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Abstract: Pressure increases with depth in the ocean, but little is known about the molecular
bases of biological pressure tolerance. We describe a mode of pressure-adaptation in comb jellies
(ctenophores) that also constrains these animals’ depth range. Structural analysis of deep-sea
ctenophore lipids showed that they form a non-bilayer phase, even under pressures at which it is
usually not stable. Lipidomics and all-atom simulations identified non-bilayer phospholipids
with strong negative spontaneous curvature as a hallmark of deep-adapted membranes that
causes this phase behavior. Synthesis of higher-curvature lipids enhanced pressure tolerance in
Escherichia coli, whereas low-curvature lipids had the opposite effect. Imaging indicates that the
disintegration of deep-sea animals when brought to the surface could be driven by the phase
behavior of their phospholipids.

One-Sentence Summary: High-curvature phospholipids are a hallmark of deep-sea ctenophore
membranes and support biological function at extreme pressures.

Main Text
The deep sea encompasses more than 90% of Earth’s habitable volume and is
characterized by low temperature and high pressure, with the pressure increasing by about 1 bar
per 10 m depth. In contrast to low-temperature adaptation, few specific mechanisms of pressure
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tolerance in animals are known (/). Pressure inhibits high-volume conformations of all
biomolecules, but has an especially strong effect on lipids because of the high compressibility of
their hydrocarbon chains (2). Phospholipid membranes generally exist in a liquid-crystalline state
known as the fluid lamellar (L) phase. When an L, membrane are subjected to pressure, their
packing increases, reducing fluidity and, eventually, causing a transition to a gel (Lp) phase like
that induced by cold (3). For this reason, it has been largely assumed that the phospholipids of
marine ectotherms adapt similarly to low temperature and high pressure by increasing acyl chain
unsaturation and decreasing chain length to counteract the reduction of membrane fluidity by
both conditions (2—4). However, phospholipid compressibility is also highly anisotropic,
meaning that pressure has a strong effect on overall lipid shape. Lipids like
phosphatidylethanolamine (PE) have a conical steric profile, which is rendered more cylindrical
by high pressure. Conical lipids are important for membrane protein function (5) and favor the
formation of non-lamellar intermediates for fusion and fission, such as the inverse hexagonal
(Hm) phase (6).

We investigated high-pressure adaptation in comb jellies (phylum Ctenophora): soft-
bodied, poikilothermic invertebrates that inhabit diverse ocean environments. In situ
observations (Fig. 1B), showed that multiple ctenophore lineages adapted independently to
various depths (7), making ctenophores a useful comparative system for studying deep-sea
adaptation. In addition to their depth distributions, ctenophores show physiological responses
consistent with pressure-specialization. When exposed to high pressures, shallow-adapted
ctenophores exhibit constant, accelerated beating of their comb rows (Movie S1) leading to
eventual shearing (Fig. SIA, S1B). Loss of motor control in ctenophores and other animals (§)
could implicate failure at synapses (9), which are enriched in cone-shaped lipids (/0). In
contrast, when deep-constrained species are brought isothermally to atmospheric pressure, their
tissues disintegrate (Fig. 1A, Fig. S1C), a phenomenon also documented across several phyla
(11, 12). When imaged by spectral confocal microscopy, ectodermal tissue dissected from deep-
constrained ctenophores showed a loss of membrane structure and an abrupt increase in the
General Polarization (GP) of the fluorescent membrane label C-Laurdan — a lipid packing sensor
— during disintegration (Fig. 1C). We did not observe this phenomenon in a shallow-constrained
ctenophore species, whose habitat extends to the surface, that we collected on the same Remotely
Operated Vehicle dive. We tested whether pressure effects on cell membranes could underlie
ctenophores’ physiological tolerances and depth ranges.

Deep-sea membrane lipids exist in non-lamellar phases, even under high pressure

We probed structural signatures of pressure adaptation in deep-sea membranes by High-
Pressure Small Angle X-Ray Scattering (HPSAXS) (/3) and High-Pressure Fluorescence
Spectroscopy (HPFS). In HPSAXS, phospholipids produce X-ray scattering patterns (Fig. 2B)
from which major phase changes, i.e. changes in the mobility and arrangement of lipids, can be
identified. We used reconstituted polar lipid extracts, to map the predominance of the lamellar
fluid (L), lamellar gel (Lp), and non-lamellar inverted hexagonal (Hi) phases across pressure-
temperature (P-T) space (Fig. 2C). Within lamellar regimes, membrane fluidity was assessed by
HPFS measuring C-Laurdan General Polarization (GP) (Figs. 2D, S1F). We used these
approaches to analyze lipid extracts from 5 species (8 animals total) that provided sufficient
biomass and were native to different domains of depth (0 - 4000 m, collected by SCUBA and
ROV) and temperature (0 - 20°C, collected at different latitudes) (Fig. 2A). The comparison of
Beroe cucumis from Arctic surface waters with Platyctenida sp. T. from the seafloor at ~4000 m
was particularly informative, due to the similar temperatures but drastically different pressures of
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their environments. Although these analyses did not sample any single membrane in the
organism nor account for membrane proteins or osmolytes, they allowed us to compare phase
behavior trends intrinsic to lipids.

All ctenophore lipid extracts formed an L, phase in the native P-T domain of the source
animal. Within this phase, membrane fluidity was higher in both deep and shallow-cold samples
than in temperate samples, consistent with homeoviscous adaptation (Fig. 2D). Pressure-
dependent gel phase transitions (Lo — Lg) were observed at moderate pressures (~200 bar) in
lipids from shallow temperate animals and at much higher pressures (>1000 bar) in species from
deep water. However, Arctic species inhabiting shallow water, which are adapted to cold but not
to high pressure, showed a gel phase transition indistinguishable from that of species that dwell
in the deep sea. In contrast, there was a consistent relationship between the animals’ native P-T
and the non-lamellar phase transition (L, — Hir) of their lipids. In the species from the deepest
environment sampled, decreasing pressure ~200 bar from the native P-T — analogous to moving
2000 m shallower in an isothermal seawater column — caused lipids to invert to Hy, which
coincided with non-monotonic trends in C-Laurdan GP. Similar habitat-specific patterns were
observed in samples from a pair of closely related depth-specialist species that adapted
independently to surface and deep waters (Fig. S1D, E, F). Thus, the deep-sea lipids we analyzed
did not show reduced sensitivity to the L, — L transition (/4) compared to those from shallow,
cold-water animals, but did show enhanced access to the L, — Hi transition, which is modulated
by lipid shape.

Ctenophore lipids show contrasting adaptations to pressure and cold

To identify the lipids responsible for pressure-specific physical properties, we analyzed
ctenophores collected across a 4000-m depth range, as well as from surface waters at tropical,
temperate, and polar latitudes (Fig. 3A, Table S1). This global sampling enabled us to distinguish
adaptations to high pressure from those to cold, as temperature also decreases in deeper ocean
waters. Phospholipids were the dominant type of polar lipids in all 66 ctenophores sampled
(across 17 species) but their headgroup composition displayed divergent relations to high
pressure and low temperature (Fig. 3B). Depth was associated with a 5-fold increase in the
abundance of plasmenyl phosphatidylethanolamine (PPE), which contains an sn-1 a-alkenyl
ether linkage (/5). Based on a phylogeny inferred from transcriptomes, depth-associated PPE
accumulation appears to have evolved independently at least three times in ctenophores (Fig.
3C). PPE was not associated with cold-adaptation independent of depth; in fact, it was more
abundant in warm-water shallow-adapted animals than cold-water ones. Animals from shallow,
cold water had high amounts of phosphatidylcholine (PC), a cylindrical lipid that increases
membrane fluidity and is observed in cold-adapted poikilotherms (76). Outside of phospholipids,
ctenophore lipidomes contained small amounts of cholesterol (<5%), with the notable exception
of warm-water animals, and low amounts of sphingomyelin (<0.5%) (Fig. S2C).

In addition to headgroups, divergent trends were seen in phospholipid acyl chains. Acyl
chain unsaturation followed trends consistent with homeoviscous adaptation: the number of
double bonds increased with both increasing depth and decreasing temperature. However, acyl
chain length increased in samples from deeper habitats, in contrast to those from cold, shallow
water and to the pattern predicted by homeoviscosity (Fig. 3D). P-T trends were most apparent
when all acyl chains were averaged, however the sn-1 chains alone exhibited strong signals. The
patterns among sn-2 chains were similar but not statistically significant (Fig. S2A). Acyl chain
analysis of lysophosphatidylethanolamine (LPE) also indicated that variation in PPE abundance
between samples was not driven by oxidative degradation (Fig. S2B). These results indicate that

3



10

15

20

25

30

35

40

45

Submitted Manuscript: Confidential
Template revised November 2022

ctenophore lipidomes contain depth-specific adaptations that cannot be fully explained by a need
to maintain membrane fluidity. Although our analysis could not resolve ctenophore membrane
composition at a subcellular level, the homogeneity of deep and cold-water lipidomes, containing
predominantly polyunsaturated PC or PPE, suggest that they do not feature the extensive
heterogeneity characteristic of mammalian cell membranes (/7).

Biophysical measurements and simulations support a homeocurvature adaptation model

We analyzed the pressure-dependent properties of PPE, given that it was the only major
depth-correlated lipid class (Fig. S2C) and constituted up to 73% of phospholipids in whole
bodies — and slightly more in tentacle tissue — from the samples obtained at greatest depth (Fig.
S2D). The midpoint pressure for the inverted phase transition (L, — Hir) was higher for
liposomes composed of PPE, with either monounsaturated or polyunsaturated s»n-2 chains, than
those made of the corresponding PE species. The pressure of the gel phase transition (Lo — Lg)
also slightly increased, both shifting and narrowing the fluid lamellar region (Fig. 4A, Fig. S3A).
Within the lamellar phase, PPE increased membrane fluidity at high pressures (Fig. S3B). High
membrane fluidity and the ability of lipids to form non-lamellar topologies like Hi are thought to
be required for membrane fusion (/7). Accordingly, we found that Ca**-mediated fusion of
liposomes in vitro was inhibited by moderate pressures (100 bar), but that this loss of activity
could be restored by substitution of PPE for PE (Fig. S4).

In light of the distinctive phase behavior of PPE, we tested whether there is a broader
depth-adaptive trend in lipid shape. The conical or cylindrical nature of a lipid’s steric profile is
captured in the monolayer spontaneous curvature parameter co. This curvature, which has units
of inverse length, is defined as the reciprocal of the radius circumscribed by an unstressed
monolayer of a given lipid. A negative-curvature lipid forms monolayers curving toward the
headgroup, as are observed in the Hi phase, whereas a zero-curvature lipid forms flat
monolayers, thus favoring lamellar phases. It has remained unclear whether the propensity for
PPE to promote the Hi phase corresponds to a more negative co (also termed “higher curvature”)
for the lipid class (/8, 19). We measured the pressure-dependent co of PPE relative to that of
diacyl PE using HPSAXS and found that it was more negatively curved under all conditions,
requiring 700 bar of pressure to match the curvature of PE (Fig. 4B). PPE thus has the most
negative curvature of any phospholipid class, although we cannot rule out other mechanisms by
which it could promote the Hi phase. Based on these curvature values and previous
measurements, we built a model that calculates the mean lipidome curvature at 1 bar, ¢, ,
incorporating contributions from headgroup classes (Fig. 4C), lysolipids, and sn-1 acyl chain
structure (Materials and Methods). Modeled ¢, becomes more negative with habitat depth among
cold-adapted ctenophores (Fig. S5C), as well as among all individuals (Fig. 4D). It does not
correlate with temperature (Figs. 4D, S5D). The model also predicts that in shallow-warm
animals, PPE negative curvature is offset by positively curved lysolipids and lower chain
unsaturation (Fig. S5A).

The formula for ¢, assumes ideal mixing of lipids, which is not the case in complex
mixtures that typically compose cell membranes. To address this, we conducted molecular
dynamics (MD) simulations of bilayers modeled after ctenophore lipidomes. Simulations were
performed with all-atom resolution using the Chemistry at HARvard Macromolecular Mechanics
v36 (CHARMM36) force-field, which we were able to validate at high pressure (Supplementary
Text) by predicting experimentally observed pressure-dependent changes to bilayer packing
parameters and phase transitions (Fig. S6). We constructed complex membranes containing
representatives of the predominant (>5%) lipid classes, including both phospholipids and
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cholesterol (Fig. S7TA). When comparing cold-adapted Platyctenida sp. T (4000 m, 2°C) with
Bolinopsis infundibulum (10 m, 0°C), whose lipidome is similar to that of Beroe cucumis used in
HPSAXS (Fig. S2E), we observed similar pressure-dependencies for lipid packing (APL strain)
and translational mobility (Dr). However, the first moment of the lateral stress profiles — a
measure of membrane deformability that is equal to the negative product of the monolayer
bending modulus (ky) and spontaneous curvature (co) — displayed a large (~500 bar) pressure
offset (Fig. 4E). Although simulations were constrained to a bilayer state, the high -kpco values of
Platyctenida sp. T lipids at low pressures was consistent with their tendency to form the non-
lamellar Hi phase, as observed by HPSAXS.

We simulated two additional species from different P-T regimes: Lampocteis
cruentiventer (630 m, 5°C) and Bolinopsis vitrea (10 m, 26°C) (Fig. S7). The L. cruentiventer
simulations produced APL strain and Dr values indistinguishable from those of the other two
cold species and a smaller -kvco than that of B. infundibulum. Because all simulations were done
at 20°C and L. cruentiventer lives in a habitat warmer than those of B. infundibulum and
Platyctenida sp. T, this difference could reflect the interplay between temperature- and depth-
adaptation. In simulation, B. vitrea lipids exhibited the lowest values for -kyco across simulated
pressures (Fig. S7B), further indicating that lipidome components, including acyl chain
composition, positively curved lipids, and cholesterol content, counterbalance the negative
curvature of PPE in animals adapted to warm, shallow conditions. At 1000 bar, B. vitrea bilayers
exhibited regions of condensed, gel-like chains (Fig. S7D) that were not observed in the three
cold-water species, consistent with the behavior of samples from the warmest shallow conditions
analyzed by HPSAXS (Fig. 2C).

Based on these analyses, we propose a homeocurvature adaptation model for depth
specialization (Fig. 4F). In this model, phospholipids with more negative curvature (as measured
at 1 bar) are required to maintain transmembrane protein function and membrane plasticity at
higher pressure. In animals from deep, high-pressure environments, this requirement results in
lipid compositions that do not form stable bilayers when depressurized. Consistent with this
tradeoff, the increasing C-Laurdan GP of disintegrating Bathocyroe (o = -0.013 +/- 1.9x103 A-
1 cell membranes in Fig. 1 resembled that of synthetic (Fig. S3B) and animal-derived (Fig. 2D,
Fig. SIF) liposomes inverting to form Hi. In contrast, the shallow-constrained species Bolinopsis
microptera (Cy = -0.0058 +/- 6.0x10* A-"), which does not disintegrate, showed a decrease in GP
under the same conditions, consistent with its membranes remaining lamellar and becoming
more fluid as they were warmed (Fig. 1C, S8A).

Modulating lipid curvature can enhance or reduce biological pressure tolerance

We sought to test the key prediction of the homeocurvature adaptation model — that
lipidome curvature modulates biological pressure tolerance — using laboratory organisms whose
membrane composition could be genetically manipulated. The inner membrane of E. coli strain
K12 is composed primarily of PE, with acyl chains that maintain both fluidity (20) and curvature
(4) in response to temperature changes. To test the effects of more negative lipidome curvature,
we expressed a PPE synthesis cassette (pIsAR) from Clostridium perfringens (21) in
anaerobically grown Escherichia coli strain BL21 (Fig. 5A), then exposed the cultures to high
pressure for 48 hours. Upon induction of pIsAR expression, 25% of total phospholipids were
converted from PE to PPE (Fig. S9A), while the acyl chain profile remained similar (Fig. S9B).
SAXS analysis of reconstituted E. coli lipid extracts showed that pIsAR expression promoted the
Hu phase relative to the empty-vector control, consistent with an increase in negative
phospholipid curvature (Fig. 5B, S9C). When BL21 with and without plsAR was grown at 500
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bar, both the doubling rate and survival of PPE-synthesizing cells were significantly less
pressure-sensitive than those of the empty-vector control (Fig. 5C and D).

To test the effects of reduced negative lipidome curvature on high-pressure fitness, we
used a Pp4p-PC synthase cassette (22) to replace PE with PC. PC has a higher fluidity than PE
and better resists pressure-induced gelling (Fig. S3D), but its cylindrical profile inhibits non-
lamellar topologies (23). It can thus be used to differentiate the effects of membrane fluidity and
gel phase transitions from those related to curvature. SAXS analysis confirmed that lipids from
PC-synthesizing cells formed a less stable Hii phase and were also more resistant to the gel phase
transition (Figs. 5F, S9C). Growth of PC-producing cells was diminished at 250 bar and survival
ceased at 500 bar (Fig. 5G, H), indicating that loss of lipid curvature is deleterious to high-
pressure fitness even when fluidity is increased. Both PC- and PPE-synthesizing strains also
showed lower levels of phosphatidylglycerol (PG), but loss of PG synthesis alone did not alter
high-pressure fitness under our experimental conditions (Fig. S9D, E). Therefore, increase (by
PPE synthesis) or decrease (by PC synthesis) of negative lipidome curvature can be sufficient to
modulate high-pressure fitness in cells.

Discussion

All biological membranes consist of cylindrical bilayer-forming lipids, which support
membrane structure, and conical non-bilayer lipids, which support membrane plasticity (25). The
high-pressure and low-temperature waters of the deep sea present a biophysical challenge to
maintaining the latter. Reconstituted deep-sea lipids can adopt non-lamellar topologies like the
Hi phase, even under these extreme conditions. Multiple molecular adaptations underlie this
capability. The ether phospholipid PPE, a major component of deep-sea ctenophore membranes,
maintains a conical shape under high-pressure deep-sea conditions because of its highly negative
spontaneous curvature. We also observed increased abundance of PPE in tropical surface
animals, where it could fulfill roles as an antioxidant (26) and as a driver of local heterogeneity
in cholesterol-rich membranes (27). Exclusive to samples from deep waters was the combination
of abundant PPE, long and highly unsaturated acyl chains, and low amounts of lysolipids, all of
which contribute to lipidomes with exceptionally negative spontaneous curvature at 1 bar. High
pressure reduces this extreme curvature so that deep lipidomes form physiologically viable
membranes under their native conditions.

Lipid adaptation in marine systems has mostly been explored in the context of
temperature, with pressure- and cold-adaptation treated as functionally interchangeable.
However, pressure is a stronger inhibitor of non-lamellar topologies because of their large molar
volume. In contrast, temperature is dominant in controlling membrane fluidity and the formation
of gel phases. Accordingly, we found that depth-adaptation in ctenophores is biochemically
distinct from cold-adaptation. The hallmark of shallow, low-temperature lipidomes is a high
fraction of low-melting-temperature PC lipids with shorter acyl chains, whose abundance
decreases with depth. In contrast, deep-sea animals accumulate conical non-bilayer lipids,
including PPE, which has both stronger curvature and greater fluidity than diacyl PE. These
differing responses to cold and pressure suggest that deeper environments might not substitute
for contracting regions with cold surface waters, which has been proposed as a mechanism of
ecological resilience in warming polar seas (28).

The homeocurvature adaptation model postulates that pressure-induced changes in lipid
shape are relevant to the habitat ranges of both shallow and deep animals (Fig. 4F). The loss of
motor function in shallow-constrained animals subjected to high pressure (Movie S1, Fig. S1A,
B) is consistent with membrane-associated defects in the nervous system, for example in
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synaptic vesicle trafficking or ion channel function. Animals specialized to deep habitats may
mitigate such defects by accumulating high-curvature lipids, which are also enriched in the
nervous systems of mesophiles (29). Because it is based on hydrocarbon compressibility, the
effect of pressure on lipid shape is similar in all phospholipids, so counteracting it requires a
more negative baseline (1 bar) curvature that may not sustain a lamellar phase at the surface.
Through this mechanism, adaptation to extreme depths could have given rise to organisms that
require pressure to maintain their membranes.
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Fig. 1. Ecological and physiological evidence for pressure specialization in ctenophores.
(A) Disintegration of the deep-constrained ctenophore Bathocyroe aff. fosteri at atmospheric
pressure. The left image was taken in the specimen’s native water at 2°C, immediately after
recovery from the ROV. The right image is of the same animal and was taken 10 minutes later at
4°C. Scale bars, 5 mm. Inset shows disintegration of the ectodermal tissue. (B) Depth
distributions of four ctenophore species with narrow, broad, shallow, and deep depth ranges. (C)
Live ex vivo tissue mounts stained with solvatochromic C-Laurdan membrane label and imaged
at increasing temperatures. Images are a composite of two emission ranges, which are used to
calculate GP ratios. In Bolinopsis microptera, which occurs from 0-2000 m, GP value decreases
with increasing temperature indicating a more fluid lamellar phase. In Bathocyroe, which occurs
down to >3500 m but not shallower than 200 m, GP displays a sharp increase between 2 and
10°C, concurrent with a catastrophic collapse of membrane morphology. This increase in GP
patterns is observed in synthetic lipid systems undergoing inversion (Figs. S3C, S8D). Scale
bars, 10 um.
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Fig. 2. Biophysical signatures of depth-adaptation. (A) Schematic of the pipeline carried out
on a set of ctenophores collected in different P-T regimes. Polar lipids were isolated from
collected animals and analyzed by HPSAXS for phase properties and HPFS for membrane
fluidity. (B) Representative SAXS profiles used to determine the phase of total polar lipid
dispersions from the shallow Arctic ctenophore Beroe cucumis (profiles shown at 4°C), the deep-
constrained Platyctenida sp. T (4°C), and the shallow-constrained Leucothea pulchra (15°C).
Profiles are colored by phase composition and baselines are offset for clarity. The broad peak
indicated in Platyctenida sp. T results from the overlap of two close peaks characteristic of the
Hu phase. The three main phases are shown in the inset cartoons. (C) Phase change diagrams for
the same dispersions based on SAXS data. Points mark measured states and asterisks indicate the
native P-T for each animal. (D) C-Laurdan GP values for liposomes from the same samples
measured across a P-T grid. Within lamellar phase regions, GP reflects lipid ordering, with lower
values corresponding to more fluid membranes. Near native conditions, GP pressure-sensitivity
was greater in shallow than in deep samples. This sensitivity is reflected by the proximity of
contour lines.
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Fig. 3. Lipidomic analysis of ctenophore phospholipids. (A) Plot showing the depth and
temperature regimes of the 66 ctenophores in the dataset. Each data point represents the mean for
one of the 17 species collected; all error bars are +/- SEM. Subsets of the collections made
<10°C and <250 m depth, shaded in gray, were used to assess depth and temperature trends,
respectively. Collection locales are marked on the globe in black. (B) High relative abundance of
PPE is correlated with both deep-cold and shallow-warm habitats. Structure of the PPE alkenyl
ether linkage is inset. Ordinary least-squares regressions (OLS, solid lines) and phylogenetically
generalized ones (GLS, dashed lines) are shown with their corresponding P-values; an asterisk
indicates significance at the a < 0.05 level (Welch’s ¢ test). (C) Examples of independent
lipidomic depth-adaptation in three ctenophore clades, delimited with gray lines. Phylogenetics
have revealed that ctenophores have depth-specialized on multiple occasions. Within each clade,
deeper cold species have higher fractions of PPE and PE, and lower fractions of PC and
lysolipids. Temperature specialization of a shallow, tropical representative of genus Bolinopsis is
also shown. (D) Phospholipid total chain length index (CLI) and unsaturation (double bond
index; DBI) as a function of depth and temperature. Deeper cold lipidomes feature longer and
more unsaturated acyl chains, while colder shallow lipidomes feature shorter and more
unsaturated acyl chains. Regressions are shown as in B.
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Fig. 4: Exploring the role of lipid curvature in deep-sea lipidomes enriched in PPE.

(A) Lipid phase ratios estimated from HPSAXS data plotted as a function of pressure and of the
PPE headgroup. At the temperatures tested, PPE was Hi-phase and PE was Lq-phase at 1 bar
regardless of whether the sn-2 acyl chain was poly- or monounsaturated. The polyunsaturated
phospholipids were chosen as the closest commercially available analogues to those in
ctenopohres; 5 mole percent PG was added to bring the inverted phase transition within an
instrumentally achievable P-T domain. Each black triangle denotes an individual X-ray exposure
taken during a pressure sweep in the indicated direction. Black squares at upper right are
exposures taken at maximum pressure. (B) Spontaneous curvature (co) values measured for PPE
and PE species with a monounsaturated sn-2 chain. Cartoons by the vertical axis illustrate the
relationship between co and lipid shape. PPE shows a stronger negative curvature than PE and
the effect of pressure on both is identical. Neutral-plane co was inferred by fitting global models
to HPSAXS profiles of the lipids (20%) hosted in a di-oleoyl PE (DOPE) Hy phase and relaxed
with 10.7% w/w 9(Z)-tricosene. (C) Representative co values for phospholipid classes. These
were used along with linear corrections for sn-1 acyl chain structure (Materials and Methods) to
estimate the mean phospholipid curvature at 1 bar (¢y) for all measured lipidomes. (D) The
robust correlation of ¢, with habitat depth among all animals sampled; deeper lipidomes feature
a higher degree of lipidome curvature. Habitat temperature does not predict ¢,. Regressions are
shown as in Fig. 3. (E) Comparison of simulated lipidomes modeled after a cold, shallow species
(B. infundibulum) and a deep species (Platyctenida sp. T) Pressure-dependent properties include
area per lipid (APL) strain relative to 1 bar, average lipid translational diffusion rate (Dr), and
the first moment of the computed lateral stress profile, which is equal to -kvco. All simulations
were run at 20°C. For -kvco, the pressure equivalency of shallow and deep systems is indicated
with a dashed line. Simulation snapshots and additional details are shown in Fig. S7. (F) A
homeocurvature adaptation model in which a more negative baseline (1 bar) lipidome curvature
is required to offset the effects of high pressure on lipid shape. For lipidomes of both shallow-
and deep-living species, physiological membrane states (dashed boxes) contain a mixture of
bilayer and non-bilayer lipids, but the chemistry of these species must differ to maintain this
arrangement. When membranes from shallow-living animals were compressed, lipidome
curvature was lost, potentially disrupting membrane dynamics and plasticity. When membranes

17



10

15

20

Submitted Manuscript: Confidential
Template revised November 2022

from deep-living animals were decompressed, negative lipidome curvature increased,
destabilizing membrane structure.
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Fig. 5. Testing the principles of pressure adaptation in engineered bacterial cells.

(A) Heterologous synthesis of PPE, using plasmid-based expression of the plsAR PE reductase
from Clostridium, enhances E. coli lipidome curvature and its propensity to invert into Hy, as
assayed by SAXS as a function of temperature. (B) Phase diagrams of E. coli polar lipids (inner
and outer membrane) in PPE- (BL21 + pET28a, gray) and PPE+ (BL21 + pPIScp, green) strains.
To facilitate comparison with the pressure treatments, these diagrams are extrapolated along a
pressure axis using published temperature-pressure equivalencies (24). (C) Growth of PPE-
lacking and PPE-containing E. coli in microaerobic culture under pressure. The difference in
pressure-sensitivity of growth was significant (P = 0.009, multiple regression with F-test).

(D) Post-decompression survival was similarly rendered pressure-insensitive by PPE (compare
lower right colonies in both panels.) (E) Non-native synthesis of PC, using plasmid-based
expression of the PC synthase (PCS) from Legionella in the PE-free background AL9S5, reduces
lipidome curvature and propensity to invert into Hi. (F) Pressure-extrapolated phase diagrams of
E. coli polar lipids in PC- (AAL9256 with an integrated Peap-pssA cassette, gray) and PE-, PC+
(AL95 + pPCSlp, blue) strains. (G) Growth and (H) survival were assessed as in C and D,
except that outgrowth prior to pressurization was aerobic. The difference in pressure-sensitivity
of growth was significant (p = 0.002), and the PC strain was inviable at 500 bar. Strain pairs
were chosen to minimize differences in genetic background and promoters were identical within
each pair.
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