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Introduction

A pressure-jump study on the interaction
of osmolytes and crowders with cubic monoolein
structuresf

Goran Surmeier, Michael Paulus, Eric Schneider, Susanne Dogan, (2 * Metin Tolan
and Julia Nase

Many vital processes that take place in biological cells involve remodeling of lipid membranes. These
processes take place in a milieu that is packed with various solutes, ranging from ions and small organic
osmolytes to proteins and other macromolecules, occupying about 30% of the available volume. In this
work, we investigated how molecular crowding, simulated with the polymer polyethylene glycol (PEG),
and the osmolytes urea and trimethylamine-N-oxide (TMAO) affect the equilibration of cubic monoolein
structures after a phase transition from a lamellar state induced by an abrupt pressure reduction. In
absence of additives, swollen cubic crystallites form after the transition, releasing excess water over
several hours. This process is reflected in a decreasing lattice constant and was monitored with small
angle X-ray scattering. We found that the osmotic pressure exerted by PEG and TMAO, which are
displaced from narrow inter-bilayer spaces, accelerates the equilibration. When the radius of gyration of
the added PEG was smaller than the radius of the water channels of the cubic phase, the effect became
more pronounced with increasing molecular weight of the polymers. As the release of hydration water
from the cubic structures is accompanied by an increasing membrane curvature and a reduction of the
interface between lipids and aqueous phase, urea, which has a slight affinity to reside near membrane
surfaces, stabilized the swollen crystallites and slowed down the equilibration dynamics. Our results
support the view that cellular solutes are important contributors to dynamic membrane processes, as
they can accelerate dehydration of inter-bilayer spaces and promote or counteract membrane
curvature.

crowded environment shifts chemical equilibria and inter-
action constants due to the excluded volume effect."*™"” It

Lipid membranes envelope biological cells and divide their
interior into compartments and organelles.”” They do not only
act as static barriers but undergo remodeling events like fusion
and budding to regulate the mass transfer between the sepa-
rated areas.>* Obviously, membrane composition and various
proteins play an important role in such processes.”® It is also
known that hydration and curvature of lipid bilayers can
strongly be affected by non-specific interactions with solutes
in the aqueous environment of membranes.” ' The cellular
environment contains high amounts of solutes, ranging from
ions and organic osmolytes to macromolecules, like proteins,
ribosomes, nucleic acids and carbohydrates, occupying about
30% of the available cell volume.""™™® The presence of a
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was found that crowding can be a driving force of vesicle fusion
or budding when background molecules are placed either
outside or inside of vesicles.'®>°

It has long been assumed that organic osmolytes are “back-
ground molecules”” with the sole purpose to provide the adap-
tation of a cell to osmotic stress in a hypertonic environment,
and have no relevance to cellular processes acting as compa-
tible solutes.”® In fact, their influence on cellular processes is
small compared to other cellular solutes like e.g. inorganic
ions, which do not interfere with the metabolism only in low
concentration ranges.>> However, it became evident that the
compatibility of organic osmolytes is restricted. The influence
of different organic osmolytes on the structure and interaction
of proteins has been a focal point of research in the last
decade.>**® While some osmolytes stabilize native states of
macromolecules, others act as denaturants. A widely studied
couple are trimethylamine-N-oxide (TMAO) and urea, which
occur in a characteristic ratio of 2:1 in many marine species

This journal is © The Royal Society of Chemistry 2022
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that are exposed to high osmotic and hydrostatic pressures.**>°
The interplay of TMAO, which shifts the equilibrium of proteins
towards folded states, and urea, which promotes unfolding, is
crucial for preserving the functionality of proteins at extreme
conditions. TMAO shows strong interactions with water that
prevent the molecule from residing in proximity of
macromolecules,® while interactions of urea with protein back-
bones and amino acid side chains are favorable.*?* Therefore,
the presence of these molecules promotes protein structures with
either small or large surfaces exposed to the solvent. It was found
that the counteracting behavior of TMAO and urea also translates
into different interactions with lipid structures and recent studies
suggest that the preferential exclusion of molecules like TMAO
from interbilayer spaces provides an important contribution to
processes of membrane remodeling.”*3*¢

In biological systems, membranes are complex structures
built of a variety of different molecules and active fusion
processes are driven by proteins. However, this study focusses
on basic interactions of lipid layers with solutes and thus a
simple model system is applied to identify fundamental effects
of additives on hydration and curvature of membranes.
Membrane remodeling like fusion and budding involves
changes of curvature and the occurrence of non-lamellar lipid
structures. Therefore, lipids that form, e.g., bicontinuous cubic
or hexagonal phases are a powerful tool to study membrane
processes.’” ! The lipid monoolein forms bicontinuous cubic
phases spontaneously in an aqueous medium®>** and is a
widely studied molecule due to its potential in fields like drug
delivery,”*™* nucleic acid delivery,*®* > medical imaging,*®>*>*
membrane protein crystallization,>*>° and biosensing.®*"®* For
monoolein/water mixtures, detailed temperature composition
phase diagrams exist** and also the pressure-dependent beha-
vior was investigated before.’””®* At ambient pressure and a
temperature of 25 °C, monoolein forms the cubic Pn3m phase
in excess water. By the application of hydrostatic pressure, a
transition into a lamellar crystalline phase can be triggered.

In this work, we examined the influence of background
molecules on membrane processes by studying how crowders
and the osmolytes TMAO and urea affect curvature and hydra-
tion of cubic monoolein structures. We conducted pressure-
jumps across the lamellar to cubic phase boundary at excess
water conditions to trigger the formation of a swollen cubic
phase. Subsequently, we monitored the diffusion of water from
hydration to excess volume by recording the decrease of the
cubic lattice constant as a function of time with small angle
X-ray scattering (SAXS). Molecular crowding was simulated by
adding the polymer polyethylene glycol (PEG) as it was already
done in previous studies.'***%>%¢ We found that the addition
of PEG and TMAO reduces the lattice constant of the cubic
phase and tends to accelerate the equilibration after a pressure-
jump. When the radius of gyration of PEG was smaller than the
radius of the water channels of the lipid phase, both effects
became more pronounced with increasing molecular weight of
the polymers. In contrast, urea slowed the decrease of the
lattice constant down, stabilizing lipid structures with large
surface areas.
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Experimental setup

The pressure-jumps were conducted with a high hydrostatic
pressure sample cell designed for X-ray studies.®” The cell is
made of the high tensile strength alloy Inconel 718 and is
sealed with diamond windows along the beam path, resisting
pressures of up to 5 kbar. The sample liquid is filled into an
inner cell that is separated from the pressure transmitting
liquid by polyimide windows. The sample temperature was
controlled by a circulating water flow and set to 298 K.

Monoolein and buffer solution were poured into the inner
sample cell. The substances were mixed mechanically, and the
samples were allowed to equilibrate for at least 12 hours. For
PEG samples, 10 mM pressure stable BisTris buffer at pH 5 was
used and added in concentrations of 80 wt%. PEG of molecular
weights between 200 g mol™" and 35 000 g mol " was dissolved
in the buffer solution in concentrations of 150 g L™" before it
was mixed with monoolein. For urea and TMAO samples,
10 mM BisTris buffer at pH 7 was used and added in concen-
trations of 90 wt%. The osmolytes were dissolved in the buffer
solution in concentrations of 1 M. For mixtures of urea and
TMAO in a 2:1 ratio, 0.67 M urea and 0.33 M TMAO were
added. All chemicals were purchased from Sigma Aldrich and
used as received.

The SAXS experiments were performed at the beamlines
BL2°® and BL9®® of DELTA (Dortmund, Germany) with photon
energies of 12 kev (4 = 1.033 A) and 13 keV (4 = 0.954 A)
using MAR345 image plate detectors. The beamsize was
0.5 x 0.5 mm? at BL2 and 1 x 1 mm? at BL9. The setups were
calibrated with silver behenate.”® Pressure-jumps were con-
ducted from between 1 and 2 kbar down to 50 bar. The
reduction of pressure took approximately 10 s. After the
pressure-jump, SAXS scans were taken at four-minute intervals
for several hours. In the cubic phase regime, the exposure time
was 150 s and in the lamellar regime, the exposure time was
30 s. The two-dimensional SAXS patterns were integrated
azimuthally to obtain the scattering intensity as a function of
the wave vector transfer g and an interpolated background was
subtracted. Phase behavior and lattice constant a of the sample
can then be determined based on Bragg reflections that occur
at characteristic ratios of the reciprocal lattice constant 2n/a.*?
The positions of the Bragg reflections were extracted by fitting
Gaussian functions.

Results

Fig. 1 shows the pressure-dependent phase behavior of mono-
olein at excess water conditions upon pressurization and
pressure release (left). Moreover, selected integrated SAXS
patterns are shown with the obtained fits (right). The Bragg
reflections are labelled with the corresponding Miller indices.
Exemplary SAXS curves and fits of samples containing additives
are presented in the ESL.f In agreement with the results of
Czeslik et al.,”* we observed the cubic Pn3m phase at 50 bar and
a transition into a lamellar phase at high pressures. The inset
provides a more detailed view on the behavior of the cubic
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Fig. 1 Left: Phase behavior and lattice parameters a of monoolein in excess water upon pressurization (red arrows) and pressure release (green arrows).
The inset provides a closer look on the lattice constant of the Pn3m phase during pressurization, revealing that it increases as a function of time even at
constant pressure. The scans were taken at four-minute intervals and the data points are connected to indicate their chronological order. Right:
Exemplary integrated SAXS data (colored dots) and fits (black lines) of scans from each phase regime. The Miller indices of the lattice planes that

correspond to the observed Bragg reflections are designated.

phase at increasing pressures. Repetitive measurements at
four-minute intervals showed that the Pn3m phase is not at
equilibrium at pressures above 0.5 kbar, as the cubic structures
are slowly swelling. Additional measurement series (data not
shown) showed that the swelling carries on for many hours or
even days at constant pressure until a phase transition into a
lamellar phase occurs. Upon pressure release from 4 kbar, a
lamellar phase is observed in the corresponding pressure
regime, confirming that the cubic phase is not the equilibrium
state. However, an instantaneous collapse of the metastable
cubic phase could be reliably induced by increasing the pres-
sure above 2.5 kbar.

After the pressure-induced phase transition, a lamellar
phase with a spacing of approximately 43 A formed. During
the subsequent release of pressure, a phase transition occurred
at 1.75 kbar, as the spacing of the lamellar structures abruptly
increased to approximately 49 A. Since the spacing of both
phases barely changed as a function of pressure, it is likely that
they exhibit a crystalline chain order. Czeslik et al.”* observed
an intermediate phase with a spacing of 43 A at 7.5 °C upon a
pressure-induced cubic Prn3m to lamellar transition at 1.4 kbar,
before a stable lamellar phase with a spacing of 47 A formed.
They confirmed the crystalline character of the latter phase
with wide angle scattering. Qiu and Caffrey*® found a meta-
stable and a stable lamellar crystalline phase at low tempera-
tures with similar spacings. Consistent with the behavior
observed in these studies, we found that the phase with the
higher spacing is the equilibrium state in the entire pressure
range from 0.5 to 4 kbar, while the phase with the lower spacing
is metastable. In the following, we refer to the stable phase as L.
and to the metastable phase as L,, phase. The moment and
pressure at which a transition into the stable phase occurred

992 | Soft Matter, 2022, 18, 990-998

was found to be largely random. However, a reduction of the
pressure from more than 2.5 kbar to 1.5 kbar or less reliably
induced a transition into the stable L. phase.

Upon pressure release, the phase transition into the cubic
phase occurred between 0.5 and 0.25 kbar. At this point, the
cubic phase formed with an increased lattice constant com-
pared to equilibrium. Subsequently, the lattice constant slowly
decreased as the cubic structures release excess water.

Based on the described behavior, we applied the following
measurement protocol. For each sample, we determined the
equilibrium lattice constant of the cubic phase at 50 bar. Then,
we increased the pressure to 3.5 kbar to induce a transition into
the lamellar phase. After that, we reduced the pressure again,
typically to 1 or 1.5 kbar, to trigger the formation of the L.
phase. From this starting point, we performed a pressure-jump
back to 50 bar and monitored the decrease of the Pn3m lattice
constant as a function of time.

The equilibrium lattice constant of monoolein in the Pn3m
phase at 50 bar upon addition of PEG with different molecular
weights is shown in the inset of Fig. 2. The measurement error
of the SAXS experiments is below the symbol sizes. The varia-
tion of the lattice parameters between the individual samples
(circles) is due to the sensitivity of the monoolein samples to
external conditions and slow equilibration times. The typical
error range for the cubic phase is +2.5 A and for the lamellar
+0.3 A.

If the water content of the lipid phases is known, the length
of the lipid molecules in the structure and the size of the water
channels can be determined.*” For monoolein/water mixtures
at 25 °C and ambient pressure, the maximum water capacity of
the Pn3m phase at equilibrium is 44.5 wt%.** Based on this
value and with the observed mean Pn3m lattice constant of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Decrease of the Pn3m lattice constant after a pressure-induced
lamellar-to-cubic transition in presence of PEG of different molecular
weight as a function of time t (colored symbols) and fits (grey lines). The
pressure-jumps were conducted at t = 0. The inset shows the Pn3m lattice
constant at 50 bar and the lamellar spacing at 1500 bar before the
pressure-jumps as a function of the radius of gyration Rg of the added
PEG. The results for pure monoolein are shown at Rg = 0 for comparison.
The circles represent the obtained values of different samples to illustrate
the variance. The crosses mark the mean values.

monoolein in excess water at 50 bar of 102.8 A, the length of the
lipid molecules is determined as approximately 16.1 A. Assum-
ing that the length of the molecules depends essentially on
pressure and temperature, but is barely affected by the addition
of PEG, this value can be used to estimate the radii of the water
channels ry, of the cubic structures in presence of PEG. Fig. 3
shows the ratio of r,, to the radius of gyration Rg of the added
PEG as a function of Rg. With increasing size of the polymers,
the cubic structures are more and more compressed. It is
known that the osmotic pressure exerted by PEG decreases as
a function of its molecular weight at constant mass
concentration.”” However, the osmotic pressure between the
water channels of the cubic phase and the excess water regime
is determined by the concentration gradient between both
regions. Fig. 3 demonstrates that the dimensions of water
channels and polymers are in a similar order of magnitude.
Therefore, the increasing level of compression with increasing
size of the polymers can be explained by an increasing exclu-
sion of PEG from the cubic structures. The larger the PEG

This journal is © The Royal Society of Chemistry 2022
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molecules are, the more unfavorable the confinement in the
cubic structure becomes due to the restriction of the configu-
ration entropy. Once the radius of gyration was larger than the
radius of the water channels, we observed the cubic /a3d phase
instead of the Pn3m phase. In the Ia3d regime, no further
compression of the lipid phases as a function of Rg occurred,
and it can be assumed that the polymers are completely
displaced from the water channels.

The inset of Fig. 2 shows that the spacing of the lamellar
crystalline phase at 1500 bar is largely unaffected by the
presence of PEG. Qiu and Caffrey found that the maximum
water capacity of the lamellar phase at ambient pressure is
approximately 4 wt%.** Based on this value, the hydrated inter-
bilayer space can be estimated to be approximately 2 A thick.
Thus, all water molecules that are embedded in the lipid
structure are in close proximity to the monoolein headgroups
and therefore have limited mobility.”® Due to the lack of free
hydration water, a displacement of water molecules from the
lipid structures by osmotic pressure is barely possible. There-
fore, the L. phase is, in contrast to the Pn3m phase, not
compressed by PEG.

Especially with PEG of higher molecular weights, we
observed a formation of cubic structures already at 1000 bar
in some cases. Therefore, different starting pressures between
1 and 2 kbar were used for the pressure-jumps. Fig. 2 shows the
reduction of the lattice constant of the Pn3m phase of mono-
olein in presence of PEG of different molecular weights after
pressure-jumps from the lamellar regime as a function of time.
The integrated intensity of the observed Bragg reflections was
constant from the second scan on for all samples (see ESIT),
indicating that the formation of the Pn3m phase was completed
in less than four minutes and that the crystallites did not grow
considerably during the water release process. Moreover, the
width of the reflections at equilibrium was similar for all
samples so that it can be assumed that the mean size of the
crystallites was largely unaffected by the addition of the
polymers.

The equilibration after a pressure-jump accelerated with
increasing molecular weight of the added PEG. To compare
the speed of the process for different samples, we determined
the equilibration times as the time that elapsed after the
pressure-jump until the released water volume per second
and unit cell fell permanently below a threshold of 30 A® s7*.
For this purpose, a smoothed and continuous representation of
the data was generated by fitting. We superposed two exponen-
tial functions to reproduce the convex decrease of the lattice
parameter and a hyperbolic tangent to take into account an
intermediate increase of the reduction rate that occurred
mainly with pure monoolein. The resulting curves are shown
in Fig. 2 as grey lines. With the length of the lipid molecules
stated above, the water content of the unit cells was determined
and by calculating the time derivative, the water release rate
was obtained.

Fig. 4 shows the resulting equilibration times as a function
of the radius of gyration of the added PEG. The osmotic
pressure exerted by the polymers accelerated the equilibration
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Fig. 3 Ratio of the water channel radius r,, of the Pn3m phase at 50 bar to the radius of gyration Rg of the added PEG as a function of Rg. The circles
represent the obtained values of different samples to illustrate the variance. The crosses mark the mean values.

process strongly. For pure monoolein, a water release rate of
the Pn3m unit cells of 30 A® s™" is reached after approximately
three hours on average. This value reduces to less than
20 minutes in presence of PEG 2000. While the compression
of the lipid structures at equilibrium increases steadily with the
size of the polymers, the equilibration time reduces strongly
already for PEG 400 and remains on a similar level for larger
PEGs showing only a slight downward trend.

In contrast to PEG, urea and TMAO are small molecules with
few configurational degrees of freedom. Nevertheless, they also
have a strong influence on monoolein structures due to their
interactions with water and lipid interfaces. The inset of Fig. 5
shows the lattice constant of the Pn3m phase at 50 bar and the
spacing of the L. phase at 1000 bar in presence of urea and
TMAO before a pressure-jump. In agreement with current
knowledge, urea increases the lattice constant as its favorable
interactions with the lipid headgroups counteract the negative
curvature of the bilayers, whereas TMAO is displaced from the
cubic crystallites and compresses the structure due to the
resulting osmotic pressure.”>® The values observed for urea
are presumably higher than in equilibrium, as the lattice
constant converges to lower values after a pressure-jump. Urea
strongly slows down the equilibration dynamics of the cubic
phase, so that the waiting time of 12 h between sample
preparation and experiment might not be sufficient. From the
behavior of the urea samples after a pressure-jump, an equili-
brium lattice constant of approximately 110 A is determined. In
a 2:1 ratio, the effects of urea and TMAO on the Pn3m lattice
constant compensate each other and within the range of
variance, no difference to pure monoolein is observed. Similar
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Fig. 4 Period t after a pressure-jump until the released water volume per
time and Pn3m unit cell decreased below a limit of 30 A® s~ as a function
of the radius of gyration Rg of the added PEG as a measure for the speed of
the equilibration dynamics. The results for pure monoolein are shown at
Rg = 0 for comparison. The circles represent the obtained values of
different samples to illustrate the variance. The crosses mark the mean
values.

to PEG, TMAO does not affect the structure of the L. phase,
while urea slightly increases the spacing. An even less pro-
nounced expansion is visible when urea and TMAO are added

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Decrease of the Pn3m lattice constant after a pressure-induced
lamellar-to-cubic transition in presence of TMAO and urea as a function of
time t (colored symbols) and fits (grey lines). The inset shows the Pn3m
lattice constant at 50 bar and the lamellar spacing at 1000 bar before the
pressure-jumps. The results for pure monoolein are shown at Rg = 0 for
comparison. The circles represent the obtained values of different samples
to illustrate the variance. The crosses mark the mean values. At 50 bar, for
urea, the value of the equilibrium lattice constant determined from the
convergence after a pressure-jump is indicated with an X" instead.

in a 2:1 ratio. In both cases, the expansion is presumably due
to urea molecules that enter the narrow interbilayer spaces of
the L. phase, since urea has an affinity to reside at lowly
hydrated membrane interfaces.*>”*

Fig. 5 shows how the addition of urea and TMAO affected
the equilibration dynamics of the Pn3m phase after a pressure-
jump from the lamellar regime. In all cases, the increase of the
integrated intensity of the observed Bragg reflections occurred
on a much shorter time scale than the reduction of the lattice
constant (see ESIT) and the width of the reflections at equili-
brium was similar. Thus, it can be assumed that the cubic
crystallites formed fast and reached similar dimensions for all
samples.

The different interaction mechanisms of the two osmolytes
with lipid membranes induced counteracting effects on the
water release process. In absence of additives, the equilibration
process took five hours on average. Urea strongly reduced the
speed of the water-release and after more than 10 hours, the
lattice constant was still considerably decreasing. In contrast,

This journal is © The Royal Society of Chemistry 2022
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for three of four TMAO samples, the reduction of the lattice
parameter essentially occurred during the first hour after the
pressure-jump. In all cases, TMAO caused an acceleration of the
dynamics. The addition of urea and TMAO in a 2:1 ratio caused
equilibration times that are similar to pure monoolein. However,
due to the large fluctuations between the individual samples, it is
not possible to conclude whether this ratio provides an optimum
compensation of the counteracting effects.

Conclusions

In this work, we investigated the influence of solutes on the
equilibration dynamics of cubic monoolein phases. The effect
of the size of background molecules on the dehydration of the
lipid structures was examined using PEG of different molecular
weight. For polymers with a radius of gyration that was smaller
than the radius of the Pn3m water channels, a linear reduction
of the lattice parameter with increasing size was found. Larger
PEG induced a phase transition into the Ia3d phase. While PEG
200 had only a minor effect on the equilibration dynamics after
a pressure-jump, larger polymers strongly accelerated the
release of hydration water from swollen cubic crystallites. A
faster decrease of the lattice constant was also observed when
TMAO was added. In both cases, a preferred displacement of
the solutes from the lipid structures induces an osmotic
pressure between hydration and excess water regime. Residing
in the confined hydration volume of the cubic crystallites is
unfavorable for PEG due to the restriction of the configuration
entropy that increases with the size of the polymers. In con-
trast, TMAO is a small and rigid molecule that is displaced from
membrane interfaces due to its dipole moment and strong
interactions with water.” The dehydration of inter-bilayer
spaces is a prerequisite for membrane fusion. Therefore, the
observed ability of PEG and TMAO to accelerate the dehydra-
tion of lipid structure indicates that the presence of both
substances promotes fusion.

Urea has an affinity to interact with bilayer surfaces.*>* In this
work, we demonstrated that it stabilizes swollen Pn3m structures
and reduces the speed of the equilibration dynamics after
pressure-jumps across the lamellar-to-cubic phase boundary.
Intermediate states of membrane fusion are characterized by high
negative curvature. Our experiments show that urea counteracts
the formation of such structures. In a 2 : 1 ratio, the effects of urea
and TMAO compensated each other to a large extend.

Our results support the view that cellular solutes contribute
to membrane processes that involve changes of the curvature of
lipid layers or require dehydration of inter-bilayer spaces.”®
This work shows that background molecules can either
increase or reduce barriers for membrane remodeling.
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