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Biomembranes are a key component of all living systems. Most research on membranes is restricted to

ambient physiological conditions. However, the influence of extreme conditions, such as the deep

subsurface on Earth or extraterrestrial environments, is less well understood. The deep subsurface of
Mars is thought to harbour high concentrations of chaotropic salts in brines, yet we know little about

how these conditions would influence the habitability of such environments. Here, we investigated the

combined effects of high concentrations of Mars-relevant salts, including sodium and magnesium

perchlorate and sulphate, and high hydrostatic pressure on the stability, structure, and function of a
bacterial model membrane. To this end, several biophysical techniques have been employed, including
calorimetry, fluorescence and CD spectroscopy, confocal microscopy, and small-angle X-ray scattering.
We demonstrate that sulphate and perchlorate salts affect the properties of the membrane differently,
depending on the counterion present (Na* vs. Mgz*). We found that the perchlorates, which are
believed to be abundant salts in the Martian environment, induce a more hydrated and less ordered
membrane, strongly favouring the physiologically relevant fluid-like phase of the membrane even under
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high-pressure stress. Moreover, we show that the activity of the phospholipase A2 is strongly modulated
by both high pressure and salt. Compellingly, in the presence of the chaotropic perchlorate, the
enzymatic reaction proceeded at a reasonable rate even in the presence of condensing Mg?* and at

high pressure, suggesting that bacterial membranes could still persist when challenged to function in

rsc.li/pccp

1. Introduction

Investigating the chemical and physical limits of life and its
associated biomacromolecules allows us to assess the habit-
ability of extreme environments." The biochemical machinery
that enables life as we know it is based on carbon chemistry
and requires the existence of water. An increasing number of
organisms, the so-called extremophiles, have been found in
extreme environments on Earth in recent years. They thrive in
environments in which chemical and physical parameters,
such as salinity, water activity and pH, temperature and pres-
sure, are extreme.'® Similar to Earth, the habitability of
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such a highly stressed Martian environment.

environments on other planetary bodies and moons will be
dictated by the chemical and physical environmental para-
meters. The subsurface represents one of the most important
locations in the search for extinct and extant extraterrestrial
life. Over the past years, there has been increasing evidence of
periods of surface water on Mars, and it is now thought that
there may exist subsurface water in the form of lakes below the
poles of Mars.>®'® The Martian groundwater experiences
hydrostatic pressures of ~1 kbar at the base of the cryosphere
if it reached a depth of 10 km.’? Perchlorate and sulphate salts
are widely distributed across the Martian surface. The deep
subsurface environments of Mars are expected to harbour also
high concentrations of dissolved salts, yet we know little about
how such highly concentrated brines shape the conditions for
life. One particular ion is perchlorate, ClO0,, which is found in
extreme environments also on Earth and ubiquitously on Mars,
but also sulphates are widely distributed across the Martian
surface.'’™* Perchlorates are also known to act as chaotropes,
perturbing the structure of water and its hydrogen bonding
capacity,"* and hence affect biomolecular hydration, structure,
dynamics and function. Hence, to advance our understanding
of the ability of such subsurface environments to support life,
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we need to examine the combination of strong ionic effects
imposed by these salts and high hydrostatic pressures.
Previous studies have demonstrated deleterious effects of
destabilizing ions such as perchlorates on the activity of o-
chymotrypsin and other enzymes at ambient conditions."*"*
Moreover, it has also been reported that perchlorate strongly
affects the formation of protein-ligand complexes, modulating
the interaction even at the level of a single binding site."?
However, the effects of these Martian salts on other biomole-
cular systems, such as the cellular membrane, is still largely
unknown."® Cellular membranes are essential for maintaining
the internal conditions of the cells for metabolism, energy
transduction and signal processing. Membranes are complex
structures, consisting of many different lipids and embedded
proteins, and organisms are able to adapt the properties of
their membranes in response to changes in the environment by
changing the lipid composition.*”® Recently, the effect of
Mars-like salts has been studied on the structure of eukaryotic
model membranes.'® Here, we evaluated the impact of per-
chlorate and sulphate salts on a prototypical bacterial model
membrane consisting of phosphatidylethanolamines (PE) and
phosphatidylglycerols (PG). Employing various biophysical
methods, including differential scanning calorimetry (DSC),
fluorescence spectroscopy and confocal microscopy, circular
dichroism (CD) spectroscopy, and small-angle X-ray scattering
(SAXS), we studied the impact of the combined effect of such
Mars-like brines and high hydrostatic pressure (HHP) on the
structure and fluidity of the bacterial membrane. Moreover, we
explored the effects of such stressors on the function of an
important membrane-associated protein, phospholipase A2
(PLA2). Phospholipases are involved in regulatory processes
as they interact directly with the membrane by altering both
their chemical composition and physical state by hydrolysis of
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the sn-2 ester bond of phospholipids and take part in cell signal-
ling and transcriptional pathways.'” The activity of PLA2 is sensi-
tive to packing of the lipids in the cell membrane and is responsive
to osmotic changes, as, for example, induced by high salt. The
results demonstrate the stability of bacterial lipid membranes
under particular salt and pressure conditions. Remarkably, the
function of the membrane-associated protein PLA2 also remains
intact under harsh conditions, such as those imposed by high
magnesium perchlorate concentrations and HHP.

2. Results and discussion

2.1
physicochemical properties of bacterial model membranes

Impact of salts and pressure on the structure and

In order to explore the effects of the Mars-relevant salts on the
thermotropic properties of a bacterial model membrane, DSC
measurements on multilamellar vesicles (MLVs) composed of
1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine (DPPE) and
1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol  (DPPG) 8/2 (mol
mol ") were performed. It is important to note that the DPPE/
DPPG mixture was used for DSC experiments only, since it ensures
a better peak resolution and a higher transition temperature with
respect to the mixture formed by 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoethanolamine (POPE) and 1-palmitoyl-2-oleoyl-sn-gly-
cero-3-phospho-1'-rac-glycerol (POPG) used for all other experi-
ments. Fig. 1(A) depicts the DSC profiles of DPPE/DPPG
multilamellar vesicles (MLVs) in neat buffer and in the presence
of 0.5 M sulphate and perchlorate salts of sodium and magne-
sium. For comparison, the effect of NaCl (as well as MgCl,), the
salt most important for the biochemistry on Earth, is shown.
Concentration dependent DSC curves are reported in Fig. S1
(ESIY).
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Fig. 1 (A) DSC traces of DPPE/DPPG (8/2 mol mol™) multilamellar vesicles dispersed in buffer and in the presence of 0.5 M of Mars-relevant salts and
NaCl, as indicated in the inset. (B) Gel-to-fluid melting temperatures (T,,) of DPPE/DPPG multilamellar vesicles as a function of salt concentration, ¢, as
inferred from the DSC thermograms reported in panel A and in Fig. S1 (ESIt). All the experiments were performed in 10 mM HEPES buffer, pH 7.4. Each

experiment has been performed at least three times.
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The DSC profile of DPPE/DPPG vesicles in neat buffer shows
a single and well-defined peak, indicating that the two lipids
are miscible at the molar ratio used.'® The DSC peak is centred
at 63.3 °C which is due to the phase transition of the lipid acyl
chains from a lamellar ordered gel (Lg:) phase to the liquid-
crystalline fluid-like (L,) phase.'® Thus, DSC experiments
inform about the packing of the lipids’ hydrocarbon chains.
Fig. 1(B) shows the melting temperatures, Ty, associated with
the gel-to-fluid phase transition of the DPPE/DPPG vesicles as a
function of salt concentration, c. The transition temperature of
the DPPE/DPPG mixture is higher than that of the pure lipid
components.'® This effect can be ascribed to the direct inter-
action of PEs with PGs via hydrogen bonding between neigh-
bouring phosphate and OH groups. The presence of PEs
counteracts the repulsive electrostatic interaction among PGs,
leading to a higher T\,-value of the mixture. An inspection of
Fig. 1(B) reveals that the presence of sodium chloride (NaCl)
and sulphate (Na,SO,), even at concentrations as high as 1 M,
have only a marginal effect on DPPE/DPPG vesicles, slightly
decreasing the melting temperature, indicating a small pertur-
bation of the lipid packing by these two salts. Instead, in the
presence of the perchlorate salt (NaClO,), a marked decrease of
Tm was observed, an effect similar to that observed on phos-
phatidylcholine vesicles.'® The T,,-value decreases from 63.3 °C
in neat buffer to 59.8 °C in 1 M NaClO,. This result can be
explained by direct interaction of perchlorate with the lipids
head group (most likely to PEs) and its partial penetration into
the hydrophobic chain region.”**" Even though perchlorate
possesses a negative charge, due to its large size, its surface
charge density is quite low, leading to a partially hydrophobic
character, in sharp contrast to smaller and more strongly
hydrated anions such as Cl™.

In the presence of Mg”" salts, a different behaviour with
respect to the Na' salts was observed. For the chloride and
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sulphate (MgCl, and MgSO,), an increase of Ty, (~1.2°Cat1M
salt concentration) was recorded, indicating stabilization of the
more densely packed gel phase of the lipid bilayer. The
observed increase of T, can be ascribed to the presence of
the small and highly charged 2" cation, which interacts with the
phosphate moieties of the lipids,*” in particular with the PGs’
anionic head group. Conversely, similar to the results for
NaClOy, a significant decrease of T, was detected upon addi-
tion of Mg(ClO,),, revealing destabilization of the gel phase,
which is mediated by the perchlorate anion. Interestingly,
similar trends were observed for DPPC in the presence of
MgSO, and NaClO, with the exception of Mg(ClO,), which
abolished the gel-to-fluid transition and led to the appearance
of another phase transition peak at higher temperature.*®
Next, to gain more quantitative information about changes
in membrane fluidity upon addition of the salts, fluorescence
spectra of the probe Laurdan embedded in the POPE/POPG 8/2
(mol mol ") bilayer were recorded (see Fig. S2, ESIt). The probe
Laurdan positions itself in the membrane with the fluorescent
naphthalene group in close proximity of the glycerol backbone
of the lipids.”® Its fluorescence spectrum is characterized by
two well defined emitting states, i.e., a solvent relaxed and a
non-solvent relaxed state.”>>* The predominance of the emis-
sion from one state compared to the other strongly depends on
the hydration degree of the membrane which in turn depends
on the lipid packing. The emission from the solvent-relaxed
state, located at the red edge of the spectrum, is due to Laurdan
molecules embedded in a more hydrated and less packed lipid
phase, such as the fluid phase of the bilayer. Conversely, the
non-solvent relaxed state (at the blue edge of the spectrum) is
due to Laurdan localized in a less hydrated, more densely
packed bilayer, such as in the gel phase. To describe the
spectroscopic properties of Laurdan, the generalized polariza-
tion (GP) parameter can be used. In Fig. 2(A), the GP-values of
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(A) GP-values of Laurdan embedded in POPE/POPG vesicles at 1 bar as a function of salt concentration. (B) Values of the liquid-to-gel pressure

transition pressure, py/,, as a function of salt concentration, c. All the experiments were performed in 10 mM HEPES buffer, pH 7.4, at the temperature of

35 °C. Each experiment has been performed at least three times.
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Laurdan in the presence of different salts concentrations are
shown. The experiments were carried out at the temperature of
35 °C, where the bilayer at neat buffer conditions is in the fluid-
like phase.

The presence of the sodium salts caused a decrease of the
GP-values with respect to that observed in neat buffer. The
decrease of the GP is an indication that the surface of the
membrane is more hydrated and less densely packed, in
agreement with the DSC results on DPPE/DPPG, where a small
decrease of Ty, was observed, i.e., the fluid-like phase is slightly
favoured over the gel phase. Although the trend of GP-values is
similar when the sodium salts concentration increased, the
magnitude of the effect of perchlorate sodium salt significantly
differs from the other sodium salts. Perchlorate is the sodium
salt that caused the highest decrease of the GP-value. This
result is consistent with the ability of perchlorate to partially
penetrate the membrane and make it more hydrated and fluid
compared to sodium chloride and the sulphate salts. These
results are also consistent with the DSC data, showing that
sodium perchlorate is better at stabilizing the membrane’s
fluid phase compared to the other sodium salts. Conversely,
in the presence of MgCl, and MgSO,, a small increase of GP
was detected, revealing that the surface of the bilayer is less
hydrated and that these two salts favour a more compact,
densely packed phase, in agreement with the DSC data. Most
remarkably, in the presence of Mg(ClO,),, no significant
changes in the GP-value occurred, suggesting that the lipid
packing of the bilayer is not affected at all by the salt, even at
1 M concentration. Instead, from the reported DSC data on
DPPE/DPPG it is clear that the perchlorate decreases the melt-
ing temperature of the lipid chains. These data can be
explained considering that Mg”>* strongly interacts, through
electrostatic interactions, with the phosphate groups of lipids,
stabilizing the bilayer. Conversely, the perchlorate penetrates
partially inside the hydrophobic core of the membrane, leading
to a fluidizing effect. These two effects counterbalance each
other, leading to the observed result.

Then, using the same methodology, the combined effect of
salts and HHP was explored. Fig. S3 (ESI{) shows the GP-values
for the different salts in the pressure range from 1 to 1400 bar.
The GP vs. p plots for the POPE/POPG vesicles show the
characteristic sigmoidal behaviour describing a pressure-
induced liquid-to-gel phase transition.>*** The inflection point
of these curves, i.e. the transition pressure p;,, as a function of
salt concentration is shown in Fig. 2(B) for all salts. The p,,-value
for POPE/POPG vesicles in neat buffer is ~600 bar, in agreement
with the typical value of ~20 °C bar ' for the fluid-to-gel
transition slope of phospholipids.>* In the presence of NaCl
and Na,SO,, the p;,-value remains essentially constant in the
whole concentration range explored. Instead, in the presence of
NaClO,, a progressive increase of p,, on increasing the salt
concentration was observed. At 1 M NaClO,, p,,, increased to
~ 850 bar. These data are consistent with the DSC data suggest-
ing stabilization of the fluid phase. The perchlorate anion
penetrates the hydrocarbon chains, thereby hampering efficient
packing of the lipid chains, which causes a drastic increase of the

This journal is © the Owner Societies 2024
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pressure needed to induce the gel phase. In the presence of
MgCl, and MgSO,, a small decrease of p;, was observed,
indicating a slight destabilization of the gel phase, again, in
agreement with the DSC data. When the perchlorate salt of Mg>*
is present in solution, the p,,,-value increased markedly, reach-
ing a value of ~1100 bar at 1 M concentration, signifying a
strong stabilization effect of the fluid-like phase mediated by
perchlorate. This is a remarkable result as the fluidizing effect
occurred even in the presence of the Mg>" cation, which gen-
erally promotes denser lipid packing. On the other hand, a GP-
value around 0.3 in neat buffer already indicates rather efficient
lipid packing.

Collectively, the reported DSC and fluorescence data clearly
indicate that the sodium salts of chloride and sulphate have
negligible effects on the stability of PE/PG lipid bilayers even at
molar concentration. The Mg>* salts of chloride and sulphate
act to slightly stabilize the bilayer, favouring the ordered gel
phase. In sharp contrast, both the perchlorate salts of Na* and
Mg>" strongly favour the fluid-like phase through partial pene-
tration of the anion into the hydrophobic core of the bilayer.
The fluidizing effect mediated by perchlorate prevails irrespec-
tive of the nature of the corresponding cation present. Even the
Mg>" cation is not able to neutralize the fluidizing effect of the
ClO*" anion.

2.2 The impact of Mars-like salts on the mesophase structure
and topology of lipid vesicles

To gain insights into the effect of the Mars-relevant salts on the
morphology of the lipid vesicles, confocal fluorescence micro-
scopy measurements were carried out. Giant unilamellar vesi-
cles (GUVs) composed of POPE/POPG 8/2 mol mol " containing
the fluorescent lipid probe N-Rh-DHPE were used. Fig. 3
depicts GUVs of POPE/POPG before and after the addition of
the salts at a concentration of 0.5 M.

After the application of the electroformation protocol, sphe-
rical pm-sized GUVs were obtained, where the contour of GUVs
is clearly visible due to the presence of rhodamine-labeled PE.

After the addition of NaCl and Na,SO,, no significant
changes in the GUVs’ morphology were observed, ie., their
spherical shape was preserved. The GUVs average size and size
distribution were obtained by analysing multiple images (Fig.
S4 and S5, ESIY). Vesicle sizes were found to be heterogenous
with size distributions being narrower for Mg”" salts than for
Na" salts (Fig. S5, ESIT). The average area of the vesicles was
25.9 and 26.6 um? for the NaCl and Na,SO, salt, respectively,
with a maximum of 297 and 358 um?. Instead, the presence of
NaClO, lead to marked changes of the vesicles’ shape, looking
fluffy and deformed. As perchlorate is penetrating the
membrane, the bending modulus (elasticity) of the bilayer
obviously decreased,”® which is in agreement with the calori-
metric and spectroscopic data reported above, indicating a less
densely packed membrane. Interestingly, the GUVs dimensions
were not really different from the other sodium salts, with an
average area of 41.6 um’. Further, the GUVs average size was
smaller in the presence of Na' salts compared to the buffer
(64.3 pm?). On the contrary, all the Mg>" salts seemed to affect
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Fig. 3 Fluorescence confocal microscopy snapshots of GUVs of POPE/POPG grown in the presence of 100 mM NaCl and 10 mM HEPES buffer pH 7.4,
before and after the addition of the Martian salts at the concentration of 0.5 M. The reported scale bars are 20 um. Each experiment has been performed

at least twice.

the morphology of the GUVs drastically. The presence of these
salts led to a remarkable shrinkage of the vesicles, reducing the
average area to 5.6, 10.0 and 4.8 um® for MgCl,, MgSO, and
Mg(ClO,), respectively, and the maximum area to less than
27 um?, which is due to osmotic stress and clustering of smaller
vesicles in particular for MgSO,. Most likely, association of
vesicles is favoured by Mg>" coordination in the lipid head-
group region, which decreases the electrostatic repulsion of the
negatively charged liposomes. Moreover, similar results were
also obtained for DOPC in the presence of magnesium salts,"®
suggesting that the shrinking of vesicles occurs regardless of
the membrane charge. However, it is important to note that the
bilayer integrity is preserved (as also inferred from calorimetric
and spectroscopic data). As bacteria have evolved mechanisms
that allow them to adopt to severe changes in osmolarity, e.g.,
by uptake or biosynthesis of compatible osmolytes, the salt-
induced osmotic stress might not cause a serious problem.

In the end, temperature-dependent small-angle X-ray scat-
tering (SAXS) experiments were carried out on corresponding
multilamellar vesicles to reveal changes in the lamellarity of the
MLVs and to check if the bilayer structure is still preserved at
high salt concentrations, or if phase transitions to other lipid
structures (e.g., hexagonal, cubic or micellar lipid phases) are

764 | Phys. Chem. Chem. Phys., 2024, 26, 760-769

induced. As an example, Fig. 4(A) shows the SAXS patterns of
POPE/POPG MLVs at selected temperatures under neat buffer
conditions. Fig. S6 (ESIt) shows the diffractograms obtained in
the presence of the salts. SAXS data allow for the determination
of lamellar distance constants of MLVs by the appearance
of Bragg-peaks in the elastic scattering curve, I(Q), as described
in the Methods section. Higher-order Bragg reflections are
observed for the lower temperatures only, as the multi-
lamellarity is largely lost at higher temperatures due to increas-
ing thermally induced fluctuations.

For all salt conditions, a lamellar lipid phase was recorded,
both in the gel and in the fluid-like state. This is an interesting
result, since in a previous work the induction of a bicontinuous
inverse cubic lipid phase was suspected in DPPC liposomes in
the presence of high concentrations of Mg(ClO,),."® In the
present case, for a prototypical bacterial PE/PG membrane,
the presence of such phase was not observed. This highlights
the possibility that the bacterial membrane could still exist
in the lamellar phase under such harsh Martian salt conditions,
a prerequisite for the development of bacterial-based life.?”
Fig. 4(B) shows the temperature dependence of the lamellar
d-spacing in the absence and presence of the Mars-relevant
salts. For POPE/POPG vesicles in the gel phase, a value of
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Fig. 4 (A) SAXS intensity, /(Q), of POPE/POPG multilamellar vesicles at neat buffer conditions recorded at the indicated temperatures. (B) Lamellar

spacing, d, of POPE/POPG multilamellar vesicles in buffer and in the presence of the Mars-relevant salts at a concentration of 0.5 M. All the experiments
were performed in 10 mM HEPES buffer, pH 7.4. Each experiment has been performed at least twice.

d = 6.75 nm was obtained, which decreases to ~5.5 nm in the
fluid phase, a typical value for such bilayers in their fluid-like
state.”® The decrease of d can be explained by the much smaller
length of the acyl chains in their disordered fluid state and a
decrease of the interlamellar water layer. Interestingly, it seems
that the lamellar repeat distance is not significantly affected by
the presence of the salts.

2.3 Effects of Mars-like salts and pressure on a model
enzymatic reaction

Finally, to demonstrate how the presence of the Mars-relevant
salts in combination with high hydrostatic pressure can modu-
late biologically relevant reactions, the kinetics of the hydrolysis
of phospholipids operated by the bee venom phospholipase A2
(PLA2) was monitored.'”*® PLA2 is an esterase which is able to
catalyse the hydrolysis of membrane glycerophospholipids at the
sn-2 position leading to the formation of a free fatty acid and
lysophospholipid (which contains only one hydrophobic chain)
(Fig. 5(A)).>*" Before carrying out these experiments, it was
important to verify if the presence of the salts used alters the
conformation and stability of the protein, which will, in turn,
affect the activity of the enzyme. To this end, CD spectra of the
protein were acquired in the far-UV range (200-260 nm), which
provides information about the secondary structure elements of
the protein.* Fig. S7 (ESIT) shows the CD spectra of PLA2 in neat
buffer and in the presence of the sodium and magnesium salts at
0.5 M concentration. The CD spectrum of PLA2 in neat buffer
shows two minima at around 208 and 230 nm, which indicate
that the protein adopts mainly an o-helical structure, in accor-
dance to literature data.'”?° The intensity of the minimum at
230 nm is lower with respect to that at 208 nm, revealing the
presence of other secondary structure elements, p-sheets and
loops. Upon addition of the Mars-relevant salts, no significant
changes were observed, i.e., the integrity of the protein’s structure
seems to be preserved at high salt. As pressure dependent activity

This journal is © the Owner Societies 2024

studies are carried out as well, also the pressure resistance of the
enzyme must be confirmed. In fact, some of us showed in an
earlier work, employing high-pressure FTIR spectroscopy, that
the enzyme structure is stable at pressures below 4 kbar."”

Once the structural stability of the enzyme was assessed, the
kinetics of the hydrolysis of phospholipids mediated by PLA2
was measured (Fig. 5(B)). To this end, liposomes composed of
POPE/POPG with 1% mol of the fluorescence probe DBPC was
used. In this probe, the fluorescent molecule BODIPY is
covalently attached to the hydrocarbon chain in position sn-1.
The hydrocarbon chain at position sn-2 contains the molecule
DABCYL, which acts as nearby quencher of the fluorescence
emission of BODIPY. Once PLA2 has hydrolysed the ester bond
at position sn-2, the fatty acid carrying DABCYL is released,
which is accompanied by an increase of the fluorescence
intensity of the BODIPY, reporting the kinetics of the reaction.
To quantitatively evaluate the kinetics of the hydrolysis reac-
tion, the slope of the linear portion of the fluorescence intensity
vs. time plot was determined, i.e., the initial velocity v, of the
enzyme reaction. Figs. S8 and S9 (ESIT) show examples of the
kinetic plots of the hydrolysis reaction. Fig. 5(C) shows the v,-
values obtained for all salts at 1 bar and 25 °C. In these
experiments, the concentration of the enzyme was fixed at
0.01 uM, the total lipid concentration was 150 uM, and the salt
concentration was 0.5 M.

Remarkably, compared to the reaction rate (v,) in neat buffer
solution, the addition of all sodium salts led to a significant
increase of the kinetics of the reaction. The general trend seems
to follow the order NaCl < Na,SO, < NaClO,. However, the
differences among the three sodium salts are quite small.
Generally, the kinetics of the hydrolysis reaction is affected by
the lipid composition, charge density, fluidity, bending mod-
ulus, and therefore also the phase state of the lipid bilayer.***
As two water molecules are involved in the mechanism of
hydrolysis of PLA2, the level of hydration is important as
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(A) Left: Interfacial binding and mechanism of PLA2 action. A small conformational change in phospholipase A2 induced by binding to the water—

lipid interface opens a hydrophobic channel and fixes the protein to the phospholipid heads. The Ca®*-containing active site is buried in a channel
enriched with hydrophobic amino acids facilitating protrusion of a phospholipid from the bilayer to the catalytic site. Right: Hydrolysis of the sn-2 ester of
phospholipid yields a free fatty acyl chain (R2), leaving a lysophospholipid molecule behind (R1).2° (B) Initial velocity (vo) plots for the hydrolysis reaction
(fluorescence intensity per s), at 1 bar and 35 °C, carried out by PLA2 on DBPC embedded in POPE/POPG vesicles in neat buffer and in the presence of
0.5 M of the Mars-relevant salts, as indicated in the plot. (C) vo-values for the same reaction in the presence of 0.5 M salts as a function of pressure. For
Mg(ClOy),, the vp-value at 200 bar was discarded due to its large error bar. All the experiments were performed in 10 mM HEPES buffer, pH 7.4 each

experiment has been performed at least twice.

well.>>® As inferred from the data reported above, the POPE/
POPG bilayer is more hydrated and the lipid chains are less
densely packed with respect to neat buffer conditions in the
presence of sodium salts, an effect that is particularly pro-
nounced in the presence of NaClO,. Thus, the enhancement of
the reaction rate could be ascribed to the fluidization of the
bilayer imposed by the salts, which is accompanied with an
increase of the level of hydration of the lipid headgroup area, as
inferred from the Laurdan experiments.

Conversely, in the presence of MgCl, and MgSO, similar
values of v, were determined, which are significantly smaller
compared to the values obtained at neat buffer conditions,

766 | Phys. Chem. Chem. Phys., 2024, 26, 760-769

indicating that the divalent cation is responsible for the strong
reduction of the hydrolysis rate. The presence of MgCl, and
MgSO, induces a more densely packed and less hydrated
bilayer (as inferred from the Laurdan data reported in Fig. 2),
which is expected to decrease the reaction rate as the surface of
the membrane becomes less accessible to the protein and,
further, there is less water present to sustain the reaction.
Furthermore, it cannot be excluded that the strong coordina-
tion of the negatively charged lipid headgroups by Mg”" play an
additional role in reducing the PLA2’s affinity for the
membrane by lowering the membrane negative surface density.
Indeed, it was reported that the presence of negatively charged
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lipids enhances the rate of the reaction,®” favouring the binding
of the enzyme to the membrane, which is the initial step of its
action mechanism. Finally, it is important to highlight that,
even if our CD experiments did not detect any conformational
change of PLA2 imposed by Mg>" salts, small local conforma-
tional changes (e.g., in the active site) and/or subtle changes in
the tertiary structure of the enzyme cannot be excluded a priori
which could contribute to the observed decrease of the reaction
rate. Compellingly, in the presence of Mg(ClO,),, the reaction
rate is comparable to that obtained in neat buffer conditions,
which is in line with the calorimetric and spectroscopic data
showing that Mg(ClO,), favours a more hydrated and less
packed bilayer. In other words, the presence of the chaotropic
perchlorate anion outweighs the condensing effect of Mg>* and
restores the reaction rate observed under neat buffer condi-
tions. Of note, previous studies'>"**® showed that the effect of
both NaClO, and Mg(ClO,), on other enzyme-substrate systems
was always to decrease the reaction rate. Our results point toward
the opposite direction, showing that the effect of salt-membrane
interaction is beneficial for the PLA2 enzymatic activity. These
findings are consistent with the observation that some halophilic
organisms can adapt and thrive in the presence of Martian
relevant salts.>>*'

Next, the same experiments were also performed as a func-
tion of pressure at conditions where the bilayer is still in its
biologically relevant fluid-like state (p < 600 bar). The results
for vy(p) are depicted in Fig. 5(C). In this low pressure range, no
conformational changes of the enzyme take place.'” Under neat
buffer conditions, the hydrolysis rate increases with increasing
pressure in the POPE/POPG membrane. The pressure depen-
dence of the initial velocity depends both on the binding
volume (AV}) and the activation volume (AV¥) of the reaction,
and, according to Le Chatelier’s principle, pressure will always
favour the state that occupies the overall smallest possible
volume.*>** AV, is the partial molar volume difference between
the complex formed by enzyme and substrate and the uncom-
plexed state (the sum of the volume of the enzyme and the
substrate). The activation volume, AV”, is the partial molar
volume difference between the activated enzyme-substrate
complex (ES*) and the enzyme-substrate complex in the ground
state (ES). It can be expected that these parameters depend not
only on a given enzyme-substrate system, but also on the
composition of the bilayer, on lipid packing, headgroup charge
and hydration. It was found that in the presence of all sodium
salts, the reaction rate decreased significantly with increasing
pressure. However, it is important to note that these values are
still comparable to those obtained in neat buffer at ambient
pressure. In other words, the reaction still takes place at such
harsh salt conditions at high pressure, with reduced rate,
however. The reduced v, at HHP conditions can be rationalized
invoking the increase in the lipid packing imposed by pressure.
In fact, high-pressure ’H NMR studies showed that the lipid
chain length of fluid phospholipid membranes increases by
about 1.1 A kbar ™ only, whereas the lipid chain cross-sectional
area decreases markedly by about 10 A* kbar~*.**** The lateral
self-diffusion constant of fluid lipid vesicles decreases by about
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25% upon a pressure increase of 1 kbar and more drastically
when entering the pressure-induced gel phases.”*** Remark-
ably, the presence of NaClO, with its fluidization properties on
the membrane is able to partially counteract this effect, leading
to a reaction rate comparable to that observed in buffer.

The presence of the chloride and sulphate salts of Mg>*
caused a marked decrease of the reaction rate, which decreased
even further with increasing pressure, which is due to the com-
bined action of pressure and Mg>", both favouring a more compact
and stiffer state of the bilayer. The vyvalue in the presence of
NaClO, is higher than that in Mg(ClO,),. For NaClO,, the anion
has the major role in the modulation of the kinetics. Instead, in
the presence of Mg(ClO,),, the perturbating effect of the anion is
balanced by the cation binding to the head groups which pro-
motes a higher degree of lipid order. This effect is further
enhanced by pressure, leading to a slower kinetics in the presence
of magnesium perchlorate compared to the sodium one.

3. Conclusions

In this work, the effect of Mars-relevant salts on the microscopic,
mesoscopic and functional properties of bilayers composed of
the bacterial lipids PE and PG were explored. The two used lipids
are the most abundant ones found in bacteria such as E. coli and,
thus, the vesicles composed of PE/PG 8/2 (mol mol ') represent a
good model of the inner bacterial membrane. The multi-
techniques approach employed allowed us to disentangle the
effect of Mars-relevant brines on the structure, lipid packing,
hydration, and the morphological properties of the lipid vesicles.
Mimicking subsurface conditions on Mars, measurements were
also performed at high-pressure conditions. In combination with
high perchlorate and sulphate salt concentrations, these condi-
tions represent the harsh environment expected to be encoun-
tered in the subsurface brines of Mars. To reveal the effect of such
harsh conditions on an important membrane-associated enzyme
reaction, we also measured the hydrolysis rate of phospholipase
A2 at such conditions.

Our data clearly demonstrate that the chloride, sulphate,
and perchlorate salts affect the properties of the lipid bilayer
differently, being dependent also on the kind of the counterion
present (Na* vs. Mg”"), which dictates the overall perturbation
imposed on the membrane. It was found that the perchlorate
salts, which are believed to be the most abundant salts in the
Martian environment, induce a more hydrated and less ordered
membranes, strongly favouring the physiologically relevant
fluid-like phase of the bilayer even under high-pressure stress.
Indeed, a fluid membrane is required to support all biochemical
reactions that are fundamental to life.*> Moreover, the lamellar
structure of the bacterial model membrane persists at these
high salt conditions, which seems to be add odds with an
eukaryotic plasma model membrane.'® In the end, we showed
that the activity of the enzyme PLA2 is strongly modulated by
both HHP and the salts, the effect of the salts strongly depend-
ing on the type of anion and cation, however. Compellingly, in
the presence of the chaotropic perchlorate anion, the enzymatic
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Fig. 6 Schematic representation of a bacterial model membrane composed of POPE and POPG and the effect of high pressure, Mg?* and ClO,4~ on the
packing and fluidity of the lipid bilayer. At ambient pressure, the bilayer adopts a fluid-like (L,) phase. The application of pressure promotes denser
packing of the lipid acyl chains and, beyond about 600 bar, induces the transition to an ordered Ly’ gel phase. In the presence of salt, the Mg?* cations
(blue circles) interact with the lipid head groups, increasing lipid packing. Instead, the chaotropic ClO,~ anions (yellow circles) partially penetrate inside
the hydrophobic core of the bilayer, leading to an increase of lipid chain disorder. The addition of both ions, Mg(ClO4),, favours the fluid-like phase, even
under high pressure stress up to 1.1 kbar, where the fluid-to-gel transition takes place. As optimum PLA2 enzymatic activity requires a fluid-like bilayer,
enzymatic activity is preserved even in 0.5 M Mg(ClO,4), at high pressure conditions.

reaction proceeded at a reasonable rate even in the presence of
the condensing Mg>" cations and at high pressure (Fig. 6). The
results presented here thus support the idea that a functional,
fluid, and lamellar bilayer involving bacterial lipids may persist
in such highly stressed Martian subsurface environments, and
that bacterial life is possible in such harsh conditions.
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