatic temperature changes in the
course of a kinetic experiment (about 2 mK/bar under pure adiabatic conditions), the high-
pressure sample cells were constructed to hold only a very small volume of the pressurizing
medium. The pressure-jump technique has been shown to offer several advantages over the
temperature-jump approach: (1) Pressure propagates rapidly so that sample inhomogeneity is
a minor problem. (2) Pressure jumps can be performed bidirectionally, i.e. with increasing or
decreasing pressure. (3) In the case of fully reversible structural changes of the sample,pressure
jumps can be repeated with identical amplitudes to allow for an averaging of the diffraction data
over several jumps and hence an improvement of the counting statistics. Sample cells made
from stainless steel with sapphire windows of 10 mm thickness are used for SANS studies
of biomolecular systems, in particular for measurements of diffuse small-angle scattering of
protein solutions. Maximal pressures of about 3–4 kbar are reached with this kind of cell.

3. Theoretical background

In the following, the basic theoretical concepts for analysing x-ray scattering patterns from
partially ordered systems (e.g., lipid mesophases, membranes) and particles (e.g., proteins) in
solution are discussed.

3.1. Partially ordered systems: lipid mesophases and model biomembrane systems

For investigation of lipid mesophases and model biomembrane systems, x-ray (and neutron)
diffraction is the most powerful tool for characterizing the topology and packing of the lipids
and for following up its changes upon changes in environmental conditions, such as ionic
strength, temperature and pressure. Regarding the diffraction of x-rays, the lipid–water
dispersions discussed here are equivalent to powder samples that are composed of many
randomly oriented microcrystals [13, 14]. Thus, Bragg’s condition is fulfilled, and all possible
diffraction peaks are simultaneously recorded. While the positions of the diffraction peaks
are related to periodic distances within the lyotropic lipid mesophase, their sharpness or width
reflects the extent of this periodicity over large distances. The measured reciprocal spacings
are given by

s = 2

λ
sin θ (1)

(2θ scattering angle, λ wavelength of radiation). If a lipid–water phase is lacking a periodic
structure, only diffuse small-angle scattering is observed. Lamellar lipid–water mesophases
(denoted as L or P) form alternating layers of lipid and water molecules (figure 2). This quasi-
one-dimensional periodic structure exhibits diffraction patterns in the small-angle regime that
are described by the equation

sn = n
1

d
(2)

where n = 1, 2, 3, . . . and d is the lamellar repeat distance of this one-dimensional lattice,
which is the thickness of the lipid bilayer plus that of the adjacent water layer.

Non-lamellar lipid mesophases (figure 2) may also be identified by their characteristic
small-angle diffraction pattern. For example, the structure of the inverse hexagonal lipid–
water mesophase (denoted as HII) is based on cylindrical water rods, which are surrounded
by lipid monolayers. The rods are packed in a two-dimensional hexagonal lattice with Bragg
peaks positioned at

s = 2√
3a

√
h2 + k2 + hk. (3)
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Figure 2. Schematic drawing of various lipid–water mesophases and states of aggregation adopted
by membrane lipids: (A) Lα , lamellar liquid-crystalline; (B) cross-sectional view of the acyl chains
in a hexagonal close-packed arrangement (the view is down the axis of the chains); (C) various gel
phases (Lc, lamellar crystalline; Lβ′ , lamellar gel phase with tilted chains; Pβ′ , ripple gel phase);
(D) HI normal and (E) HII inverted hexagonal phase; (F), (G), (H) Ia3d (Q230, QG

II ), Im3m (Q229,
QP

II) and Pn3m (Q224, QD
II ) inverse bicontinuous cubic phases. The cubic phases are represented

by the G, P and D minimal surfaces, which locate the midplanes of fluid lipid bilayers.

The lattice constant a is here the distance between the centres of two neighbouring rods and h
and k are the Miller indices. The hexagonal lipid phases are easily distinguished from lamellar
phases by their ratio of Bragg peak positions, which is 1:

√
3:2: . . ..
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Bragg peaks of cubic lipid structures may be observed at

s = 1

a

√
h2 + k2 + l2 (4)

where a is the cubic lattice constant. The Miller indices h, k and l depend on the lattice type
(primitive, body centred, face centred) and the symmetry elements of the cubic structure.

Additional Bragg peaks appearing in the wide-angle region are related to the packing of
the lipid acyl chains. Generally, this packing can be described as a centred rectangular lattice
with lattice constants arec and brec, which are calculated from the observed dhk-spacings using

arec = 2d20 (5)

brec = d11√
1 − [d11/(2d20)]2

. (6)

When the lipid chains are rigidly packed in a hexagonal lattice (figure 2), only a single wide-
angle Bragg peak is usually observed. Then, the lattice constant (chain–chain distance) may
be obtained from equation (3). In the case of fluid-like disordered lipid layers, only a very
broad wide-angle peak is observed around s ≈ 0.25 Å−1.

3.2. Diffuse scattering of surfactant and protein solutions

Details of the experimental and theoretical details for studying dilute biopolymer solutions,
such as proteins, using synchrotron x-ray or neutron scattering are discussed in [15–20].
The scattering data are generally presented as a function of momentum transfer Q =
(4π/λ) sin θ (2θ scattering angle, λ wavelength of radiation, Q = 2πs). The overall size
and shape of the particle can be obtained by measuring its radius of gyration Rg and pair-
distance distribution function p(r).

At low Q, the scattering data can be fitted using the Guinier approximation,

I (Q) = I (0) exp[−R2
g Q2/3] (7)

where I (0) is the forward scattering intensity. A linear plot of ln[I (Q)] versus Q2 is obtained
for Q Rg < 1, only.

The pair distance distribution function p(r), which depends on the molecular particle shape
and on the intra-particle scattering distribution, is given by the indirect Fourier transform of
the measured scattered intensity [15]. For a uniform particle, it is given by

p(r) = 1

2π2

∫ ∞

0
I (Q)Qr sin(Qr) dQ. (8)

The function p(r) measures the distribution of pairwise distances within the volume of the
scattering particle with maximum dimension Dmax. As the use of the Guinier approximation
for the determination of Rg may lead to errors caused by aggregation effects, we used the
normalized second moment of the pair distance distribution function for calculation of Rg:

R2
g =

∫ Dmax

0 p(r)r2 dr

2
∫ Dmax

0 p(r) dr
. (9)

In terms of p(r), the forward scattering intensity is given by

I (0) = 4π

∫ Dmax

0
p(r) dr. (10)

The only requirement in applying equations (9) and (10) is an estimate of Dmax, e.g. from
analysis of the Guinier plot.
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By dividing equation (10) by the specific particle concentration, c, one obtains in the case
of neutrons [15–17]

I (0)

c
= NA

M

(∑

i

bi − ρsVp M

NA

)2

(11)

where M is the molar mass and
∑

bi the total scattering length of the particle, Vp is its
partial specific volume, ρs is the scattering length density of the solvent, and NA is Avogadro’s
number. Hence, an increase in I (0)/c can be attributed to effects on Vp, the solvent density
and, eventually, to intermolecular interaction and aggregation effects of the particles.

In keeping with the low resolution of the solution scattering studies, the data interpretation
is usually performed in terms of homogeneous bodies. The standard trial-and-error approach
involves the evaluation of the scattering patterns from different models and their comparison
with the experimental data. For example, the program DAMMIN restores the ab initio low-
resolution shape and internal structure of biological macromolecules in solution from isotropic
scattering, using a multiphase model of the particle built from densely packed dummy atoms,
and simulated annealing is employed to find a configuration that fits the data minimizing the
interfacial area [20–23].

4. Pressure effects on lipid mesophases, surfactants and proteins in solution

4.1. Lipid mesophases and model biomembrane systems

Generally, the amphiphilic properties of lipid and surfactant molecules lead to self-aggregation
in water solution, so that the hydrocarbon chains are segregated away from contact with water,
while the hydrophilic headgroups are hydrated. The main driving force behind this self-
assembly is the hydrophobic effect, which on its own would lead to a macroscopic phase
separation into a polar and a nonpolar phase, but the requirement that the polar headgroups
must be in contact with water prevents this. Instead, certain packing restrictions of the lipid
molecules in the aggregates formed have to be fulfilled (figure 2). From the physical–chemical
viewpoint, key parameters of lipid and surfactant aggregates are the mean (H ) and Gaussian
(K ) curvatures of the interface between the polar and nonpolar regions of these phases [24–27].
There are two fundamental types of curvature used in differential geometry that characterize
each point on a surface: the Gaussian curvature K = R−1

1 R−1
2 and the mean curvature

H = (R−1
1 + R−1

2 )/2, where R1 and R2 are the principal radii describing the curvature of
any surface. For a flat lamellar phase, H = K = 0, for the inverse (type II) curved phases
H < 0, and the normal (type I) phases have H > 0. One uses the convention that for a lipid
monolayer H > 0 when the layer curves towards the hydrocarbon chain region and H < 0
when the layer curves towards the aqueous region. Usually, single-chain surfactants, such as
SDS, form type I phases, whereas double-chain lipids, such as phospholipids, tend to form
inverse, type II phases. For the inverse hexagonal HII phase, H < 0, K = 0. So-called
minimal surfaces satisfy H = 0, so that every point is a balanced saddle point with R1 = −R2.
Examples are so-called bicontinuous cubic phases (figure 2). To understand how bicontinuous
cubic phases may arise, it is helpful to consider the curvature frustration which may exist in a
fluid lamellar Lα phase (figure 2). This arises because a build-up of conformational disorder
in the chain region upon heating tries to bend each lipid monolayer away from the bilayer
mid-plane. This however would create voids and is hence resisted by the hydrophobic effect.
One way the system can relax is to undergo a transition to an HII phase, where the monolayers
wrap round into inverse cylinders, which then pack onto a 2D hexagonal lattice. This transition
from a lamellar to inverse hexagonal HII phase is very commonly observed in fully hydrated
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lipids upon heating. However there is still a packing frustration in this phase, because circular
cylinders fill space less effectively in the centre of the hydrocarbon region, which cannot be
tolerated. Thus either the interface must develop a nonuniform mean curvature (by becoming
faceted), or some of the chains must deviate away from their preferred conformational state,
in order to fill the hydrophobic volume. A reduction of the chain length makes this packing
frustration relatively more severe, and below a critical chain length the system finds other
ways of developing inverse interfacial mean curvature, without creating costly voids. This can
be achieved by the bilayer deforming to a saddle surface, of everywhere negative Gaussian
curvature (apart from special flat points where K = 0). For a symmetrical bilayer, the midplane
should correspond to a minimal surface of zero mean curvature (H = 0) at all points. Such
surfaces can be extended to form three-dimensionally ordered arrays, known as triply periodic
minimal surfaces (TPMSs). Three of the simplest of these TPMSs are the cubic P, D and G
surfaces. Draping a lipid bilayer onto these three TPMSs leads to the three most common
lipid inverse cubic phases (figure 2), of crystallographic space groups Im3m, Pn3m and
Ia3d , respectively [24–27]. The surface that sits at the lipid bilayer midplane separates two
interpenetrating but not connected water networks.

It is now well known that many biological lipid molecules also form nonlamellar liquid-
crystalline phases (figure 2) [25, 27]. Lipids which can adopt a hexagonal phase are present
at substantial levels in biological membranes, usually at least 30 mol% of the total lipids. It is
generally assumed that the nonlamellar lipid structures, such as the inverted hexagonal (HII)

and cubic (QII) lipid phases, are also of biological relevance. Fundamental cell processes, such
as endo- and exocytosis, fat digestion, membrane budding and fusion, involve a rearrangement
of biological membranes where nonlamellar lipid structures are probably involved [27]. Static
cubic structures (cubic membranes) might also occur in biological cells. Recently, cubic
lipid phases also became of interest for crystallizing membrane proteins [27]. Interestingly,
these inverse bicontinuous cubic phases are also of particular relevance to the mechanism of
membrane fusion, which is a ubiquitous process in cell membranes. The reason for this is that
a fusion channel between bilayers is closely similar to the local structure of these cubic phases;
indeed, lamellar–cubic phase transitions in lyotropic liquid crystals must occur by a series of
fusion events, and the bicontinuous cubic phase structures can be viewed as 3D lattices of
fusion channels [27–30]. Rather little is known yet about the mechanisms and pathways of
transitions involving cubic phases.

Lamellar lyotropic lipid mesophases of phospholipids exhibit a rich structural
polymorphism, depending on their molecular structure and environmental conditions, such
as water content, pH, ionic strength, temperature and pressure [31–34]. The basic structural
element of biological membranes consists of a lamellar phospholipid bilayer matrix. In the
lamellar structure, the interfaces are flat and are periodically stacked in solution forming
multilamellar vesicles. Two neighbouring lipid bilayers are separated by a water layer of
about 10–20 Å.

Saturated phospholipids, such as DPPC (1,2-dipalmitoyl-sn-glycero-3-phosphatidylcholine
(di-C16:0)), often exhibit two thermotropic lamellar phase transitions, a gel to gel (Lβ ′/Pβ ′)

pretransition and a gel to liquid-crystalline (Pβ ′/Lα) main transition at a higher temperature Tm

(figure 2). In the fluid-like Lα-phase, the acyl chains of the lipid bilayers are conformationally
disordered. In addition to these thermotropic phase transitions, pressure-induced phase trans-
formations have been observed (see [1, 11, 12] and references therein). Upon compression,
the lipids easily adapt to volume restriction by changing their conformation and packing.

As an example, figure 3 shows small-angle diffraction data of a DPPC bilayer in excess
water as a function of temperature. Clearly the pretransition as well as the main lipid phase
transition are observed as a relatively sharp shift of the Bragg peak positions at about 35 and
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a) b)

Figure 3. Typical temperature- (a) and pressure- (at T = 55 ◦C) (b) dependent small-angle x-ray
scattering patterns of DPPC bilayers in excess water. Only one or two orders of lamellar Bragg
reflections are visible.

42 ◦C, respectively. The lamellar lattice constant increases from ∼63 Å in the Lβ ′-phase to
∼72 Å in the ripple gel phase Pβ ′ . In the fluid Lα phase, the Bragg peaks are further apart,
which means that the bilayer plus water layer become smaller. This is a result of a reduction in
the thickness of the lipid acyl chains due to segmental disorder (increase of gauche conformers
and kinks). Because of the highly disordered chains in the fluid Lα-phase, the bilayer thickness
decreases to a lattice constant of about 66 Å. Figure 3 also shows some pressure-dependent
data. In DPPC dispersions at 55 ◦C, a shift to lower scattering vectors together with a change
in the lineshape is observed at 800 bar, which is due to the pressure-induced Lα to Pβ ′ phase
transition; the corresponding lattice constant increases from 68 to 71 Å. Further increase
in pressure leads to the formation of a pressure-induced interdigitated gel phase, Lβi , around
1400 bar, where the lipid acyl chains from opposing monolayers partially interpenetrate, which
leads to a decrease of the lamellar repeat period to about 50 Å. At ∼2.8 kbar, the transition
to a further gel phase (gel 3) occurs at this temperature with a lattice constant that is about
10 Å larger [11, 12, 33]. The resulting complete T , p-phase diagram of DPPC in excess water
is given in [33]; the lower-pressure part is depicted in figure 4(a).

Phase transitions between lipid mesophases must be associated with deformations of the
interfaces, which, very often, imply also their fragmentation and fusion, so that not only the
topological changes, but also the symmetry of the lipid aggregate. Depending on the topology
of the structures involved, transition phenomena of different complexity may be observed. In
addition, the transition rates and mechanisms are expected to depend on the level of hydration
of the structures involved and on the forces driving the transition. We have used the pressure
jump techniques in conjunction with synchrotron x-ray diffraction to study the time course of
lipid phase transitions and to search for possible transient intermediate structures, with a view
to unravelling the underlying transition mechanisms [11, 12, 30]. Two examples are given.

Figure 4(b) exhibits the d-spacing of DPPC in excess water after a pressure jump from 410
to 190 bar at T = 47 ◦C (the data shown represent an average over 15 pressure jumps). The
time evolution of this TRSAXS experiment was chosen to be 100 ms. Clearly, the pressure-
induced Pβ ′–Lα transition seems to be two state and is completed after about 10 s only. The
reverse, Lα to Pβ ′ , transition appears to be much faster (transient time of less than 3 s). For
comparison, the temperature-jump-induced Pβ ′ to Lα transition of DPPC as detected by SAXS
is much faster (in the 5 ms time range) [14, 38].

As an example of a lamellar to cubic lipid phase transformation, we present data on
the mono-olein (MO)–water system under limited hydration conditions [50]. A pressure jump
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a) b)

Lα-Phase

Figure 4. (a) Part of the T , p-phase diagram of DPPC bilayers in excess water. Please note that an
additional crystalline gel phase (Lc) can be induced in the low-temperature regime (<18 ◦C) after
prolonged cooling. (b) TRSAXS data of the main gel to fluid phase transition of DPPC bilayers in
excess water (the p-jump from 410 to 190 bar occurs at time zero, T = 47 ◦C).

from 1500 to 1 bar was used to induce the Lα → Ia3d transition at 20 wt% H2O and 35 ◦C. The
time-dependent SAXS patterns after the jump are shown in figure 5. The first lamellar reflection
(001) of the Lα phase and, at longer times, the reflections (

√
6,

√
8,

√
14,

√
16, . . .) of the

developing Ia3d phase are clearly visible. The corresponding intensities and lattice constants
as a function of time are plotted in figure 5 as well. The system starts in the lamellar phase with
initial lattice parameter of a = 44 Å. The intensity of the Lα phase decays rapidly while the
cubic phase Ia3d is formed concomitantly. The first peak of Ia3d appears after 1.5 s, and the
intensity of the diffraction peaks of the Lα phase vanishes at ∼2.5 s. During the phase transition,
the lamellar lattice constant decreases from 43.4 to 42.3 Å, while that of the cubic phase
decreases from an initial high value of 114.2 to an equilibrium value of 109.1 Å. Hence, within
the accuracy and time resolution of the measurement, a two-state transition can be assumed.

Generally, as has been found in a series of studies of pressure- and temperature-jump-
induced phase transitions now [11, 12, 30, 35–40], the results show that the relaxation behaviour
and the kinetics of pressure-induced lipid phase transformations depend drastically on the
topology of the lipid mesophase, and also on the temperature and the driving force, i.e., the
applied pressure jump amplitude, �p. Often multicomponent kinetic behaviour is observed,
with short relaxation times (probably on the nanosecond to microsecond timescale) in a burst
phase referring to the relaxation of the lipid acyl chain conformation in response to the pressure
change, which leads to the small changes in the observed lattice constants right after the pressure
jumps. The longer relaxation times measured here are probably due to the kinetic trapping of
the system. In most cases, the rate of the transition is limited by the transport and redistribution
of water into and in the new lipid phase, rather than being controlled by the time required for
a rearrangement of the lipid molecules; i.e., the obstruction factor of the different structures
controls the different kinetic components. In addition, nucleation phenomena and domain size
growth of the structures evolving play a role.



S3086 A Gabke et al

Figure 5. Top: time-resolved SAXS data of mono-olein (MO) in 20 wt% H2O at 35 ◦C. At time
zero, a 5 ms pressure jump from 1500 to 1 bar induces a phase transition from the lamellar Lα to
the Ia3d cubic phase. Indexing of the Bragg reflections is indicated. Bottom: the corresponding
intensities and lattice constants of the corresponding phases as a function of time.

Certainly, time-resolved studies of lyotropic transitions are still at an early stage, but
clearly will be invaluable for helping to clarify transition pathways and mechanisms. It would
be particularly useful to carry them out on aligned samples, which would allow the epitaxial
relationships between the phases to be determined at the same time.

4.2. Surfactants and microemulsions

The phase preference of different surfactants is essentially related to the overall shape of the
molecules under the experimental conditions used. The molecular shape is in turn dependent on
the relative sizes of the polar and nonpolar regions of the amphiphilic molecules, in particular
on the relative cross-sectional areas occupied by the polar headgroup and nonpolar hydrocarbon
chains, and these strongly depend on temperature, pressure, ionic strength and hydration level.
If the effective cross-sectional area occupied by the polar headgroup significantly exceeds that
occupied by the nonpolar region of the amphiphile, such as in the case of the detergent SDS,
then these wedge-shaped molecules aggregate in water to form spherical or elliptical micelles.
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a) b) c)

Figure 6. (a) SANS patterns of a 10 wt% SDS solution in D2O as a function of pressure from
1 to 2000 bar (T = 30 ◦C). (b) SANS patterns of a 30 wt% SDS solution in D2O as a function
of pressure from 1 to 2000 bar (T = 20 ◦C). Only the intermediate Q-range is shown here.
(c) SANS patterns of a 50 wt% SDS solution in D2O as a function of pressure from 50 to 2000 bar
(T = 30 ◦C).

So far, only a few studies have been carried out on the effect of pressure on surfactant
phases and microemulsions. In fact, pressure studies on these systems are of interest not only
from a physical–chemical point of view; they are also of biochemical interest, for example,
regarding the modulation of enzyme activity in micelles by pressure or protein extraction by
surfactants [1]. Compression of concentrated micellar systems and microemulsions can lead to
changes in aggregation number and will finally induce aggregate structures with smaller partial
molar volumes of their amphiphiles. For example, it was observed that pressurization of the
AOT–water–n-octane microemulsion system leads to a pressure-induced phase transition from
a water-in-oil droplet structure to ordered lamellar or disordered cubic structures [41].

Here, we present data on an important surfactant, sodium dodecyl sulfate
(C12H25OSO−

3 Na+), SDS, dispersed in water. Above ∼20–25 ◦C and up to a concentration
of about 35 wt%, SDS forms spherical micelles of a diameter of about 36 Å. At higher
concentrations, elongated micellar structures and other lyotropic liquid-crystalline mesophases
are found, such as a hexagonal (HI) and lamellar Lα phase as well as a series of further two-
and three-dimensional phases including an isotropic cubic phase [42–45]. The mesophases
of SDS in water form above room temperature whereas the hydrated crystals of SDS coexist
with water in the low-temperature region. We performed SAXS and SANS measurements on
5–75 wt% SDS solutions at selected temperatures up to pressures of about 2 kbar.

Figure 6(a) depicts SANS patterns of a 10 wt% SDS in D2O solution at selected pressures
for T = 30 ◦C. A broad peak around Q = 0.086 Å−1 appears, which represents the
intermicellar correlation peak of the SDS micelles. The peak position corresponds to a
mean intermolecular distance dinter of the micelles of about 90 Å and, up to a pressure of
2 kbar, no structural changes occur. A similar situation is observed for T = 50 ◦C; dinter only
decreases to 86 Å at that temperature. A 5 wt% SDS solution leads—as expected—to larger
intermicellar distances (of 113 and 105 Å for 30 and 50 ◦C, respectively). Figure 6(b) displays
the corresponding SANS data for a 30 wt% SDS solution at 20 ◦C. With increasing pressure,
already above ∼100 bar, the correlation peak shifts markedly towards smaller Q-values,
i.e. larger distances. In general, a large shift in the peak position to lower Q-values implies a
larger growth in micelle. Hence, our findings might be explained by the continuous formation
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of elongated micellar particles upon pressurization. Above about 1 kbar, no small-angle peak is
detected anymore and the diffuse small-angle scattering below 0.02 Å−1 drastically increases
(data not shown). Hence, upon pressurization, a broad phase transition to a new, possibly
crystalline, mesophase with smaller partial molar volume occurs. An increase of temperature
shifts this transition to higher pressures. For example, at 30 ◦C, the onset of the shift of
the correlation peak sets in around 1000 bar, with a concomitant peak appearing at 0.2 Å−1

(data not shown), which indicates formation of coexisting SDS crystals. In figure 6(c), the
pressure effect on the hexagonal phase of SDS in a 50 wt% solution at 30 ◦C is shown. At
Q = 0.14 Å−1, the (10) reflection of the HI phase is seen, which corresponds to a lattice
constant of a = 51.5 Å. Above about 1 kbar, a phase transition occurs, possibly to a micellar–
crystalline phase coexistence region again, as indicated by an additional peak appearing around
0.2 Å−1, which corresponds to a d-spacing of the crystalline phase of 31.4 Å. At T = 40 ◦C
and above, no such transition is observed in the pressure range covered (up to 2 kbar). A similar
scenario holds for the 75 wt% SDS solution. Hence, we note that an increase of pressure of a
few hundred to thousand bars in surfactant systems leads to drastic effects on their structure
and phase behaviour.

It is clear that the application of the pressure variable in this research area has only just
started and many interesting results are expected in the near future.

4.3. Proteins in solution

It has long been known that the application of high hydrostatic pressure of typically 4–8 kbar
results in the disruption of the native protein structure due to the decrease in the volume of
the protein–solvent system upon unfolding [1–7]. Pressure denaturation studies thus provide
a fundamental thermodynamic parameter for protein unfolding, the volume change �V , in
addition to an alternative method for perturbing the folded state, and thus extracting its
stability, �G0. The use of pressure is also advantageous from a methodological point of
view: the transition to native conditions (renaturation) is achieved simply by releasing the
pressure, and in general the effects of pressure on proteins are reversible, and they are not
accompanied by aggregation (which often occurs upon temperature-induced unfolding of
proteins). The net volume change on denaturation comprises the effects of disruption of
noncovalent bonds, changes in protein hydration, freeing of void volume and conformational
changes. The reduction in the net volume seems to be largely the result of the disappearance
of solvent-inaccessible voids inside the protein.

In the past, we undertook a detailed study of the pressure-induced unfolding and
refolding of a series of proteins, such as the small monomeric protein staphylococcal
nuclease (SNase) [46, 47]. These studies were performed using synchrotron small-angle x-ray
scattering, which monitors changes in the tertiary structural properties of the protein upon
pressurization or depressurization. Analysis of the high-pressure SAXS data reveals that over
a pressure range from atmospheric pressure to approximately 3 kbar the radius of gyration Rg

of the protein increases twofold from a value near 17 Å for native SNase to a value near 35 Å in
the pressure-denatured state. The p(r) showed a broadening with a transition from a unimodal
to a bimodal type of distribution; i.e., pressure denaturation produces a protein structure that
is less compact and elongated with regard to the native structure. Complementary FT-IR
measurements show that the pressure-induced denatured state above 3 kbar retains nonetheless
some degree of β-like secondary structure and the molecules cannot be described as a fully
extended random polypeptide coil. Assuming the pressure-induced unfolding transition of
SNase to occur essentially as a two-state process, analysis of the concentration–pressure
profiles yields a Gibbs free energy change for unfolding of �G0 = 17 ± 4 kJ mol−1 and
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a volume change for unfolding of �V = −80 ± 20 ml mol−1 at ambient temperature and
pressure. For comparison, temperature-induced denaturation involves a further unfolding
of the protein molecule which is indicated by a larger Rg-value of 45 Å, and significantly
lower fractional intensities of IR-bands associated with secondary structure. SNase is a rather
pressure-sensitive protein compared to the majority of other monomeric proteins, which unfold
typically between 4 and 8 kbar. Oligomeric proteins partially unfold and dissociate at much
lower pressures, however, typically already at 1–2 kbar. These and more recent studies indicate
that the ensemble of unfolding pathways from pressure denaturation is inherently different
from those for heat or chemical denaturation. Based on the information theory model of
hydrophobic interactions, Hummer et al [48] proposed that proteins stabilized by hydrophobic
driving forces at ambient pressure are destabilized at elevated pressures due to water penetration
into the hydrophobic core.

By crossing the T , p-phase boundary of proteins applying a p-jump, the folding and
refolding kinetics can also be studied. Examples are given in [11, 12, 46]. We found from an
analysis of the kinetic data on SNase that the activation volume for folding is large and positive
(57 ± 4 ml mol−1) and that for unfolding seems to be small and negative (−23 ± 3 ml mol−1).
The volume of the protein solvent system in the transition state is thus significantly larger than
in the unfolded state and somewhat smaller than in the folded state, so that the transition state
lies closer to the folded than to the unfolded state in terms of system volumes. The positive
activation volume for the folding process, which is responsible for the large increase in the
relaxation time with pressure (allowing us to observe this process without resorting to ultrafast
methods), implicates dehydration in the rate limiting step for folding.

Here we present data on the effect of pressure on the structure and stability of the dimeric
trp repressor (TR) system in order to compare these results with those we have obtained on the
single-chain and oligomeric proteins (figure 7). TR is a prokaryotic transcriptional repressor
which is involved in regulation of the expression of genes whose products are involved in
aromatic amino acid synthesis in response to the binding of a co-repressor, L-tryptophan.
Here we looked at the unbound or apo-repressor form. The dimeric structure of TR is quite
unique in that the interactions between the subunits involve the intertwining of the A, B and
C helices of each of the subunits to form a very compact and extensive hydrophobic core
against which the C-terminal F helix packs. The DNA-binding domain made up of the D
and E helix–turn–helix motif is quite dynamic, and solvent exposed. Figure 7 shows the
complex composed of the protein, substrate and the DNA double helix. High-pressure SAXS
experiments were performed to reveal the pair-distance distribution function p(r), which is
depicted in figure 7(b) for 1 and 4000 bar at T = 25 ◦C. The shape of p(r) is characteristic for
the prolate shape of the molecule. The maximum distance of 71 Å at 1 bar corresponds to the
longitudinal axis and agrees with the distance between two deep grooves of B-DNA (68 Å),
the binding sites of the trp repressor. Application of high pressure of several kilobars reveals
a rather high pressure stability of this dimeric protein. No drastic changes in the structure are
observed at room temperature up to pressures of only about 4 kbar. At this pressure, the radius
of gyration Rg has increased from 24.5 Å at 1 bar to 27.7 Å at 4 kbar. While the position of the
maximum remains essentially constant, the maximal extension of the protein, Dmax, increases
from 71 to 82 Å, indicating that the protein elongates along its main axis upon pressurization.
Experiments performed at 60 ◦C reveal an increase for Rg from about 23 Å at 1 bar to 28 Å at
2 kbar and the p(r) function reveals a partial unfolding along the long axis of the protein,
possibly due to a partial unfolding of α-helices of the length of five to nine amino acids at the
binding region of L-tryptophan. It is only at much higher pressure (e.g. ∼8 kbar at 25 ◦C) that
a significant change in the secondary structure of the protein occurs and the protein unfolds to a
significant extent [49]. High-pressure FT-IR data reveal that pressure-induced unfolding of TR



S3090 A Gabke et al

Q /Å–1

I(
Q

)/
a.

u.

r/Å

p(
r)

a)

b)

Figure 7. (a) SAXS data (background corrected, circles; fits of dimer model (– – –), DAMMIN) of
the Trp repressor (2 wt% in 10 mM bis-Tris, pH 5.5) at 25 ◦C and 1 bar; (b) pair distance distribution
function p(r) at 25 ◦C and 1 bar (——) as well as at 4000 bar (– – –). In the figure, the Molscript
representation of the crystal structure of TR with bound substrate (L-tryptophan) and DNA double
helix (PDB 1TRO) is shown (inset in top figure) as well as the model dimer structure, which fits
the experimental data very well (inset in bottom figure).

(This figure is in colour only in the electronic version)

results in a denatured state with a large remaining secondary structure content. For example, at
25 ◦C, the α-helix content of TR decreases from about 60 to 30% with a concomitant increase
of solvated helices and disordered structures upon pressurization from 1 to 8000 bar [49].

We conclude that pressure work on lipid, surfactant and protein systems can yield a wealth
of enlightening new information on their structure, energetics and phase behaviour and on the
transition kinetics of these systems. The stage is now well set for further work addressing more
complex questions, such as for studies of protein aggregation phenomena and amyloidogenesis.
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[41] Köhling R, Woenckhaus J, Klyachko N L and Winter R 2002 Langmuir 18 8626
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[43] Kékicheff P and Cabane B 1988 Acta Crystallogr. B 44 395
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