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The membrane regulator squalane increases
membrane rigidity under high hydrostatic
pressure in archaeal membrane mimicsf
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Apolar lipids within the membranes of archaea are thought to play a role in membrane regulation. In this
work we explore the effect of the apolar lipid squalane on the dynamics of a model archaeal-like
membrane, under pressure, using neutron spin echo spectroscopy. To the best of our knowledge, this is
the first report on membrane dynamics at high pressure using NSE spectroscopy. Increasing pressure
leads to an increase in membrane rigidity, in agreement with other techniques. The presence of
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Introduction

Archaea are known to inhabit an extensive range of environ-
ments found on Earth including extremes of temperature, pH,
salinity, and pressure. Marine environments, which cover over
70% of the Earth, exert around 100 bar of pressure per km of
depth.’™® At the deepest parts of the ocean, pressures can reach
>1 kbar, and archaea have been found to live even under such
high hydrostatic pressure (HHP) conditions.* > HHP is known
to affect all biological molecules including nucleic acids, pro-
teins, and lipids. Lipid membranes are particularly sensitive to
pressure, and are thought to be one of the most pressure-
sensitive biological structures."”'’ Membranes are known to
become more tightly packed with pressure, sometimes leading
to the formation of highly-ordered gel phases.'*™*” Changes in
packing lead to changes in membrane lipid interactions with
proteins, in membrane fluidity as well as other physico-
chemical properties such as permeability, which negatively
impact membrane function. Hence, such properties must be
tightly controlled for cells to retain membrane functionality,
even under extreme conditions such as HHP. In order to
conserve the functional behavior of a membrane, its lipid
composition can be tuned to a particular composition, in a
process known as homeoviscous adaptation, which leads cells
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squalane in the membrane results in a stiffer membrane supporting its role as a membrane regulator.

grown at different conditions to have nearly identical
membrane properties.'®

Mechanisms of homeoviscous adaption in bacteria/eukarya
include changes in the length of the lipid chains, the degree of
unsaturation, as well as the presence of membrane regulators
such as sterols in eukaryotes and hopanoids in bacteria.'®*°
Cholesterol, for example, has been shown to increase the
rigidity of a DMPC membrane at higher molar ratios, which
has been attributed to an increase in the packing of the acyl
chains or an increase in leaflet coupling.>"** Cholesterol was
also seen to have a stiffening effect on unsaturated lipid
membranes.>** In Archaea, the hydrophobic chains of lipids
do not vary in size. Thus, homeoviscous adaptation is supposed
to rely on the fine tuning of the number of unsaturation/cycles,
the nature of polar headgroups and by the presence in the
midplane of the bilayer of apolar lipids which have been
proposed to play a similar regulatory role in archaea as sterols
in Eukarya, and provide a mechanism of adaptation to extreme
conditions.'***”

The membrane lipids of archaea are distinct from those
found in bacteria/eukaryotes, which seems to contribute to
their ability to grow under extreme conditions, such as HHP.
Archaeal membranes are composed of lipids with branched
isoprene-based hydrocarbon tails (phytanyl) rather than acyl
chains which are linked to the glycerol backbone via ether-
bonds rather than ester bonds. Unlike typical acyl-chain lipids,
these phytanyl-chain lipids are found to remain in a fluid state
at temperatures from —120 to 120 °C, likely due to the packing
of their branched hydrocarbon tails.?® Yet, the mechanisms of
adaptation in archaeal-like membranes are not as well under-
stood as those in bacteria/eukaryotes, due to the different
nature of their lipids. While most archaea produce diether
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Fig.1 Chemical structures of lipids used in this study. Archaeal lipid
analogs DoPhPC (a) and DoPhPE (b) consist of branched phytanyl chains
linked to a glycerol backbone via ether bonds and differ only by the polar
headgroup present (either phosphocholine (DoPhPC) or phosphoethano-
lamine (DoPhPE)). The apolar lipid squalane (c) is a 30-carbon, branched
polyisoprenoid.

lipids containing 20-carbon chains, which form bilayers, many
also produce tetraether lipids with 40-carbon (biphytanyl)
chains capable of forming membrane monolayers.”>>' The
synthesis of monolayer-forming, tetraether lipids has been
linked to high temperature and low pH adaptation®* and are
thought to provide a mechanism of adaptation to extreme
environments,”®** by increasing membrane packing and
impermeability to water and protons.>*** Not all archaea,
however, have been found to produce significant amounts of
tetraethers,”*®® signifying the importance of other adaption
routes, including the production of membrane regulating apo-
lar lipids.

Model archaeal membranes composed of 1,2-di-O-phytanyl-
sn-glycero-3-phosphocholine (DoPhPC, Fig. 1a) and 1,2-di-O-
phytanyl-sn-glycero-3-phosphoethanolamine (DoPhPE, Fig. 1b)
(PC:PE) in a 9:1 molar ratio were used in order to study the
effect of HHP on the dynamics of archaeal membranes. These
are synthetic lipids which resemble archaeal membrane lipids
in that they have branched hydrocarbon (phytanyl) chains
which are linked to the glycerol backbone via ether bonds
and such choice permits to perfectly control the sample com-
position. To model the apolar lipids found in archaea,® the
polyisoprenoid squalane (Fig. 1c) was used. Previous studies
have shown that the squalane localizes to the midplane of the
bilayer and alters the physico-chemical properties of the
membrane.**™** In this work, 5 mol% squalane to PC: PE was
chosen to model apolar membrane regulators as the maximal
amount which could be accommodated within the bilayer
midplane was shown to be 5-10 mol% squalane.*’ Membrane
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dynamics of unilamellar vesicles (ULVs) were probed, in the
presence or absence of squalane, using high-pressure neutron
spin echo spectroscopy (HP-NSE). NSE gives access through the
motions probed in the timescale up to 200 ns to information on
the bending rigidity of the membranes under different condi-
tions. Although it is possible to perform NSE experiments
under high pressure, as has been done with microemulsions,
to the best of our knowledge this is the first report of NSE being
used to characterize biological membranes under HHP.

Results

To model the membranes of archaea, ULVs composed of a 9:1
molar ratio of DoPhPC and DoPhPE in the absence (PC:PE)
and presence of 5 mol% squalane (PC: PE + sq) were prepared
via extrusion. Motions within vesicles can occur at many
different time and length scales from whole vesicle diffusion,
to bilayer undulations and thickness fluctuations, to lateral
diffusion and rotational motions of individual lipids. All of
these motions take place on different time and length scales
that can be accessed by different techniques. A significant
portion of membrane stability can be attributed to out-of-
plane fluctuations called undulations, and for this reason we
focused on characterizing the undulation motions of our model
system. Such undulation motions can be described by the
bending modulus, x.*>™*’

In order to probe membrane dynamics in this study, neu-
tron spin echo spectroscopy (NSE) was used.”® NSE is a quasi-
elastic scattering technique which measures changes in the
velocity of neutrons after interacting with the sample, using the
neutron spin as a highly sensitive “clock” to access dynamic
information at nanosecond time scales. NSE is able to observe
motions in the 1-20 nm range, suitable for capturing
membrane undulation motions.”> One of the advantages of
the spin-echo technique is that it can directly access the
intermediate scattering function, I(g,t), where q is the scattering
vector and ¢ is the Fourier time. The study of membrane
dynamics has been an important use of the NSE technique
since the development of the Zilman-Granek model.*>°
According to this model, the intermediate scattering function
I(g,t) can be described by a stretched exponential function with
a stretch exponent of 2/3:

2

I(q,t) = exp f(FZGq3l)3 (1)

where I'yg is the Zilman-Granek parameter, and I'yg x ¢° is the
relaxation rate. I’z is related to the membrane bending rigidity
(x) through the following relation:

ke T ksT
I'z6 = 0.0069 71/ —— "B~

(2)

where kg is the Boltzmann constant, T is the absolute tempera-
ture and 7 is the solvent viscosity. It is assumed that y ~ 1 for x/
kgT > 1. The prefactor found in eqn (2) (0.0069) is the current
consensus value rather than the original prefactor of 0.025, first
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introduced by Zilman and Granek.”">> The modification of the
prefactor is justified by the fact that on the length and time
scale of NSE a combined bending compression mode is
observed instead of a pure bending mode.>** Many different
prefactors have been used, and it should be noted that the
consensus value was chosen to result in rigidity values that are
comparable to those found by complementary techniques.*>">>
Membrane dynamics were measured at 25 °C and at four
pressures: 50 bar, 250 bar, 500 bar and ~ 1 kbar, to mimic the
hydrostatic pressure faced by many archaea. At each pressure
point, the intermediate scattering function was measured at six
different values of ¢ (0.043 > g > 0.097 A~') and Fourier times
of up to 200 ns. Data for the PC: PE membrane and PC: PE + sq
membrane can be found in Fig. 2. Only three ¢g- and two
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Fig. 2 Fits of /(g.t) at high and low pressure for PC: PE sample (Top) and
PC:PE + sq sample (Bottom). For clarity only three g-values (g = 0.043,
0.064, 0.086) are shown. Measurements made at the lowest measured
pressure (50 bar) are shown in solid symbols, and measurements made at
the highest pressure (=850 bar) are shown in open symbols. Fits were
made to egn (1), and shown by solid lines for 50 bar and dashed lines for
the HHP data.
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pressure values are shown for clarity. The data and fits at
intermediate pressures and at all g-values can be found in the
ESLt Fig. S1. The data for each sample were fit to eqn (1).
Conceptually, I'zg should not vary with q, therefore when fitting
the data at each pressure point, 'z was used as a shared
parameter. The solid lines correspond to fits of the low-
pressure data, and dashed lines correspond to fits of the
high-pressure data.

A comparison of I(q,t) measurements taken at the lowest
pressure point (solid symbols) versus the highest pressure point
(open symbols) reveal a shift in the I(q,t) values at high
pressure. This upward shift in the data points corresponds to
a slower relaxation rate for both the PC:PE and PC:PE + sq
membranes at elevated pressure. The membrane rigidities (k)
were then calculated based on the relationship between I'zg
and « (eqn (2)). I';g and x have an inverse relationship, there-
fore a slower relaxation rate at high pressure is indicative of a
more rigid membrane.

The rigidity of each membrane as a function of pressure is
plotted in Fig. 3. From the figure it is clear that the PC: PE + sq
membrane was much more rigid than the membrane lacking
squalane. The PC: PE membrane had a rigidity of (20.3 + 1.1)
kT at 50 bar which increased with pressure to a maximum of
(43.7 £ 3.1) kgT at 850 bar. The PC:PE + sq membrane also
increased with pressure from (27.0 £+ 1.4) kgT at 50 bar to a
maximum of (72.9 + 6.2) kT at 950 bar.

A linear fit to the data was used to estimate that the PC: PE
membrane increased in rigidity at rate of (29.3 £ 1.4)
kgT/kbar whereas the PC:PE + sq membrane increased at a
rate of (53.7 + 4.6) kT kbar '. While both membranes
increased in rigidity with pressure, the rate of the increase
was larger for the PC: PE + sq membrane, leading to a more
pronounced difference in rigidity between the membranes at
high pressure.
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Fig. 3 Bending rigidity as a function of pressure calculated using simple fit
(egn (1)) with shared I'yg. Error bars are based on the goodness of the fit.
Lines indicate a linear fit of the data.
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Discussion

In order to directly compare the PC:PE and PC:PE + sq
rigidities in Fig. 3, the assumption is made that the contribu-
tion of other motions to the NSE signal, such as translational
diffusion, can be ignored. While this is a fine assumption to
make for vesicles of the same size, large differences in vesicle
size and thus diffusion make it impossible to directly compare
rigidities calculated using the present method.>® Dynamic light
scattering (DLS) was performed to determine the size of the
ULVs in solution. Surprisingly, it was found that the vesicles
containing squalane had a significantly larger R, (151.0 +
3.4 nm) compared to those lacking squalane (58.4 £ 0.5 nm)
at 25 °C and ambient pressure, despite being prepared by
identical methodology. Squalane is known to promote more
negative membrane curvature and the formation of non-
lamellar membrane phases such as hexagonal and cubic
phases.*"**°® The change in preferred membrane curvature
could explain the larger size of the PC:PE vesicles containing
squalane. In addition, squalane is known to promote the
rigidification of the membrane. This can significantly impact
the extrusion of vesicles using the extruder. Indeed, pores have
a size distribution in the filter. More rigid vesicles will tend to
pass through the larger pores while the more fluid ones will
also pass through the smaller one. One direct consequence of
this that more rigid vesicles are much harder to extrude, which
we noted for the samples with 5% squalane, and that the mean
vesicle size is bigger. In addition, following extrusion the
behavior of rigid or fluid vesicle may also be different, since
the rigid vesicles of smallest size might be unstable and burst/
fuse in the solution leading to an increased mean vesicle size.
Not only was the sample containing squalane more difficult to
extrude, but it became progressively more difficult to extrude
for each pass through the filter. This could suggest that some of
the pores became obstructed, which could have promoted a
rupturing of the polycarbonate filter. Indeed, a later repetition
of extrusion and measurements of sample size by DLS (Fig. S3,
ESIT) only showed a modest increase in vesicle size with
increasing amounts of squalane.

Regardless of its origin, the difference in size, indicates the
need for corrections to account for differences in diffusion
between the PC:PE and PC:PE + sq vesicles. Diffusion alone
can be represented by an exponential decay function with a g*
dependence:

I(g,t) = exp(—Dg’t) (3)

where D is the diffusion coefficient. The influence of diffusion
can be incorporated, in the time domain, by multiplication of

the Zilman-Granek expression by the diffusion term:*”>>>’
2
1(g,1) = exp(~Dg’t) exp | —(I'zq’1)3 @

In addition to a diffusion correction, it has also been suggested
that the limited amplitude of the undulation motions of the
membrane should be taken into account.’® Due to this effect,
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the visibility of these motions depends upon q. Therefore, it
becomes also necessary to add an amplitude term, a(q):

2

(g, 1) = exp(=Dq’1) | (1 —a(q)) + a(q) exp [ —(Tz6q’1)3
(5)

The NSE data was then fit using eqn (5) to determine if the
conclusions made by comparing the PC:PE and PC:PE + sq
membranes are valid. Again, ', should be g-independent,
therefore we can reduce the number of free parameters by
sharing I';s. The values of a(q) determined from fitting of the
intermediate scattering function to eqn (5) for each of the
samples are found in the ESI,{ Fig. S2.

The diffusion term, D, must be determined independently
from the NSE data. Although IN15 is capable of performing DLS
simultaneously with NSE measurements, unfortunately this
was not possible with the high-pressure cell. Diffusion was
determined using an independent DLS instrument at ambient
pressure and the assumption was made that diffusion of the
vesicles does not change appreciably within the tested pressure
range. While not ideal, this may be a reasonable assumption in
the pressure range used (1-1000 bar). Diffusion is correlated
with viscosity and the solution viscosity (D,O) does not change
significantly from 1-1000 bar’®>® and a high pressure DLS
experiment performed by Kohlbrecher et al. (2007) also showed
that the diffusion of lysozyme did not change in this pressure
range.®’

After accounting for diffusion and the limited amplitude of
the undulation motion, the differences in rigidity between the
samples with and without squalane became less pronounced,
however the trends seen using our initial analysis still hold: (1)
as the pressure was increased both samples exhibited a 2-3x
increase in rigidity with pressure and (2) the sample containing
squalane was generally more rigid than the membrane lacking
squalane (Fig. 4). The errors in the calculated rigidities are
much larger after making the diffusion and amplitude correc-
tions due to uncertainty added by an additional parameter
within the fit.

Both the PC: PE and PC: PE + sq membranes demonstrated
a rigidity of ~40 kT at low pressure (~50 bar) using the
corrections in eqn (5) which is higher than what is typically
expected for fluid membranes (10-20 kz7).*” This is likely not a
reflection on the membrane system, but rather a result of the
chosen prefactor in eqn (2). Many different prefactors have
been used, and are often chosen to result in rigidities which
agree with values determined by other methods.” This pre-
factor works well for data from vesicles with a radius of
~50 nm in analyses that do not require amplitude or diffusion
corrections.

For many reasons the values calculated in Fig. 3 may not
reflect the absolute rigidity values: (1) assumption that diffu-
sion change was negligible within pressure range, (2) additional
uncertainty in the fit, and (3) chosen prefactor. Despite these
uncertainties, the data support the rigidification of the
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Fig. 4 Bending rigidity as a function of pressure calculated using the
diffusion and amplitude corrected equation with fixed I'z. Lines indicate a
linear fit of the data. Error bars are based on the goodness of the fits to
egn (5).

membranes as a function of pressure, and also a rigidifying
effect of squalane on the PC: PE membrane.

The increase in rigidity is consistent with previous reports of
related systems under high pressure. For example, high pres-
sure neutron spin echo (HP NSE) has been previously used to
probe the rigidity of microemulsions, which have also been
shown to increase in rigidity with pressure.®'~®*

To the best of our knowledge no lipid membrane vesicles
have been measured by HP NSE so far, however the rigidity of
membranes under pressure has been studied by other
methods.'"*?7%4%8 For example, a DOPC membrane was
shown to increase in rigidity ~2x upon an increase in pressure
to 400 bar using high pressure microscopy and the increase in
rigidity was attributed to lateral compaction of the acyl-chain
lipids with pressure.'*** Increased rigidity with pressure can
also be implied for systems which undergo a transition from a
fluid phase to a more compact gel phase with pressure.' While
diphytanyl chain lipids are not known to undergo a fluid to gel
transition,”® they nevertheless are impacted by pressure. The
increase in rigidity of the PC:PE membranes suggests that
archaeal lipids with diphytanyl chains, are just as susceptible to
compaction and rigidification with high pressure as acyl-chain
lipids. Therefore, these membranes require mechanisms to
adapt to high pressure.

Apolar lipids are thought to act as membrane regulators in
archaea, therefore, we might expect to see changes in
membrane rigidity in the presence of squalane. Our data
indicate that, indeed, the PC : PE membrane became more rigid
in the presence of squalane. This is in agreement with previous
findings made using the fluorescent probe laurdan, which
found that 1 mol% squalane led to a slight increase in the
rigidity of a PC:PE membrane®® and the finding that a
related apolar lipid, squalene, facilitated tighter packing of
archaeal lipids.®® This effect of squalane is reminiscent of
changes in the rigidity of eukaryotic membranes in the
presence of cholesterol.>***
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Synthetic archaeal lipids 1,2-di-O-phytanyl-sn-glycero-3-phospho-
choline (DoPhPC) and 1,2-di-O-phytanyl-sn-glycero-3-phospho-
ethanolamine (DoPhPE), were purchased from Avanti Polar Lipids
Inc. (Alabaster, USA) as a lyophilized powder and used without
further purification. 2,6,10,15,19,23-Hexamethyltetracosane (squa-
lane) was purchased from Alfa Aesar.

Sample preparation

Mixtures of DoPhPC and DoPhPE in a 9:1 molar ratio were
prepared in organic solvent (2:1 choloroform:methanol) fol-
lowed by the addition of 5 mol% squalane for one of the
samples. The solvent was then evaporated under nitrogen gas
to form lipid films. Residual solvent was removed by placing
the lipids under vacuum overnight. Samples were hydrated with
D,O to a final lipid concentration of 10 mg mL™" (~12 mM).
Samples were allowed to sit overnight to allow for complete
hydration and vortexed thoroughly to produce multilamellar
vesicles (MLVs). Extrusion was then performed by passing the
sample 11x though a 0.1 pm polycarbonate filter using the
Avanti mini-extruder, to form unilamellar vesicles (ULVs).
Extrusion was performed at 45 °C. DLS and/or NSE measure-
ment were performed immediately following extrusion.

Dynamic light scattering (DLS)

DLS was performed at the Institut Laue Langevin, (Grenoble,
France) (ILL) (Partnership for Soft Condensed Matter (PSCM))
on a Malvern ZS90 zetasizer equipped with a 633 nm He-Ne
laser with detection of scattering made at 90°. Measurements
were performed in triplicate at 25 °C and ambient pressure.
Size analysis was performed via the built-in zetasizer soft-
ware. The diffusion coefficient (D) and vesicle hydrodynamic
radius (Ry) are related though the Stokes-Einstein relationship:

kg T

R = Gexn(m < D ©

where kg is the Boltzmann constant, T is the temperature, and 5
is the solvent viscosity.

High pressure neutron spin echo (HP NSE)

NSE measurements were performed on the IN15 beamline”®”*

at the ILL using a copper-beryllium high pressure cell equipped
with sapphire windows (Liquid pressure cell 21PL30A0O2)
(Fig. 5). The temperature was held constant at 25 °C. Measure-
ments were made at a wavelength of 10 A, covering a g range of
0.043 > g > 0.097 A™*. Data are identified by doi:10.5291/ILL-
DATA.8-02-917.7>

Conclusions

We report here the bending rigidity of archaeal-like membranes
determined using high pressure neutron spin echo spectro-
scopy, demonstrating the quality of data that can be obtained at
high pressure using this technique. We were able to clearly

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 Setup of high-pressure cell 21PL30AO2 on IN15 beamline.

show an increase in membrane rigidity with pressure, in
agreement with data seen by other methods.

The presence of squalane led to noticeable effects on the
membranes. First, the size of the vesicles produced by extrusion
were found to be significantly larger for the PC: PE membranes
containing squalane than those lacking squalane. Second, the
membrane rigidity was higher for the membrane containing
squalane, and these differences became more pronounced at
high pressure. These findings are in support of the hypothesis
that apolar lipids can act as membrane regulators in archaeal
membranes. Whether the increase in bending rigidity occurs
because of a direct stiffening of the membrane or because of an
impact of the squalane molecules residing in the membrane
midplane on membrane leaflet coupling could not be
addressed and remains to be addressed.
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